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ABSTRACT

The potential of WAPPA, a second-generation waste package system code, to
meet the needs of the regulatory community are analyzed. The analysis is
based on the contents of the code manual, a letter-form update of the code
and, to a lesser extent, on the source program. The analysis includes an in-
depth review of WAPPA's individual process models and a review of WAPPA's
operation. The analysis lists and discusses potential problems in the use of
WAPPA. It is concluded that the code is of limited use to the NRC in the
present form. Recommendations for future improvement, usage, and
implementation of the code are also given.

This report also describes the results of a testing program undertaken to
determine the chemical environment that will be present near a high level
waste package emplaced in a basalt repository. For this purpose, low carbon
1020 steel (a current BWIP reference container material), synthetic basaltic
groundwater and a mixture of bentonite and basalt were exposed, in an auto-
clave, to expected conditions some period after repository sealing (150'C,
=10.4 MPa). The experimental program consisted of three phases. The Phase I
test involved a two-month gamma irradiation test in an inert argon environ-
ment. The Phase II test involved an irradiation test in a methane-containing
environment also for a period of two months. These two experiments were fol-
lowed by a Phase III study which was conducted in the absence of radiation in
a methane environment. Parameters measured include changes in gas pressure
with time and gas composition, variation in dissolved oxygen (DO), pH and cer-
tain ionic concentrations of water in the packing material across an imposed
thermal gradient, miniralogic alteration of the basalt/bentonite mixture, and
carbon steel corrosion behavior.

A second testing program was initiated to check the likelihood of stress
corrosion cracking of austenitic stainless steels and Incoloy 825 which are
being considered for use as waste container materials in the tuff repository
program. The issue arose because data in the literature showed that one of
the candidate steels (Type 304L) cracked in boiling water containing air and
low chloride levels in the presence of gamma irradiation. Preliminary data
from three-month tests are given.

iii
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EXECUTIVE SUMMARY

This Biannual Report describes two aspects of an ongoing program concerned
with high level waste package evaluation. The first deals with a review of
selected codes and models being developed by DOE to predict package perform-
ance, and the second is to perform verification tests to provide information on
critical issues related to package behavior. Specifically, the potential of
the WAPPA code (Waste Package Performance Assessment Code) to meet the needs as
a licensing tool have been analyzed. This analysis is based on the contents of
the code manual, an update of the code and the source program. The latter part
of this report describes testing programs conducted by BNL to determine the
chemical environment of a high level waste package in a basalt repository and
to assess the potential of stainless steel containers to fail by stress
corrosion cracking in a tuff repository system.

The WAPPA code in its present form is of limited use to the NRC. This
code implements a modeling approach that is mostly empirical in nature. In
practice, it operates as a data base manager that simply selects which correla-
tion and which data are applicable to each particular situation. Because of
the large amount of data the user has to supply for the empirical models and
the number of situations for which they may have to be specified, data gather-
ing, interpretation, and validation will require a significant effort by per-
sonnel who are thoroughly familiar with the assumptions that went into the
code. The difficulty of preparing the data files will be compounded by the
scarcity of adequate data in the literature and by ambiguities the required
data may entail, e.g., data are needed which require a priori estimate of
future waste package performance; and data are needed for correlations which
factor in only a few of the several variables on which a particular process may
depend. Furthermore, since most of the models are empirical, their applicabil-
ity must be proven. This will require a suite of auxiliary codes representing
state-of-the-art modeling of the actual processes considered.

While the use of WAPPA as a licensing tool requires extensive data and
model validation, one may relax these requirements for use as a site screening
tool or as a tool for preliminary design analysis. It will be necessary, how-
ever, to remove first some of the major inconsistencies identified in the mod-
eling, e.g., the leach-and-transport model needs to be modified to conserve
mass, etc. WAPPA is hardly amenable to probabilistic reliability analysis
because of the large number of parameters to be samples and the need to re-run
the code a number of times to insure convergence. The last difficulty may be
hard to remove even if sensitivity analysis is performed first.

The objective of the first testing program was to determine the chemical
environment that will be present within high level nuclear waste packages
emplaced in a basalt repository. For this purpose, low carbon 1020 steel (a
current BWIP reference container material), synthetic basaltic groundwater and
a mixture of bentonite and basalt were exposed in an autoclave to expected
repository conditions shortly after repository sealing (150'C, 10.4 MPa). The
experimental program consisted of three phases. Phase I involved a two-month
irradiation test (3.8 0.5) 10 rad/h in an argon environment. The Phase II
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test was similar but was conducted in a methane environment. These two tests
were followed by a Phase III control test which was similar to the Phase II
study but it was performed in the absence of radiation.

All of these studies concentrated on changes in gas pressure and composi-
tion; on the differences in p, dissolved oxygen (DO), calculated Eh and the
concentration of those ions, which have been implicated in the corrosion of
carbon steel, as sampled across a thermal gradient; on alterations of the pack-
ing material as determined by X-ray diffraction (XRD); and on the determination
of localized and uniform corrosion of the carbon steel sleeve.

Trends in gas pressure were similar in each of the three tests. Over the
two-month test periods, the gas pressure in the autoclave ranged from 9.3-9.7
MPa (1357 psi to 1404 psi) in the Phase I test, from 11.1-13.2 MPa (1612 psi to
1919 psi) in the Phase II test and from 9.8-11.7 MPa (1416 psi to 1702 psi) in
the Phase III test. There was an early trend to decreasing pressures followed
by a trend to pressures approaching or slightly exceeding the initial values.
This indicates that pressure in a sealed repository environment may initially
decrease and be followed by a slow increase. Overall, in all three tests, hy-
drogen was produced and oxygen was consumed, as determined by gas analyses and
dissolved oxygen measurements. More hydrogen was produced in the Phase II test
than n the Phase I and III tests due to the radiolysis of methane. Similar
amounts of hydrogen were produced in the irradiated Phase I test and in the
nonr-irradiated Phase III test. These results indicate that, in a repository,
hydrogen will be produced and oxygen will be consumed but that some residual
oxygen may be present, at least in the short term. Carbon-containing gases
were produced in the Phase I test (CO2 and C) and in the Phase II test (CO2
and C2 1 6) and possibly in the Phase III test.

There were different thermal gradients established across the packing
material in each test. For Phase I, II, and III tests, these were, respective-
ly, 1.0, 0.6, and 2C/m. After cooling the autoclave over a period of 25 mia-
utes, the pH of the water in the basalt/bentonite packing material measured at
room temperature was nearly neutral. There did not appear to be a significant
change in p across the thermal gradient in the packing material in any of the
three tests. There did not appear to be a significant change in DO across the
thermal gradient of the packing material in any of the tests. The calculated
Eh values indicate that an oxidizing environment existed after quenching the
contents of the autoclave. Reducing environments were not achieved under the
current test conditions.

The concentrations of C1 and S42- measured at room temperature were
greater near the cooler end of the thermal gradient in the tests. Changes in
ionic concentrations occur across the thermal gradients but bulk changes in
ionic concentrations, relative to the groundwater composition, may be more sig-
nificant in terms of corrosive environments. The bulk of the Fe and Si content
of the liquid system is present as colloidal material that is filterable. Col-
loids are formed in the absence of radiation but their production seems to be
enhanced if radiation is present.

Hydrothermal conditions cause some change in the bentonite component of
the packing material as determined by X-ray diffraction (XRD). The
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expandability of the bentonite portion of the wet packing material may be
affected by periods of heating and simultaneous dehydration. Radiation may
enhance expandability. Optical and XD studies indicate that some changes
occur in the mineralogical content of basalt during hydrothermal testing. The
alteration of the pyroxenes in the basalt is one mineralogical change that was
observed. Other alteration also occurs in the presence or absence of radiation
as evidenced by changes in XRD patterns.

Adherent surface products removed from the carbon steel sleeve in the
Phase I test contained mainly montmorillonite clay. Scanning electron micro-
scope (SEM-EDX) analysis indicated the presence of other materials containing
more Fe than that found in montmorillonite. Surface products removed from the
carbon steel sleeve in the Phase II test were analyzed by SEM-EDX and electron
diffraction but were not readily identifiable. (An orange-brown product con-
tained large amounts of Si, Fe, and Al, while the green-yellow product was
largely composed of Fe and Si.) Identification was also not possible for the
Phase III surface products, which were analyzed by SEM-EDX and XRD. (Both
Phase III surface products contained large amounts of Si and Fe, with the green
phase also containing a large amount of Ca.)

There was no pitting on the carbon steel sleeve or the steel weldment in
the Phase I test. There were hemispherically-shaped pits approximately 12
microns in depth in the Phase II test, and shallower (approximately 8 microns
in depth) and more closely-spaced pits were formed in Phase III. Under the
conditions of these tests, the maximum predicted pit depth in 300 years is
estimated to be <2.2 cm.

A literature survey of the pertinent stress corrosion data on stainless
steels suggested that this mode of failure can occur in some of the materials
under consideration by the tuff repository program for LW containers. There-
fore, a testing program was initiated to evaluate the stress corrosion cracking
(SCC) susceptibility of the candidate alloys viz. Types 304L, 316L and 321
stainless steels, and Incoloy 825 in a simulated tuff repository environment.
The notched C-ring test method has been adopted in which each specimen is
stressed to 90% of the elastic limit calculated for the unnotched condition.
Stressed specimens are being exposed at 100'C to the liquid as well as the
steam phase over synthetic J-13 groundwater and ten-times concentrated J-13
groundwater both in equilibrium with crushed Topopah Spring tuff for a duration
of 3, 6 and 12 months. The use of concentrated water simulates the situation
when salts precipitated after initial evaporation of groundwater are
redissolved in water subsequently percolating towards the repository horizon.

The three-month tests have been completed recently. Preliminary examina-
tion of the specimens shows that macroscopic stress corrosion cracks are
absent. Examinations to detect microcracks are in progress. Chemical analysis
shows that the concentrations of several ionic species increases during test-
ing. This increase in concentration presumably results from the dissolution of
salts in the crushed tuff. More results will be obtained upon completion of
the six- and 12-month tests.
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1. INTRODUCTION

The NRC Rule for the Disposal of High Level Waste in Geologic Reposi-
tories (10 CFR 60) dated June 1983, specifies two main performance objectives
for the engineered barrier system:

Containment of HLW within the waste packages will be substantially
complete for a period to be determined by the Commission taking into
account the factors specified in subsection 60.113(b) (of 10 CFR 60)
provided, that such period shall be not less than 300 years nor more
than 1,000 years after permanent closure of the geologic repository;
and

The release rate of any radionuclide from the engineered barrier sys-
tem following the containment period shall not exceed one part in
100,000 per year of the inventory of that radionuclide calculated to
be present at 1,000 years following permanent closure, or such other
fraction of the inventory as may be approved or specified by the Com-
mission; provided, that this requirement does not apply to any radio-
nuclide which is released at a rate less than 0.1% of the calculated
total release rate limit. The calculated total release rate limit
shall be taken to be one part in 100,000 per year of the inventory of
radioactive waste, originally emplaced in the underground facility,
that remains after 1,000 years of radioactive decay.

In order to show compliance with these performance objectives the license
applicant will need to provide a data base and analyses to quantify antici-
pated behavior of the waste package/repository system after permanent clo-
sure. This will necessarily involve research and testing programs to evaluate
the likely modes by which engineered system components will degrade or fail by
chemical or mechanical means. Knowledge of the ways in which the engineered
barriers fail will permit estimates to be made regarding the containment capa-
bility of the waste package and the radionuclide release rate from the engi-
neered system. A. sequence of events leading to loss of containment and the
release of radionuclides would include:

a. Groundwater entering the engineered barrier system
b. Groundwater penetrating the geologic packing material
c. Groundwater penetrating the container/overpack system
d. Groundwater leaching radionuclides from the waste form
e. Badionuclides transported through the failed container/overpack sys-

tem, packing material and disturbed host rock to the near field
environment.

For these scenarios, in which the individual engineered barriers are
breached, probable chemical (corrosion) failure/degradation modes and mechani-
cal failure/degradation modes need to be identified and quantified. These
will depend on the specific design of the engineered system including selec-
tion of materials, local temperatures, local repository water conditions,
radiation effects, water flow rates, and lithostatic/hydrostatic pressures,
etc.
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Estimates are given in Tables 1.1 through 1.3 of the potential range of
conditions around a waste package in salt, basalt and tuff (NUREG/CR-2482,
Vol. 7, 1984). These will of course be strongly dependent on final package
geometries, designs and material selection. It is the interaction of the
package with its environment that must be evaluated in order to predict with
reasonable assurance that applicable regulatory criteria are met. The licen-
see will need to supply an appropriate data base and analysis, based on ade-
quate test methods to support the projected performance of engineered barrier
systems under anticipated repository conditions.

This report details two aspects of Brookhaven's program of reviewing DOE
activities in the area of waste package performance verification testing. The
first part of this report is a review of the Waste Package Performance Assess-
ment Code (WAPPA). This code was designed as a tool to aid in waste package
design, repository design, site selection and characterization and system
assessment. The objective of this evaluation is to examine the adequacy of
the modeling in WAPPA and to determine its potential use as a licensing tool.

The remainder of this report describes two test programs conducted by
BNL. One was to determine the local corrosion conditions pertinent to a high
level waste container in a basalt repository and the other was to check the
possibility of stress corrosion cracking effects in stainless steel containers
being considered for use in a tuff repository.

In the first test, low carbon steel (a current Basalt Waste Isolation
Project, BWIP, reference container material), a basalt/bentonite packing mate-
rial, and synthetic Grande Ronde basaltic water were reacted in an autoclave
at 150C and 10.4 MPa (1500 psi) pressure. The tests lasted for two-month
periods and the gamma irradiation flux, when used, was (3.8 0.5) X 104
rad/h. The Phase I irradiation test used an inert argon environment and Phase
II involved a similar set of experimental conditions but used a methane cover
gas. This was performed because high methane concentrations have been detect-
ed in basaltic water samples taken from Borehole RRL-2 in the Grande Ronde
formation. The Phase III control test was also conducted in a methane
environment, but in the absence of irradiation.

Measurements on the packing material slurry at the conclusion of the
tests included pH and dissolved oxygen (DO) determination. The concentrations
of C, total Fe (measured as Fe 2 +), and S042- ions in the filtrate were also
measured, since these ions are associated with the corrosion of carbon steel.
Gases generated during the irradiation period may include 2 , 02, N2 and C02.
Since several of these gases could have a deleterious effect on the waste con-
tainer, gas analyses were made at the conclusion of the test period. The car-
bon steel sleeves were metallurgically evaluated for uniform and pitting cor-
rosion. Hydrothermal alteration of the rock and clay constituents of the
packing material was also investigated.

The stress corrosion cracking program was initiated because of concern
that some reference container materials being considered for a tuff repository
(Type 304L, 316L, 321 stainless steels and Incoloy-825) were susceptible to
stress corrosion cracking. The issue arose because of data in the literature
that show that stressed C-ring samples of Type 304L cracked in boiling water
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containing small quantities of air and chloride ion in the presence of gamma
radiation. The tests carried out in the current program involved the testing
of stressed, V-notched C-rings in boiling water in the presence of crushed
tuff.

References

Code of Federal Regulations, Final Rule for the Disposal of High Level Waste
In. Geologic Repositories," 10 CFR Part 60, June 1983.

NUREG/CR-2482, Vol. 7, BNL-NUREG-51494, Review of DOE Waste Package Program -

Subtask 1.1 National Waste Package Program, Biannual Report," E. Gause and P.
Soo, Brookhaven National Laboratory, September 1984.

7



Table 1.1. List of estimated spent fuel waste package conditions for a
salt repository.

Estimted Value
Operations Thermal Period Transition Period Geologic Control

Parameter Period (0-300 yr) (300-iO0 yr) M1OU0 yr)

Temperature at 375C max.
Canterline
(Thermal Lost
Lad 2.4 /S )

Total 5e lo-Iola
Dosae (rad)

Approximately 150-110C <lOC

Little
additional
irradiation.

Little
additional
irradiSation.

Srine low
Rate

Total of about 1
liters per brehole
for 24.7 W/m
thermal loading.

Little
additional brine
Lt low

Little
additional brine
inflow

Urine Cheistry Brine A or rine
3 chemistries
depending oan
repository
location.

staus/ir plus
small aounts ot
HCl502/CO2 /I 2 S

rine A or rine 3
with significant
Naotl levels.

Brine A or rine with aOHU present.

pd (measured t
25'C)

Initially acidic
brine (pHi S3.5)
due to dissolution
of acid gasa.
Changing to lkaline
brine because ot
dissolution at
colloidal sodium by
brine Inclusion*.
pH could rise co 9.5
based on experiments
with irradiated slt
and dlonized water.

Probably alkaline. Probably alkaline.

p11 (at high
temperature)

Lower than value* measured at ZS-C but no reliable values cam be
specified because of complex hydrothermal reactions and irradiation
effects.

ltadox Condtions Oxic Probably oxic due
to brine radiolysis-

Approaching Anoxic Probably anoxia.

Stress (Wa) O.l Initially 0.1 ePa, rising to lithoatatic tress of 16.2 Hua as host
rock sattles.
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Table 1.2. List of estimated spent fuel waste package conditions for a
basalt repository.

Estimated Value
Operations Thermal Period Transition Period Geologic Control

Paramecer Period (0-300 yr) (300-1000 yr) (>1000 yr)

Temperature ac 230-C 265 C max. 140-125-C <125-C
Centnrllne after 35 yr.
(Thermal Load-
Ing 13.0 W 2 )

Total Gamm 107-106 Lttle No additional
Dose (rad) additional Lrradiation.

irradiation.

Vertical Unknown, but likely to be much greater than
Hydraulic that for horiaontal flow because of buoyancy
Conductivity effects.
(a/eec.)

Water Chemistry Steam/ar. SLgniflcanC increases n X', C, *e, St, Not known, but
and s0,a in the pcking material water o ther hould
higher temperatures. r La reduced in be a tendency
concentration. co return to

original rande
Ronde water
chemistry.

pd (eascured Initially .0 in pack- Increasing to approximately 9.0.
at 25'C) ing material water,

decreasing to 6.5-7.5.

pH (at high Lover than values measured at 2C but no reliable values can be
temperature.) specified because of complex hydrothermal reactions and irradiacion

effects.

ledz Conditions Oxic. Probably oxic due Approaching noxic. Probably nouc.
to water radiolysic.

Stress (P&) 0.1 tntially 0.1 lPa, rising to a value between hydrotatcic and
U1thoetatic tressae (11 to 33 xra).
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Table 1.3. List of estimated spent fuel waste package conditions for a
tuff repository.

- Estimated Value

Operations Thermal Period 'ransition Period Geologic Control
Paruater Period (0-300 yr) (300-1000 yr) (>UU0 yr)

Temperature at 330C max. to 100C 100-60C <60-C
CauterlLneA
(Thermal Loading
12.4 W/I 2 )

Total amma m0101 Little additional No additional
Doe (rad) Lrradiation. Lrradtatton.

Water lov Steam/aer Steam/air for first About 8 mm/yr. Abou 8 mm/yr.
&ate conditions. several hundred

years followed by
liquid water flowing
at abou 8 mm/yr.

Water chmmistry Steam/alr Probably similar to Probably similar co J-13 well water but
conditions. J-13 well water after could be ore concentrated if precipitated

steax conditions sub- salts redissolve.
side. May be ore
concentrated than
J-13 water if precip-
itated salts redis-
solve.

pi (Measured 7.1 for J-13 well *7.1 *7.1
as 25C) water. May be acidic

because of radiolysis

of N2/02/M20 mixtures.

Redox OXI Oxic Oxue Oslc
Conditions

Strees (a) 0.1 Initially 0.1 WPe rising to the lithontatic stret of 8. Xie as
host rock *ettius.

Calculations were made for waste package without pecking material.
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2. REVIEW OF WAPPA

2.1 Introduction

2.1.1 Background Information

The Code of Federal Regulations 10 CFR Part 60, 560.113 (June 1983)
requires that the applicant for a license to operate a nuclear waste reposi-
tory demonstrate compliance of the proposed design with the following perfor-
mance criteria of individual barriers after permanent closure:

1. Containment of HLW within the waste packages should be substantially
complete for a period to be determined by the Nuclear Regulatory
Commission. Such a period shall be not less than 300 years nor more
than 1000 years after permanent closure of the repository.

2. The release rate of any radionuclide from the engineered barrier
system following the containment period should not exceed one part
in 100,000 per year of the inventory of that radionuclide calculated
to be present at 1,000 years. Exception to this rule is allowed for
radionuclides whose release rate is less than 0.1% of the calculated
total release rate limit, which is taken to be 1 part in 100,000 per
year of the (total) inventory of radioactive waste that remains
after 1,000 years of radioactive decay.

3. Pre-waste-emplacement groundwater travel time along the fastest path
of likely radionuclide travel from the disturbed zone to the acces-
sible environment should be at least 1,000 years or such other
travel time as may be approved or specified by the Nuclear Regula-
tory Commission.

Although the controlled release requirement is on the engineered barrier
system (the waste package and the underground facility), it is expected that
the applicant will rely primarily on the waste package. Thus, waste package
performance is the direct concern of two out of three NRC individual-barrier
performance criteria.

Two waste-package system performance codes have been developed: BARIER
and WAPPA. Both codes were developed for the salt program (ONWI-302, 1981;
ONWI-452, 1982), but were kept general enough to be applied to hard rock
repositories. At present, development of the code BARIER has been dis-
continued, and WAPPA is the only code used by the salt and tuff programs for
integrated waste package performance. In particular, the tuff program is
modifying WAPPA to allow its use for nonsaturated conditions. The basalt pro-
gram does not have a waste-package system code.

This document presents a review of the code APPA as It is presented in
the code manual ONWI-452 of April 1983 and in a subsequent, letter-form update
of December 1983 by the code custodian1 . For clarity, the code WAPPA is
briefly introduced in Section 2.1.2. This document's objectives and organiza-
tion are presented in Section 2.1.3.

1Private communication from Leslie A. Scott to Claudio Pescatore, December 14,
1983.
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2.1.2 The Code WAPPA

The Waste Package Performance Assessment Code WAPPA was constructed for
general applicability to all candidate geologic media, to any waste type, and
to conventional waste package designs and geometries. The code was designed
to serve as a tool in all of the following major areas: waste package design,
repository design, site selection and characterization, and system assessment.

WAPPA consists of about 13,000 source program statements representing
five physical process models and a system drive model. With reference to
Figure 2.1, the five process models include a radiation model, a thermal
model, a mechanical model, a corrosion model, and a leach-and-transport
model. These models are sequentially activated in the above order within each
time step by the system drive model. Each process model applies to all waste
package barriers at the same time. For instance the radiation model would
determine the radiation field throughout the waste package as well as corro-
sion and leaching enhancement factors for wetted barriers. Thus, the imple-
mented approach is termed barrier-integrated and process-sequential."
The code uses one-dimensional, radial axisymmetric geometry with correction
factors for finite length effects.

The modeling approach implemented in WAPPA is more empirical than
mechanistic. Thus a most significant but little emphasized task in the opera-
tion of WAPPA is the preparation of a data base encompassing all empirical
parameters for the problem at hand. The task can be overwhelming due to the
recognized lack of pertinent data in the literature and to the large variation
of problems one may have to solve.

2.1.3 Objectives and Organization of this Report

The present review of WAPPA has been prompted by the importance of this
code within the DOE community which regards it as the preferred code for inte-
grated waste package analysis.

The objective of this report is- to examine the code's level of modeling
in order to determine its potential uses for the regulatory community, i.e.,
whether the code could be used for licensing, reliability analysis, screening
of various waste package designs, etc. Furthermore, we have also examined the
possibility of adapting parts of WAPPA into existing codes at BNL.

Chronologically, we have first run the code at BNL and examined the
Complex Verification Test Case provided by the code developer. This indicated
some potential problems in the code modeling and its structure. We then
examined each process model following the code manual and, to some extent, the
source program. This effort also resulted in re-writing part of the Leach-
and-Transport model. Our findings were documented in a series of memos-to-
file which were made available to the NRC and its contractors (BNL, M 125,
126, 127, 132, 135, 141, 142, 149, 151, 1983 through 1984).
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The present report draws on the material of our original memoranda. With
minor changes they constitute Section 2.2 and 2.3 of the document, and deal
with each process model and APPA's operation, respectively. Conclusions are
drawn in Section 2.4, which also gives our final recommendations.

2.2 Review of WAPPA's Process Models

As indicated earlier, the code WAPPA was constructed for general applica-
bility to all candidate geologic media, to any waste type, and to conventional
waste package designs.

The code uses one-dimensional, radial aisymmetric geometry with correc-
tion factors for finite length effects, where applicable. System performance
is determined through sequential use of five main process models a radiation
model, thermal model, mechanical model, corrosion model, and leach-and-trans-
port model. With reference to Figure 2.1, sequential coupling in the above
order is operated by a system drive model. Thus, within each time step,
results from the Radiation Model can be used in the four remaining process
models, results from the Thermal Model can be used in the three remaining
models, and so on. Each model is reviewed separately in Sections 2.2.1
through 2.2.5. General conclusions about WAPPA's level of modeling are drawn
in Section 2.2.6.

2.2.1 WAPPA's Radiation Model (RMODEL)

The primary function of the radiation model is to calculate radiation
induced effects that are required as input to other WAPPA process models.
Thus, the radiation model obtains the decay heat rate which is used by the
thermal model, the alpha damage to the waste form to be used in the mechanical
model, and corrosion and leaching enhancement factors due to radiolysis to be
used in the corrosion and leach-and-transport models, respectively. These
quantities are calculated through four distinct submodels: (a) Source-Term,
(b) Attenuation, (c) Radiolysis, and (d) Damage. These are reviewed in the
following section.

2.2.1.1 Review of Modeling Approach

2.2.1.1.1 Source Term Submodal

The first function of this submodel is to obtain the decay heat rate,
gamma ray and alpha particle emission rate, and radionuclide mass inventory
within the waste form at any given time. The basis of the calculation is a
logarithmic interpolation procedure using a user supplied time-dependent data
base. Presently, this data base is prepared by using the isotope buildup and
decay code ORIGEN2 (ORNL-5621).

The second function of this submodel is to calculate the gamma dose and
the alpha particle displacement dose at the waste form periphery. The alpha
particle displacement dose is used by the Damage submodel to calculate degra-
dation of waste form properties. The gamma dose is used by the Radiolysis

14



submodel to calculate enhancement of corrosion and leaching caused by gamma
radiolysis. It should be emphasized that this gamma dose is at the periphery
of the waste form and not in the groundwater where the radiolysis occurs.

2.2.1.1.2 Attenuation Submodel

This submodel calculates the attenuation of gamma rays as they travel
from the waste form to the repository. This is accomplished by calculating
the gamma flux as a product of the source in the waste form, a buildup factor,
and an attenuation factor. The empirical buildup factor simulates the effect
of scattered radiation. The attenuation factor is a function of the thick-
ness and type of barriers in the waste package.

2.2.1.1.3 Radiolysis Submodel

WAPPA assumes that the influence of gamma radiolysis on corrosion and
leaching can be modeled through empirically determined enhancement factors.
These are multiplicative factors defined so that multiplication of the leach
or corrosion rate by the enhancement factor gives the enhanced rate due to
radiolysis. The radiolysis submodel determines these enhancement factors, as
function of the gamma flux, dose rate and cumulative dose at the edge of the
waste form, through a logarithmic interpolation of user supplied data.

2.2.1.1.4 Damage Submodel

This submodel calculates changes in the thermal conductivity, fracture
strength, thermal expansion coefficient and density of the waste form due to
alpha-induced damage. These properties remain unchanged until the alpha dis-
placement dose reaches a user defined critical value. After reaching this
value, the material property under consideration is degraded according to a
saturating exponential which depends on the cumulative dose and empirically
determined coefficients.

2.2.1.2 Discussion

The primary method used in WAPPA's radiation submodels for calculating a
desired quantity involves reading a data base. This causes two problems.
First, the input required for the data base may not be readily available. If
this is the situation, the required information could be obtained through
ad hoc experiments or through use of more advanced computer simulations. For
example, assuming that the buildup factor in basalt is unknown, a detailed
photon transport calculation could be performed and the buildup factor chosen
such that the flux as calculated by the transport code matched the flux cal-
culated by WAPPA's attenuation submodel. The second problem is that.each user
must construct his own data base. WAPPA does not supply the data. It does
not even supply a list of references where the appropriate data can be found.
This makes the calculation subject to the user's ability to obtain the proper
data. Because of the paucity of present data, and the uncertainty in some of
the data, it is unlikely that any two users will create the same data base.
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2.2.1.2.1 Source Term Submodel

The Source Term submodel's major function involves reading waste-form
inventory information from a data base. The modeling it implements does have
two conservative approximations: (1) it does not account for redistribution of
nuclides due to leaching; therefore it overpredicts the radiation source with-
in the waste form; and (2) it uses the gamma flux and total dose at the waste
form periphery for determining enhancement of leaching and corrosion, which
overpredicts the effects of radiolysis. Indeed, during the containment period
the flux at the waste form periphery will be much greater than in the ground-
water. Thus, the calculated total dose to the groundwater will exceed the
actual dose. Since the enhancement is a function of both dose and flux,
radiolysis effects are overpredicted.

2.2.1.2.2 Attenuation Submodel

The attenuation submodel serves no obvious purpose. Currently, the only
use for the gamma flux is to determine the amount of radiolysis that occurs in
the groundwater. However, since APPA uses the gamma flux at the waste form
boundary, as determined by the Source Term submodel, calculations of the flux
in the remainder of the waste package are superfluous.

Assuming that future revisions of the code do use the gamma flux within
the waste package, the following comments become relevant.

The documentation for this submodel lacks detail and justifies this
shortcoming on the claim that the model uses standard expressions from the
Reactor Shielding Design Manual (Rockwell, T.; 1956). However, the equations
are applied incorrectly in WAPPA. The error involves improper definition of
the buildup factors. Before explaining this error, a description of buildup
factors and their properties is presented.

Buildup Factors

WAPPA assumes that the effects of scattered radiation can be accounted
for through a buildup factor. This prevents the need for a detailed transport
calculation. However, it requires the use of an empirically determined build-
up factor, defined as the ratio of the total flux to the uncollided flux. As
the distance travelled by the gamma rays increases, the proportion of scat-
tered flux to the total flux increases. Therefore, the buildup factor
increases with distance. This does not imply the total flux increases with
distance, in fact it decreases with distance as the total flux is the product
of a buildup factor and an attenuation factor which decreases faster than the
buildup factor increases.

Error in the Buildup Factor

Viewing Figure 2.2, and noting that WAPPA approximates the gamma radia-
tion from the cylindrical waste form as originating from an infinite line
source, the error made in WAPPA can be explained. For a gamma ray originating
within the line segment di, it must travel a distance R to reach point P.
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However, WAPPA calculates the buildup factor based on the normal distance
between the line source and point P the distance a+z in Figure 2.2. Because
(a+z) < R and the buildup factors increase ith distance, this assumption is
non-conservative. Heuristic arguments (Sullivan, T., F-142, 1984), indicate
that the calculated flux will be within a factor of 10 of the flux obtained
using the distance in calculating the buildup factor. Considering the
uncertainties in the entire calculation and the fact that corrosion or
leaching are expected to be enhanced by less than 20 percent for an order of
magnitude increase in gamma dose, this error may not be significant, but it
should be addressed in the code manual.

Empirical Coefficients in Buildup Factor Expression

Although WAPPA claims to use standard formulae, the expression for the
buildup factor uses slightly different definitions for the
empirical coefficients when compared to the definitions found in the Reactor
Shielding Design Manual (Rockwell, T., 1956), the reference for buildup
factors cited by WAPPA.

WAPPA defines the buildup factor Bi for material 'i" as:

B- A -liti + A e 2iti (2.1)

where Ali, A2 i, alis and a2i are material dependent empirical coeffi-
cients and ti is the thickness of material iz normal to the line source.
In contrast, the Reactor Shielding Design Manual defines the buildup factor
as:

B - ie E ii + A e k2i~iTi (2.2)

where Ali, A2i k, and k2i are material dependent empirical coeffi-
cients and is the adsorption coefficient of the medium, and Ti is the
thickness of medium that the gmma ray passes through.

From these two expressions it is clear that

aji - kiii j 1,2 (2.3)

and the equations are similar. However, this discrepancy is not pointed out
in the manual.

2.2.1.2.3 Radiolysis Submodel

WAPPA calculates only one leach enchancement factor. This assumes that
radiolysis has the same effect on all waste form constituents. However,
radiolysis changes the number and types of molecular and radical species
present in the groundwater. This in turn influences the solubilities of the
different species in the groundwater and alters the leach rates from the waste
form. Each species will react differently to these radiation induced changes.
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WAPPA does not model alpha radiolysis nor does it attempt to account for
the gamma flux in the groundwater that arises from particles leached from the
waste form. Once leaching begins, alpha and gamma emitting species enter the
groundwater. Alpha particles do not interact with the groundwater in the same
manner as gamma rays (PNL-4452, 1983). Therefore, the water chemistry is
different and leaching from the waste form will respond accordingly. This
effect may be negligible because the amount of alpha and gamma emitting
nuclides in the groundwater should be small.

The WAPPA manual does not mention the possibility of chemical changes due
to gamma irradiation in salt repositories (BNL-NUREG-33658, 1983). In prin-
ciple, this could be handled through leach and corrosion enhancement factors
as currently done in WAPPA.

Lack of a detailed water chemistry model in WAPPA limits any attempt at
modeling radiolysis effects to be heuristic and prone to be at most qualitati-
vely correct. The accuracy of the radiolysis model is totally dependent on
external justification.

2.2.1.2.4 Damage Submodel

Although the idea that alpha damage can be represented as a saturating
exponential function of the total dose is not new, the data base to support
this is limited. This may be a particular problem for glass. The reference
cited in WAPPA (Weber, W. J., 1980) that proposes the saturating exponential
correlation bases its model on experimental results on radiation effects in
crystalline ceramic materials. The other radiation damage reference (Weber,
W. J., 1979) does consider glass, however the data reported is for one glass
composition and does not provide data for all of the radiation-induced pro-
perty changes used in WAPPA.

The damage submodel does not attempt to calculate a leach enhancement
factor due to alpha damage of the waste form. Apparently this was considered
at one time by the developers of WAPPA because the empirical coefficients for
the saturating exponential correlation are requested as input. However, these
coefficients are unused. The manual does not justify neglecting this effect.

2.2.1.3 Conclusions

All of the submodels used to evaluate radiation-induced phenomena are
structured to rely heavily on a user supplied data base. Assuming the data
are available, the radiation model might provide a conservative estimate of
the processes it models. Use of a data base approach allows the models to be
simple and the computational times short. However, it also places a large
burden on the user. Furthermore, because of the large quantity of data
requested, coupled with the uncertainty in some data, it is unlikely any two
users will develop the same data base.
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2.2.2 WAPPA's Thermal Model (TMODEL)

WAPPA's Thermal Model computes the temperature profile within the waste
package and feeds it to the System Drive Model for updating temperature depen-
dent parameters in the Mechanical, Corrosion, and Leach-and-Transport models.
Following a description of the modeling approach in Section 2.2.2.1,
Section 2.2.2.2 discusses the limitations of the implemented submodels. Con-
clusions are drawn in Section 2.2.2.3.

2.2.2.1 Review of Modeling Approach

WAPPA's thermal modeling approach rests on the assumption that the heat
capacity of waste package barriers is negligible and that the temperature dis-
tribution is a function only of radial distance from the waste form center-
line. In the waste form it is assumed that the heat source is uniform. Solu-
tion of the resulting steady-state heat conduction equation yields a parabolic
temperature distribution (Perry, R. H. and C. H. Chilton; 1973). In the
cylindrical annulus representing the various waste package barriers it is
assumed that there is no generation of heat. Solution of the heat conduction
equation in this region without a source results then in a logarithmic pro-
file (Perry, R. H. and C. H. Chilton; 1973). In terms of the
temperatures at the waste form centerline and at the interfaces between
adjoining barriers, the waste package temperature profile is expressed as
follows:

2
q(t)rl

To =T 1 + 4 k(TI) (2.4)

Q t)
Ti - Ti+ + 2 k(Ti+i) to (ri+i/ri), i=I,2,.*.,N (2.5)

where To is the centerline temperature; T is the temperature at the waste
form periphery; ri is the distance of the i-th interface from the waste form
centerline; Ti T(ri,t); q'(t) is the volumetric heat generation rate in-
the waste form; H is the height of the waste package; k(TI) is the effective
thermal conductivity of the waste form; k(Ti+1) is the effective thermal
conductivity of the i-th barrier based on the temperature at the outer edge of
the barrier; Qi(t) is the effective, total conductive heat flux out of the
i-th interface.

Heat transfer by convection is considered important in liquid or gas
filled annuli when the Grashof number exceeds 20,000. The Grashof number is a.
dimensionless parameter defined as:

3 p2 g a AT
NR 2 (2.6)
GR2

where is the gap width; p is the density of the fluid; g is the acceleration
due to gravity; f is the volumetric expansion coefficient; AT is the
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temperature difference across the gap; and is the fluid viscosity. When
convection is important, the parameter ki in Equation (2.5) is the familiar
thermal conductivity corrected through an equivalent conduction enhancement
factor which is a function of the Grashof number.

Heat transfer by radiation is considered for gas filled annuli and is
modeled through modification of the conductive heat flux. Thus, for gas gaps,
the quantity Q(t) used in Equation (2.5) is the total heat flux minus the
total radiative heat flux, q(t), which is defined as follows:

q ' A F (T4 _T ) (2.7)

where:

Ai - area of i-th interface

Fi i+- - view factor from i-th to (i+l)-th interface

a - Stefan-Boltzmann constant.

Radiation heat transport will be most important during the first few
years after burial when the heat source and temperature gradients through the
waste package are largest.

Equations (2.4) and (2.5) can be solved sequentially once either the
temperature at the waste form centerline or the temperature at the waste
package-host rock interface is specified as function of time. The Thermal
Model adopts the second one as the reference temperature. The waste package-
host rock interface temperature is provided in the code as a user supplied
table of temperature data versus time.

The above formulation is abandoned when the total heat generation rate
becomes less than I watt. At that time, a few hundred years, all temperatures
within the waste package are set equal to the user-provided, reference reposi-
tory temperature.

2.2.2.2 Discussion

WAPPA's assumed parabolic-logarithmic temperature profile within the
waste package is the profile that would exist in the system if this had had
infinite time to equilibrate thermally with its surroundings while the heat
generation rates were kept constant. As such, it would certainly yield a con-
servative estimate of waste package temperatures if, at any time t, the user-
supplied boundary temperature were the thermally equilibrated value.
Engineering judgement, however, suggests that, after the first few months
during which heat storage effects in the waste package are important, Equa-
tions (2.4) and (2.5) closely represent the shape of the waste package
temperature profile. Therefore, the accuracy of WAPPA's temperature estimates
within the waste package after the first few months rests on the accuracy of
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the user supplied boundary temperature data. If these data are in error by 
degrees, the calculated temperature profile is displaced by the same number of
degrees in the waste package.

Since the waste package-repository boundary temperature depends on waste
package dimensions and heat generation rates as well as on repository proper-
ties, such as rock thermal properties, waste package arrangement, area thermal
load, etc., the present Thermal Model logic would call for a large data base
of boundary temperature values versus time. In analogous situations, other
researchers have preferred to couple the waste package thermal model, Equa-
tions (2.4) and (2.5), with a thermal code for the repository. Both options
would require substantial improvement of APPA.

WAPPA is inadequate for reliable temperature prediction during the first
few months after burial as the Thermal Model formulation breaks down in the
limit when heat storage effects in the the waste package are important. How-
ever, the model would still provide reasonable estimates of internal waste
package temperatures provided an appropriate' set of boundary temperature
data is supplied by the user.

2.2.2.3 Conclusions

The usefulness of WAPPA's thermal model usefulness for short-term
temperature prediction,i.e., during the first few months after burial, is
limited to providing conservative estimates of waste package temperatures by
selecting appropriate' values for the user-supplied boundary temperature.
Reliable, short-term temperature prediction would require adding a temperature
submodel to the code which includes heat storage effects.

WAPPA's thermal model may provide reliable estimates of waste package
temperatures a few months after burial provided the user-supplied data base of
boundary temperatures is shown to be accurate. This may require a separate
run of a repository thermal code which takes into account waste package heat
generation rates and dimensions as well as waste package arrangement, rock
thermal properties, etc.

2.2.3 WAPPA's Mechanical Model (FMODEL)

In WAPPA's modeling approach three types of stress-assisted breaching of
waste package barriers can occur: 1. stress corrosion cracking of metallic
barriers, 2. fracture of metallic barriers at pre-existing cracks, and 3.
brittle fracture of the waste form.

The purpose of FMODEL is to predict the magnitude of local stresses
(stress intensity factors) at pre-existing flaws on metal surfaces, and to
determine the extent to which the waste form fractures due to the applied
stress. These tasks are accomplished by coupling a Canister Fracture (CF)
Submodel and a Waste Form fracture (0F) Submodel to a Stress Analysis (SA)
Submodel. These submodels are introduced next. A discussion follows in
Section 2.2.3.2. Conclusions are drawn in Section 2.2.3.3.
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2.2.3.1 Review of Modeling Approach

2.2.3.1.1 Canister Fracture Submodel

Given the calculated stress level from the SA submodel and the user-
specified length of pre-existing cracks on metallic barriers, the CF submodel
computes empirical, elastic stress intensity factors.

If the metal has not yielded plastically, the stress intensity factor is
compared with the metal's critical value of fracture toughness. Breaching
occurs when the stress intensity factor exceeds the fracture toughness.

If the metal has already yielded plastically, a new effective crack
length is calculated. The stress intensity factor is then recomputed and com-
pared with the fracture toughness of the material.

The equations used in this submodel are empirical in nature. Therefore
one must make sure they apply to the materials, loading pattern, and geometry
at hand. To that effect, the CF submodel write-up does not give useful
references, therefore these equations must be accepted with reservations.

2.2.3.1.2 Waste Form Fracture Submodel

From the various components of the stress as calculated by the SA sub-
model, the WF submodel checks for regions where tensile stresses exceed the
fracture strength of the material. Since the problem is regarded as axisym-
metric, this defines an outer annulus where the waste form is fractured. The
volume of the fractured region is then multiplied by an empirical coefficient
to determine an equivalent surface-area increase to be used later by the
Leach-and-Transport Model.

2.2.3.1.3 Stress Analysis Submodel

While the CF and WF submodels are empirical in nature, the SA submodel is
based on classical theories of materials strength and stress analysis.

For a strength analysis, the FMODEL considers five types
of materials whose properties are modeled as follows:

1. The waste form is modeled as an elastic/brittle material which
undergoes fracture in the region where tensile stresses exceed the
waste form fracture strength.

2. Metallic barriers are modeled as elastic/plastic materials. These
materials yield plastically in regions where the TRESCA criterion is
satisfied. Namely, when

Max (rcej, fa6-Ozji 1er-az) aield

3. Packing materials are modeled as compressible elastic elements.
They yield, i.e., they are extruded, when the Von ises maximum
stress exceeds the yield stress. That is when:
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3 (ar- )2 + ( aH)2 (z - a)2 > a.,
amnax r -1 ' (arH allield,

a - the hydrostatic pressure.

4. Gas gaps are modeled as having zero pressure and no stress transfer
capability.

5. Liquid gaps are modeled as incompressible elements. Also, all
'failed' portions of the barriers, i.e., the fractured waste form
region, the plastically yielded portion of metallic barriers, and
all corrosion layers are treated as incompressible elements.

From a stress analysis point of view, the modeling approach regards the
waste package as a series of concentric cylindrical annuli encircling a solid
core. The length of the waste package is infinite and loading compressive in
both the horizontal and vertical directions. Horizontal loading is due to the
repository confining horizontal pressure, to thermal expansion, and to initial
residual stresses at the canister/waste form interface. Vertical loading is
due to the repository vertical confining pressure. No shear, torsion, or
bending is accounted for, nor are gravity loading and friction between com-
ponents. As a result, all deformations take place horizontally in the radial
direction. Stress enhancement due to the finite length of the waste package
is handled through an empirical factor which multiplies the calculated stress.

2.2.3.2 Discussion

2.2.3.2.1 Limitations of the Modeling Approach

Any model appearing in a general purpose code like WAPPA can only be ex-
pected to handle a few important effects and failure modes. In the case of
the FMODEL, the modelers have identified brittle fracture of the waste form
and cracking of the metal barriers at pre-existing flaws as the main mechani-
cal failure modes of the waste package. To that end they disregard bending,
torsion, gravity loading, friction effects, creep, buckling, etc., which is
likely to be an acceptable approach but it is not justified in the document.
Also, the expressions used for calculating empirical stress intensity factors
at pre-existing cracks are not properly referenced and justified.

The implemented modeling approach does present some desirable features,
i.e., it accounts for degradation of mechanical properties due to radiation
(empirical factors and data have to be used) and for the influence of tempera-
ture on the stress. The model also accounts for initial, residual processing
stresses.

The most important limitations are that materials strength, as measured
by yield stress and tensile strength, is not modeled as a function of tempera-
ture, and that the volumetric expansion of the corrosion products is not
addressed. Corrosion products are known to exert very large pressures in con-
stricted regions, e.g., the phenomenon of denting in nuclear steam generators
and the wedging action of corrosion products (Pickering, H. W.; 1962).
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2.2.3.2.2 Adequacy of the Modeling Approach

Two relevant waste package failure modes are not given sufficient atten-
tion in the implemented modeling approach. These are, 1.) failure of the
waste package ends and, 2.) buckling of metal barriers beyond their elastic
stability region.

With reference to Figure 2.3, which reports a typical waste package de-
sign for high-level waste (AESD-TME-3131, 1982), it appears that a weak area
in the canister structure is the neck area. In that area the metal is not
supported by the waste form and the neck shape favors concentration of
stresses. Thus, crushing of the air gap appears to be an important failure
mode which ought to be addressed. Stresses may also concentrate at the bottom
of the canister at the welds between the base and the rest of the metal, thus
causing the base to detach. This failure mode should also be addressed.

Furthermore, it should be noted that as the unfailed part of metal bar-
riers becomes progressively thinner due to corrosion and plastic yielding, it
may be subject, at one point, to elastic instability, i.e., under sufficiently
high stress the cylindrical metal annulus may buckle into an eight' shape.
This may be an important failure mode for waste package performance.

FMDDEL uses a. number of empirical correlations to represent mechanical
behavior of the waste package. For this reason, the ability of FMODEL to pro-
vide a conservative estimate of waste form fracture and canister failure can
not be guaranteed unless the data used by the correlations can be shown to be
conservative.

2.2.3.3 Conclusions

The FMODEL cannot be used by itself in a predictive mode. It relies
heavily on user-supplied data which may not be obtained from the literature
and for which the user may have to make ad hoc experiments. This is the case
for important quantities related to failure mode analysis, such as (a) the
empirical coefficient to convert waste form fractured volume to an increase in
waste form surface area, (b) the empirical formulae used to calculate stress
intensity factors, and (c) the empirical coefficient to deal with end
effects. The FMODEL does not factor in the volumetric expansion of corrosion
products which, depending on the degree of fracturing of the host rock, may
result in additional confining pressures. Furthermore, the model does not
take into account failure of both canister ends nor does it account for the
elastic stability of the metal barriers.

2.2.4 APPA's Corrosion Model (CMODEL)

The corrosion model calculates the degradation of each metallic barrier
in the waste package due to the following processes:

(1) Dry oxidation;
(2) General corrosion;
(3) Galvanic corrosion;
(4) Localized corrosion, including pitting and crevice corrosion; and
(5) Stress corrosion cracking, including hydrogen embrittlement and

active path stress corrosion cracking.
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Along with barrier degradation, CMODEL tracks the penetration of water
into the waste package as the barriers fail. Following a description of the
submodels, Section 2.2.4.2 discusses the limitations of CMODEL and conclu-
sions are drawn in Section 2.2.4.3.

2.2.4.1 Review of Modeling Approach

2.2.4.1.1 Dry Corrosion

Before a barrier is contacted by water, C4ODEL considers the spatially
uniform one-dimensional thinning of barriers due to oxidation. Oxide growth
Is calculated by one of three empirical growth laws: logarithmic, parabolic,
or a power relation in time. The coefficients required in these laws are
defined as a function of temperature through user supplied input tables.

2.2.4.1.2 Wet Corrosion

Upon wetting of a barrier, wet corrosion models are activated. A dis-
tinction is made between mechanisms that cause a uniform degradation of the
entire barrier versus mechanisms that cause local barrier degradation. Uni-
form corrosion submodels consider galvanic and general corrosion. Local cor-
rosion includes stress corrosion cracking, pitting, and crevice corrosion.

The submodel for galvanic corrosion determines whether water (an electro-
lyte) is in contact with two adjacent barriers thereby allowing a galvanic
cell to form. (This situation can only occur if local corrosion has caused a
breach in an outer barrier.) Based on input data, the barrier that acts as
the anode is determined and the thickness of this barrier is reduced linearly
with time. The rate of degradation is a function of temperature and is
increased through the effects of radiolysis. The model does not give credit
for cathodic protection.

The model for general corrosion provides a spatially uniform thinning of
the barrier. The rate of degradation is determined from an input table, for
each barrier, of corrosion rate versus temperature. The effects of radiolysis
are incorporated by multiplying the corrosion rate by an enhancement factor
which is a function of the gamma dose and flux. The net rate of corroson is a
linear function of time.

Local corrosion events are considered catastrophic". That is, if the
conditions required to initiate one of these processes arise, the barrier is
considered breached instantaneously at the beginning of the current time
step. Given user supplied empirical data for pitting/crevice/crack size and
density, the total breached" area is calculated. Simultaneous with the
breach of the barrier, groundwater flows to contact the next barrier.

2.2.4.2 Discussion

WAPPA's corrosion model was developed with the intention of providing a
calculation of the maximum rate of barrier degradation, i.e., a conservative
estimate. However, before conservatism can be assured, the following points
concerning the data and numerical modeling must be considered.
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First, and most important, it is emphasized that all of the corrosion
submodels are empirical and extremely data intensive. Corrosion is a complex
phenomena that is not understood well from a quantitative, fundamental view-
point. For this reason, CODEL uses empirical correlations to supply all the
information on corrosion rates for each of the various models and for each
barrier. The coefficients used in each correlation are supplied by the code
user as a function of temperature. No attempt is made at modeling the
influence of solution chemistry on corrosion rate. The effect of solution
chemistry is assumed to be incorporated in the empirical input supplied by the
user. Before CMODEL can be considered conservative, the data used in the
empirical correlations must be shown to be conservative over the entire range
of potential repository conditions.

Second, the numerical strategy used in CMODEL contains two flaws. The
first error involves solution for the amount of dry oxidation, general and/or
galvanic corrosion. The solution strategy in WAPPA is process sequential,
that is, WAPPA looks at radiation, thermal, mechanical, corrosion, and
leaching processes as occurring sequentially in a given time step. In parti-
cular, the temperature distribution is calculated before CODEL calculates the
temperature dependent corrosion rate. If the temperature is decreasing with
time, this is the expected condition after the first few hundred years, the
corrosion rate is calculated based on a lower temperature and therefore the
calculation is non-conservative. This could be corrected through use of the
temperature at the previous time step to calculate the amount of corrosion
when the temperature is decreasing.

The other error involves solution of the dry oxidation corrosion model.
The empirical laws used in calculating oxide thickness are, in general,
developed from non-linear, integral-type relationships based on isothermal
experimental data. For this non-isothermal system, care must be taken to
account for the influence of temperature variations on oxide growth.

The method of solution used in WAPPA for calculating oxide thickness is
most easily understood while viewing Figure 2.4, a plot of oxide thickness
versus time for two temperatures. For the initial time step, time zero to
time t, the system is at temperature T and the oxide grows to a depth, d.
In the subsequent time step, time t to time t2, the system temperature has
been updated and is T2. WAPPA calculates the incremental oxide growth, d2,
as the amount of growth that would have occurred over the time interval t2-tl
provided the system had been held at temperature T2 for the entire calculation
time. This growth is represented by the curve through points b and c on the
graph. The total oxide thickness is obtained by summation of dj, the oxide
thickness and Ad2, the incremental growth. Viewing each time step as a new
initial value problem, it is seen that the WAPPA code changes the initial
condition' for oxide thickness at each time step. Since growth rate is a
function of thickness, this procedure is incorrect.

A better solution procedure is schematically represented in Figure 2.5.
Here, after the oxide has grown to a depth d at temperature T, time is
advanced to the next time step and the temperature is updated and is T2. In
this case, growth of the oxide is calculated starting from a depth dl on the
isothermal curve for temperature T2. This is point b in Figure 2.5. Growth
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progresses along this isothermal curve for a time period corresponding to the
length of the time step, t 2 - t. This is represented by the path between
points b and c. The new oxide thickness is the sum of d, the initial thick-
ness, and Ad2, the incremental growth. This model takes the viewpoint that
corrosion rate is a function of temperature and oxide thickness whereas the
WAPPA model views the corrosion rate as a function of temperature and time.

Provided the temperature is monotonically decreasing with time and
neglecting the improper' use of the temperature at the end of the time step
to calculate oxide growth as previously mentioned, the solution procedure cur-
rently used by WAPPA for dry oxidation will overpredict the amount of corro-
sion. Although this approach is inconsistent from a physical viewpoint, it
will be conservative.

2.2.4.3 Conclusions

The corrosion models used in WAPPA are intended to provide a conserva-
tive framework for estimating the degradation of the metallic barriers in the
waste package. The modeling approach relies eclusively on user supplied
empirical corrosion rates for each type of corroson process. These corrosion
rates are generally supplied as a function of temperature only. The influence
of other environmental parameters such as solution composition are not
accounted for explicitly. Assurance that WAPPA's corrosion models are conser-
vative requires that the input data can be shown to be conservative under any
conditions expected in the repository during the containment period and the
numerical solution procedure improved to calculate corrosion based on the
maximum temperature during the time step.

2.2.5 WAPPA's Leach-and-Transport Model (WMODEL)

With reference to Figure 2.6, the Leach-and-Transport Model is activated
when all barriers have failed through one or more degradation mechanisms and
the waste form is exposed to direct attack from the fluid flooding the
breached barriers.

The purpose of WODEL is to calculate the release of radionuclides from
the waste form, their transport out of the waste package, and the accumulated
mass of each radionuclide delivered to the host rock. To that effect, the
WHODEL relies on a leach submodel and on a transport submodel.

A description of the modeling approach is provided in Section 2.2.5.1. A
discussion follows in Section 2.2.5.2 and conclusions are drawn in Section
2.2.5.3.

2.2.5.1 Review of Modeling Approach

2.2.5.1.1 Leach Submodel

The leaching submodel is a leach rate expression which includes both dis-
solution and diffusion from the waste form and is modified by empirical corre-
lations to account for the effects of temperature, radiation, solution
saturation, and waste form fracturing. The implemented expression is:

30



RO 0 R1' 2 R5

tI
WAE
CAP

.

R COROSSI 0ON
FIX

I 
CORO.OS10N

FiL'I

Corrosion layer placed on the outer radius of the metal

Figure 2.6 Geometry of waste package (adapted romONWI-452, 1982).

31



QL ( 2kt- 1 /2 LEEE SDENSF (-TC M)exp ) (2.8)
L 2'dif 'dis~ A' W RTT (~

sat 0
where:

QL - mass leach rate from waste form to solution ( /s);
kdif - leach rate coefficient for diffusion (g/m s
kdis - leach rate coefficient for dissolution (g/u2-s);
Anw - total surface area of the waste form, including

geometric and fractured areas (m2);
LEF - combined leach enhancement factor, the product of leach

enhancement factors for alpha damage and y-radiolysis as
obtained in MODEL (dimensionless);

SDENSF - density degradation factor due to alpha damage as obtained
in RMODEL (dimensionless);

CWM - concentration of the solute in the fluid at the waste
form/canister boundary (g/m3);

Csat - saturation concentration of the solute (g/m3);
To - reference temperature for kif and kdis (K)
E - activation energy (kcal/g-mole);
R - gas constant (kcal/g-mole-°K);
T - temperature of the waste form ().

The release rate depends on which species is being modeled as the two
leach rate coefficients and the saturation concentration vary for each nuclide
under consideration.

2.2.5.1.2 Transport Submodel

For modeling purposes and with reference to Figure 2.6, the WMODEL sub-
divides the cylindrical layered medium representing the waste package into
three distinct regions: the waste form plus the fluid filled region extending
to the first metal barrier, the flooded barriers, and the packing materials.
The model further assumes that each species under consideration behaves
independently from other species. Thus, given a particular species, one is
left in general with solving a system of three coupled equations in terms of
the concentration of the given species in the leachant next to the waste form,
in the leachant within the flooded barriers, and in the pore fluid of the
packing materials. In practice, however, the WMODEL solves a system of four
equations which could be shown to reduce to one nonlinear ordinary differen-
tial equation. Proceeding from the waste form radially outwards, the refe-
rence equations of the WMODEL are as follows:

(a) The first equation describes the rate at which any selected species
is transferred from the waste form to the contacting aqueous solu-
tion. This is Equation (2.8). It is the same for all species and
it is the classical, diffusion and network-dissolution expression
for the leach rate modified by a concentration-dependent, solubility
limited factor and by further leach enhancement factors due to
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cracking of the waste form surface, -damage to the waste form
structure, and -radiolysis of the water. The dependence on
temperature is handled through an Arrhenius expression. In parti-
cular, the concentration profile within the water gap between the
waste form and the canister is assumed to be uniform and to be con-
trolled by diffusion processes taking place within the flooded
barriers.

(b) The second equation couples the concentration of any given species
in the water gap next to the waste form to the concentration of the
same species at the interface between the flooded barriers and the
packing materials. The concentration profile in this region is
assumed to respond instantly to concentration variations at its
boundaries and corresponds to a steady-state diffusion profile.
Taking into account the layered, cylindrical geometry of the system,
solution of the diffusion equation yields a concentration profile
which drops logarithmically across the flooded barriers.

(c) The third equation computes a time-dependent, space-averaged con-
centration of a given species within the packing materials. This is
accomplished by treating the packing materials as a mixing cell,
i.e., the entering fluid is instantaneously mixed in the volume of
the packing materials, and the concentration varies as function of
time only. Any directionality of the flow field is lost in this
approach, and convection in and out of the packing materials is
handled through a leachant renewal frequency term. Diffusion in and
out of the packing materials is difficult to justify in this
approach. Nevertheless, a diffusion term, which has some direc-
tional information, appears in the equation. In particular, dif-
fusion out of the system is assumed to take place through a concen-
tration gradient operating from the location of the log mean radius
of the packing materials to their boundary with the host rock where
the concentration of all species is assumed to be zero. Sorption on
the packing materials is modeled through a constant retardation
coefficient which slows transport out of the region.

(d) By continuity, the above space-averaged concentration of any species
in the packing materials could be set equal to the concentration at
the interface with the outer metal. This is not deemed, or recog-
nized to be acceptable. Thus the fourth equation in the WODEL
relates the two concentrations through a proportionality constant
defined as the ratio between the thickness from the log mean radius
to the outer radius of the packing materials and the total thickness
of the packing materials.

2.2.5.2 Discussion

2.2.5.2.1 Leach Submodel

Three major limitations have been found in the leach submodel. They are:
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(1) The leach rate expression is not coupled with the radionuclide
inventory in the waste form.

(2) The leach rate expression does not account for increasing radio-
nuclide inventory under certain conditions.

(3) There is an inconsistency in the calculated mass released to the
repository when the waste form is depleted.

Limitation(1)

The first limitation can be found through examination of the leach rate
expression, Equation (2.8), which states that the rate of mass transfer from
the waste form into solution is independent of the concentration in the waste
form. According to this expression, the leach rate depends heavily on the
diffusion and dissolution coefficients, kdif and kdis, which are to be
determined empirically from experimental results and are specified in the code
as input parameters that are constant with time. However, it can be shown
theoretically (Pescatore, C., 1983) that both kdif and kdis are the pro-
duct of the nuclide concentration in the waste form times a physical parameter
that is process specific. For example, the leach rate dissolution coefficient
is the product of surface concentration, C(t), times the waste form dissolu-
tion velocity, (t):

kis u - C(t). (2.9)

Since the waste form concentration is a function of time due to leaching
and radioactive decays,. kdis as expressed in Equation 2.9, is also a func-
tion of time even if the dissolution velocity were constant.

To make the release rate a function of waste form concentration, kdis
and kdif would have to be expressed as explicit functions of waste form con-
centration. However, WAPPA does not make any attempt to calculate waste form
concentration. Thus, if the WAPPA model is to be retained, kdis would have
to be input as a time dependent function which reflects the changes in waste
form concentration. This implies that the user would need to estimate the
waste form concentration as a function of time before performing the calcula-
tion. Similar remarks apply to kdif.

The release rates of Cm-244 and Cm-245, as obtained from APPA's complex
verification test case (Pescatore, C. and Sullivan, T., M-127, 1983;
Sullivan, T., ME-135, 1984) provide an example of the problems that can arise
by not coupling the leach rate to the mass inventory in the waste form. Since
Cm-244 and C245 are isotopes of the same element, they were given identical
leach rate coefficients in the test problem. Therefore both nuclides were
calculated to be released from the aste form at the same rate, despite a
14-orders-of-magnitude mismatch in their initial inventories. In fact, WAPPA
predicted all of the Cm-244 to be released from the aste form within the
first second of leaching.

34



Furthermore, the nuclide concentration within the breached engineered
barriers and the packing materials is a function of the nuclide release rate
from the waste form. Thus, a consequence of unreasonably high leach rates is
that calculated concentrations throughout the waste package are much too large
and mass is not conserved.

For example, at 5600 years, which is the end of the first computational
time step since the beginning of leaching, WAPPA calculates the average Cm-244
concentration as 5x10- g/m3. However, the total inventory a supplied by the
data base is 6x10-16g. WAPPA does check whether the total mass released to
the repository exceeds the current inventory in the waste form and it does
prevent spurious mass from entering the repository. Nevertheless, it is wrong
and misleading to calculate the concentration within the waste package as
being so large that mass is not conserved.

Limitation (2)

The second situation in which WAPPA does not conserve mass occurs when
the inventory of a given nuclide is increasing in time due to decay of other
nuclides in the waste form. WAPPA calculates the release of each species
until the mass released at a given time step equals the total mass found in
the waste package. After this time, WAPPA assumes this species is completely
and permanently removed from the waste form. WAPPA neglects to check for pro-
duction of the species due to decay of other nuclides after the nuclide under
study has been removed from the waste form. This approach is non-conservative
and can underpredict the release of a nuclide to the repository. To clarify
this point, the complex verification test case was run and the results for
Th-229 (which does have an inventory that increases in time) mass release to
the repository was examined (Sullivan, T., MF-135, 1984). WAPPA predicted
that 2.6x10-3 g of the Th-229 was released to the repository over the first
time step since the onset of leaching. At this time, this was the entire
Th-229 inventory. Therefore, WAPPA stopped calculating release of Th-229 and
2.6x10-3g remained as the total release to the repository. However, the
inventory of Th-229 continued to increase reaching a value of 2.lg at the end
of the calculation. Thus, there is a non-conservative discrepancy between the
amount of mass in the system and the amount of mass in the repository.

Limitation (3)

The third problem occurs because WAPPA takes an inconsistent approach to
mass conservation within the repository. In most cases, radioactive decay
within the repository is not taken into account. The output data for Tc-99
provides an example: after 106 years WAPPA predicts there are 435 grams of
Tc-99 in the repository. However, part of the data base required to run WAPPA
is the mass inventory that would exist if the waste form had been left undis-
turbed. In this test problema the mass inventory supplied from the ORIGEN2
computer code for Tc-99 at 10 years is only 16.8 grams. The cause of this
discrepancy is that WAPPA does not account for radioactive decay once a
nuclide has left the waste form. Thus, the Tc-99 which leaves the waste form
when the inventory is high enters the repository and remains there.
Neglecting radioactive decay provides a conservative estimate of the mass in
the repository.
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However, there is one exception when radioactive decay in the repository
is taken into account. This occurs when the waste form concentration is
depleted by leaching during a time step. In this case, WAPPA sets the amount
of mass in the repository to the total available for leaching. This approach
has the effect of accounting for radioactive decay in the repository and can
lead to a decrease in the amount of mass in the repository. Pu-239 exhibits
the results of this logic. After 105 years, the calculated release to the
repository is 34.4 grams. At 2x1O5 years, the end of the next computational
time step, the ORIGEN2 inventory of Pu-239 is 8.6 grams and it is all released
to the repository. Instead of adding the 8.6 grams to the amount in the
repository and thereby neglecting decay, the mass in the repository is set to
the ORIGEN2 inventory of 8.6 grams. Provided the mass inventory is de-
creasing, accounting for decay.-in this manner will still be conservative.
However, it is inconsistent.

In addition to the logic flaw identified above, the expression for the
leach rate itself appears to be unrealistic, or very conservative, for species
which exhibit large solubility in water, e.g., the alkalis. Indeed, the model
predicts for these species an initial inverse-square-root-of-time law for the
release rate followed by a constant release rate at longer times, which is
contrary to experience at low flow rates. This however does not constitute a
serious error unless alkali leach rates are used in the future for helping
predict the groundwater chemistry.

Another error in the leach submodel occurs when there are isotopes of a
chemical element. In this case, saturation of the solution with respect to
the element should be calculated based on all of the isotopes. This would
require the saturation limiting term in the leach rate, Eqn (2.8), be changed
from:

1 C/Csat;
to:

- CWM,i/Csat;

where the summation on i represents the addition of all isotopes. This change
would also require a new concentration boundary condition as the current model
assumes that saturation exists at the waste form boundary for all species.

2.2.5.2.2 Transport Submodel

Despite claims to the contrary, the WMODEL does not give "realistic'
credit to partially breached barriers for retardation of radionuclide trans-
port. Indeed, as soon as the breach occurs, the waste form is assumed to
become totally wetted and to release directly into the packing materials. The
only attenuation of the leach rate comes from adjusting its concentration
dependent term to reflect a logarithmic concentration profile across the
flooded barriers. Since this correction is very small, the barriers do not
play any meaningful retarding role. Thus, under the logic of the WODEL, a
marked decrease in leach rates occurs only when solution saturation limits,
with a value typical of waste form/canister interface fluid, are approached in
the packing materials. This conservativeness is probably unnecessary.
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The treatment of radionuclide transport in the packing materials is also
unrealistic. The mixing-cell approach applies best to situations where flow
is not laminar, and it breaks down when diffusion becomes the predominant
transport mechanism. Since the case has often been made for the packing
materials to reduce convection and to make diffusion dominant mode of trans-
port, a space- and time-dependent equation for the concentration of any given
species in the packing materials would be more adequate. This would also
eliminate the problem of extrapolating a space-dependent concentration from a
space-averaged one, as is presently being done. Nevertheless, the approach
implemented in the WMODEL is conservative providing accurate parameters are
fed into the model.

Another potential problem with the transport submodel involves retarda-
tion of solute transport in the packing materials which is handled by a con-
stant retardation coefficient. As the groundwater percolates through the
packing materials some of the nuclides become sorbed on the solid thereby
slowing their transport. In dilute solutions, experiments indicate the dis-
tribution between the solid and liquid phases is constant and therefore retar-
dation is constant. However, as the solution concentration increases this is
often no longer true (RHO-BWI-LD-48, 1981) and retardation decreases. There-
fore, since the solution will be near the solubility limits around the waste
package, a constant retardation coefficient may not be justified everywhere in
the packing materials.

Furthermore, the retardation coefficient is expressed in terms of an
experimentally determined distribution coefficients Kd and before the retar-
dation coefficient can be useful for WAPPA it must be shown that the Kd's
used are relevant to the situation. In particular, current Kd measurements
are obtained from single component tests. For example, the distribution of
plutonium between the solid and liquid phases is measured in an experiment
which has only plutonium in solution. In general, sorption is a complex
phenomenon which depends strongly on solution chemistry. Therefore, single
component tests may not be applicable to repository conditions which will con-
tain all of the nuclides released from the waste form. A more detailed
examination of the potential problems with using a constant Kd (and there-
fore constant retardation coefficient) coefficient have been enumerated
(Sullivan, T., F-150, 1984).

The numerical strategy implemented in the WMODEL appears to be too crude
and error prone. In practice, the WMODEL solves a non-linear differential
equation of the type:

dCB
.t fitC) (2.10)dt 

in terms of the space-averaged concentration of radionuclides in the packing
materials, CB(t), during a time step (ti, ti+i), where f(t,CB) is a
nonlinear function of time. The quantity CB(t) is related to the concentra-
tion at the outer surface of the metal, C, through a practically constant
factor, b, comprised between 1 and 2 (Section 2.2.5.1.2):
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C (t) - b C (t) (2.11)

The concentration at the waste forr-metal barriers interface, C1, is related
to CB through the following relationship:

-1/2 C1Cl(t) - CuWt) + d . (klt + k2) (1- )
sat (2.12)

bC3(t) + d . (k1t + k2) (1- - )
sat

where d is nearly constant, and kj, 2 and Cat are constants. The WMODEL
solves the above problem by taking t in the RES of Equation (2.9) and

1/2 in Equation (2.11) as constant over the time step, which is
obviously a poor approximation if the time step is large. Thus, even if, with
adequate data, the logic of the WMODEL would insure conservatism, one can not
guarantee it until a numerical error analysis is made.

2.2.5.3 Conclusions

WAPPA's Leach-and-Transport Model is inadequate in that it does not con-
serve mass, does not couple the leach rate of a nuclide to the concentration
within the waste form, does not even calculate the waste form concentration,
and at times is inconsistent with its own assumptions. To properly repair the
WAPPA model would require expansion of the current scheme of calculating four
primary variables: leach rate, and concentrations in the packing materials, at
the edge of the packing materials, and in solution at the surface of the waste
form; to include a fifth variable: concentration within the waste form. Also,
a global mass balance should be performed to insure that mass is conserved and
that the total mass in the waste package/repository system is equal to the
mass inventory supplied as input. To accomplish this would require that a
substantial part of WAPPA's leach-and-transport model be rewritten.

As currently implemented in WAPPA, the Leach-and-Transport model will
provide a conservative estimate of the release of any species from the waste
package through the engineered barriers to the repository only if the mass
inventory of a given species decreases with time and the accuracy or conser-
vativeness of the input parameters and numerical solution can be assured.
This cannot be done easily.

2.2.6 Conclusions

A common aspect to all of WAPPA's process models is that they involve an
empirical approach to modeling the physico-chemical behavior of the waste
package under expected repository conditions. A list of specific limitations
of the modeling work in general and of the individual process models in parti-
cular is presented in Table 2.1.
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Table 2.1 Significant limitations of WAPPA's modeling.

Model

General

Limitations

1) Most models are empirical and extremely data inten-
sive.

2) No explicit groundwater chemistry model.
3) Groundwater flow treated as a boundary condition.
4) No internal time step selection and error control.

Radiation

Thermal

Mechanical

1) Data requested for radiation damage models may be un-
available.

2) Radiolysis effects are independent of temperature,
groundwater chemistry, and nuclide under
consideration.

1) Temperature at the waste package/repository boundary
is required as input.

1) Materials strength is independent of temperature.
2) Expansion of corrosion products is neglected.
3) Failure of the waste package ends is neglected.
4) Data for empirical formulae may not be available.

Corrosion

Leach-and-
Transport

1) All corrosion processes depend only on temperature.
2) Data for pitting, crevice, and/or crack size and den-

sity may not be available.

1) No global mass balance.
2) Leach rate independent of mass in the waste form.
3) Leach rate does not consider radionuclide inventory

increasing due to decay of other nuclides.
4) Inconsistent approach in calculating mass released to

the repository.
5) Leaching and transport retardation are independent of

solution chemistry.
6) Data may be unavailable or difficult to obtain.
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The main shortcoming of this modeling approach is that the process models
are not self-standing, i.e., they imply a large number of assumptions and rely
heavily on user-supplied inputs. For practical applications and acceptability
of the results, it will behoove any potential user of WAPPA to make sure that
all assumptions that went into the modeling are indeed warranted and that the
data used are indeed relevant for each problem. Both tasks are significant as
they may require comparison with more detailed analyses and initial informa-
tion that is difficult to obtain from or may not even exist in the litera-
ture. In particular, because of the recognized lack of pertinent data in the
literature and the uncertainty associated with some of the data, it is un-
likely that any two users will create the same data base.

An additional complication of the implemented modeling approach is that
it requires a priori knowledge of the coupling between repository and waste
package performance as temperature, pressure, and groundwater flow rate at the
waste package-host rock interface as a function of time do depend on waste
package feedback effects. At present it is not clear how this inconsistency
can be solved.

A major omission in WAPPA's modeling approach is a groundwater chemistry
model. The influence of groundwater chemistry on corrosion, leaching, and
nuclide transport is assumed to be incorporated into the user supplied input.
There is no provision for modeling the coupling between these processes and
changes in groundwater chemistry. This places on the user the extra burden of
showing that the selected data is indeed conservative under all expected
groundwater compositions.

2.3 Review of WAPPA's Operation

WAPPA's modeling approach is more empirical than mechanistic, which
places the task of preparing extensive data files to run the code for each
problem at hand on the user.

In order to make clearer how the code operates, user's input specifica-
tions to WAPPA are reviewed in Section 2.3.1. Output specifications are
briefly touched upon in Section 2.3.2. Conclusions are drawn in
Section 2.3.3.

The analysis presented is based on the code manual and the complex veri-
fication test case which accompanies the code. The test case will be referred
to as the test listing".

2.3.1 Initial Specifications

2.3.1.1 Geometrical Configuration and Materials Specification

With reference to Figure 2.7 which shows the initial configuration of the
waste package in WAPPA's Complex Verification Test Case, the waste package is
always approximated by a cylindrical, axisymmetric set of concentric
barriers. This permits a one-dimensional radial formulation with empirical
corrections for end effects.
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Proceeding from the inside of the waste package outwards, materials
specifications are indicated by entering the material identifier and its outer
radius. Materials identifiers are 3-digit numbers. They are used to locate
the material properties in the data base for each barrier material.

Allowable barriers are waste forms, metals, corrosion films, gases and
packing materials. There can be 17 barriers at most; one waste form, one
packing material, and five each of the other barrier materials. The materials
reported in Figure 2.1 were inferred from Chapter 2 in the code manual. As a
general comment, the test listing does not provide a key to the identification
of each particular material constituting the waste package barriers. For
instance the listing leaves one uncertain as to whether the waste form is
glass or spent fuel.

Initially there will be no corrosion layer. Thus, WAPPA automatically
assigns a zero thickness corrosion layer on the outside of each metal bar-
rier. As a minor point, however, since WAPPA accounts for dry oxidation of
metals, it would seem more consistent if, when applicable, corrosion layers
were placed on both sides of metal barriers.

The above information is complemented by inputting the waste package
length, the volume fraction of the waste form which is waste, the density of
the waste form matrix without the waste, the density of the waste, and the
mass ratio of reprocessed waste-to-original fuel fed in the reactor. In
particular, the listing does not mention the age of the waste. That has to be
inferred by examining the power source decay rate.

2.3.1.2 Calculation times and Error Control

In the preparation of the input to the code, the user must define the
time span to be investigated along with a set of up to 400 time steps into
which the analysis should be subdivided. A restart option also exists which
allows restarting the program at any specified time point and continuing the
analysis with a newly defined time-step vector.

In any numerical simulation of a time-dependent problem, the solution
accuracy can be enhanced, while retaining efficiency, by selecting a time step
that is small when changes are most rapid and increasing the time step when
the rate of change decreases. In modeling waste package performance, the time
when changes are going to be most rapid are initially when the heat source
decreases most rapidly due to the decay of short-lived radionuclides, and, at
later times, when breaching of a barrier occurs allowing the groundwater to
contact the next barrier. Since the user specifies the time step through an
input table containing all of the time steps, WAPPA does not determine the
time step consistent with the physical processes that occur. This can lead to
large, although conservative, errors in the calculated times of breaching and
onset of leaching. For example, if the calculation showed the barrier adja-
cent to the waste form will breach between the requested computational times
of 1000 and 1500 years, leaching would be assumed to begin at 1000 years.
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To define the temporal location of barrier failures more precisely, the
calculation must be repeated with a finer subdivision of computational times.
WAPPA can facilitate this process through the restart option. Using the pre-
vious example, to determine the onset of leaching within a 50 year period, the
calculation could be restarted at 1,000 years requesting a computation every
50 years between 1,000 and 1,500 years. This procedure is a cumbersome burden
to the user which could have been avoided by incorporating some time step
selection logic into the computer code.

Furthermore, the lack of error control during the calculation prompts the
question of how accurate is the solution. The only method the user has to
determine if the solution has converged is to rerun the code several times
using a finer time step for each new run and comparing the results. Again,
this is a burden to the user which could be resolved by proper checks within
the computer code.

2.3.1.3 Nuclides Requested

The user is required to specify as input the radionuclides to be tracked
during a particular computation. Each radionuclide is identified by a five
digit number representing the radionuclide's atomic number and its atomic
mass. Thus, 43099 is Tc-99 and 93237 is Np-237. As an added feature each
nuclide is also reported in the test listing using the element symbol and its
atomic mass.

2.3.1.4 Repository Boundary Conditions

In order to account for waste package interaction with the near field of
the repository the user must supply WAPPA with the temperature, fluid flux,
vertical stress, and radial stress at the waste package-host rock interface
as function of time. The user must also specify packing materials resatura-
tion time.

Singling out the waste package-host rock temperature, one must reason
that it depends, as a function of time, both on repository properties such as
rock thermal properties, area thermal load, waste package arrangement, etc.
and on intrinsic waste package properties such as waste package dimensions and
heat generation rates. Thus, in order to specify the problem, it would seem
that one needs to have solved it before hand. The same is true for packing
materials resaturation time, fluid flux, and, to a lesser extent, for the
repository confining pressures.

Boundary conditions specification is one of the most limiting problems in
the use of WAPPA, as the above quantities do depend on waste package feedback
effects. The problem might be solved by attempting to develop simplified
near- and far-field models and interface them with WAPPA.
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2.3.1.5 Data Base

WAPPA's basic modeling approach is empirical in nature and therefore
extemely data intensive.

Data needed in order to operate the code include radiation decay proper-
ties, radiation shielding properties, empirical data for radiation damage,
thermal properties, mechanical properties, empirical data for end effects on
stress analysis, empirical data for corrosion, empirical data for leaching.
Some of these data need to be supplied as a function of waste package system
variables like temperature, pH, etc.

The task of assembling such a large data base can be overwhelming for
several reasons. First, the user must be thoroughly acquainted with the
limitations and the range of applicability of the models. He should also be
able to judge whether the data exist in the literature. If the data are not
available, ad hoc experiments and/or extensive calculations are needed.
Because of the paucity of the data and uncertainty in some of the data, it is
unlikely that any two users will create the same data base. The second pro-
blem is that the range of experimental data to be inserted in the data base
should cover the entire history of the waste package under expected repository
conditions. The waste package environment and physical barriers can vary so
extensively during the time span of a repository that it is hardly conceivable
that an adequate data base where all synergistic effects are accounted for can
be produced. For instance, the Corrosion Model uses empirical correlations to
supply all information regarding corrosion rates for each of the various
models and barriers. The coefficients used in each correlation are supplied
by the code user as a function of temperature alone. One would expect corro-
sion to depend also on pH, Eh, salts content of the groundwater, etc. which
readily increases the complexity of the problem of obtaining adequate experi-
mental data. It is forseeable that the user of WAPPA shall not model all
synergisms and will refer to single or few-component test data. In that case,
the user will have to show that these data are conservative.

2.3.1.6 Radionuclide, Gamma, Alpha, and Thermal Power Source Terms

At each new time step WAPPA updates the radionuclide inventory and the
thermal-power, gamma-photon, and alpha-particle densities in the waste form
through use of user-provided input tables. These tables are prepared by
first running an isotope inventory code like ORIGEN2.

The task of preparing the above inputs is not onerous to the user as it
requests that only the age and type of waste be known. Barring numerical
errors due to WAPPA's lack of internal time step and numerical errors con-
trols, this approach is conservative, as the source term code would not
account for radionuclide depletion with time from the waste form due to
leaching and transport.
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2.3.2 Output Specifications

WAPPA allows many options to control the amount of data to be printed.
Options exist for echo prints of the input a well as the output of results
generated during execution. Always provided are the total radial heat flow
leaving the waste package, the cumulative y-radiation dose, nuclide fluxes at
the waste package boundary, total nuclide mass outflow through the waste
package boundary, radial nuclide concentration, profiles of the waste
package, barrier wetting times, and barrier failure times.

The output of the code reads well. It requires however some familiarity
with the code structure and how it operates. As a general comment we would
suggest that the output be improved to show 1) The name of each material being
considered rather than only a numerical identifier, 2) The mode by which a
barrier may have failed, and 3) Whether mass is conserved or not in the
system. Additional minor points are the following: 1) the leach rate diffu-
sion and dissolution coefficient are given wrong dimensions; 2) dimensions are
missing from the oxidation rate constants A through G; and 3) on restart runs
the radionuclide mass inventory, alpha flux, and gamma flux are given wrong
dimensions.

2.3.3 Conclusions

The operation of WAPPA involves the preparation of extensive input and
support data files. These should be prepared by qualified personnel who are
thoroughly acquainted with the assumptions which went into the formulation of
each process model.

The task of preparing input and support data files can be overwhelming
for two main reasons. First, some of the input data require a pre-knowledge
of how the waste package would perform. Second, the amount and quality of the
needed data contrasts with the recognized paucity of pertinent data in the
literature and their associated uncertainty. To that effect, it should be
mentioned that WAPPA users will probably be limited to data which factor in
only a few of the system variables on which they depend. Thus, it will be
necessary for any WAPPA user to show that these data are conservative.

WAPPA's implemented numerical strategy lacks internal control of time
step and of numerical errors. This may lead to unnecessary conservatism and
place on the user the extra burden of redefining the time step vector and
re-running the code several times in order to make sure that convergence is
achieved. This feature, along with the large number of data whose uncertainty
needs to be known, limits WAPPA's applicability for Monte-Carlo-type relia-
bility analysis, which requires short computational time for each case run.

2.4 Conclusions and Recommendations

2.4.1 Conclusions

WAPPA is a modular code implementing radiation, thermal, mechanical, cor-
rosion, and leach-and-transport modeling to determine system performance of
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WAPPA was not designed to be a self-standing code. It implements a
mostly empirical approach requiring model justification, and extensive data
gathering, interpretation and validation. These tasks constitute the major
limitations of the code and will require a significant effort to resolve by
personnel who are thoroughly familiar with the modeling.

In practice, WAPPA operates as a data base manager that simply selects
which correlation and which data are applicable for each particular situa-
tion. Construction of the data base will be troublesome as the implemented
correlations may be defined in terms of only a few variables, whereas the
actual processes may depend on more system variables; the required data are
likely to be unavailable in many cases or they may be difficult to adapt from
the literature; or they may imply a pre-knowledge of future package perfor-
mance, as is the case for temperatures, pressure, and groundwater flow rate at
the waste package/host rock interface. Furthermore, as reported in Table 2.1,
a few limitations have been identified in the process models.

The number of parameters which will have to be supplied and the number of
different situations for which they may have to be specified will result in
very large data files. After formation of these files, the user must make
sure that the adopted data base is realistic or conservative for the problem
under study. The code user will also have to prove that all assumptions that
went into modeling are warranted. This will involve a detailed comparison of
predictions from each process model with experimental results or with the pre-
dictions of state-of-the-art individual codes for each of the processes con-
sidered. In particular, since individual validation of each process model
neglects the synergistic effects that may couple various processes, simul-
taneous validation of several models should be done whenever possible.

After validation of the data and models, the code user still must insure
that the numerical solution procedure provides reliable calculations. At pre-
sent, time step selection is determined from a user supplied input table which
does not necessarily reflect the physical processes that occur, such as the
breach of a barrier. Therefore, to insure the calculation is converged, the
user must first run the code and determine the approximate times of major
system changes. Then, the code must be rerun with a finer time step near the
times of major system changes. This procedure must be repeated until the
desired level of convergence has been achieved.

While adherence to the above procedures for code usage will be necessary
for a license application, their rigor may be relaxed for work in site
screening, preliminary design analysis, and in estimating acceptable ranges of
parameters through sensitivity analysis. In this case, it may turn out to be
profitable to use WAPPA once a few improvements have been made, e.g., mass
conservation should be fixed in the leach-and-transport model, the temperature
boundary condition could be given through a simplified far-field model, etc.
All together these improvements may require a significant effort.
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WAPPA cannot be used in its present form for straightforward reliability
analysis, e.g., Monte Carlo simulation through Latin ypercube sampling.
There would be too many parameters to be sampled and probability distributions
for all of them would not be available. Sensitivity analysis may alleviate
the task by reducing the number of parameters to be sampled. However, the
need to rerun to code a number of times to insure convergence may still prove
a stumbling block for the reliability analysis both in terms of computer time
and trouble to the user.

2.4.2 Recommendations

1. The WAPPA code is receiving considerable attention from the DOE's
Salt and Tuff programs (DOE/RW-0005, 1984). For this reason, the
NRC should keep the code readily operable in its most recent form.

2. If the DOE decides to use WAPPA to obtain relevant licensing infor-
mation, the NRC should request the code custodian to prepare an
extensive data preparation manual which includes: a list of all the
data required; a description of how the data is used; a description
of model limitations; a list of appropriate references for obtaining
the data; and a detailed example of how to construct the data base.

3. Any application of WAPPA should be complemented with an extensive
justification of the data. Data should be prepared in accordance
with the Draft Technical Position on Waste Package Reliability'
(NUREG/CR-0997n, 1983). That is, an estimate of the experimental
errors in the data should be presented along with a description of
experimental procedures and a citation to the original reference.

4. Further work by the NRC using WAPPA does not seem to be justified
unless the DOE indicates it will use the code to obtain relevant
licensing information. In that case, an effort should be made to
improve upon the present modeling approach of specifying the waste
package/repository boundary conditions as a user-supplied function
of time. For example, APPA could be coupled with a temperature
field analysis which calculates the required boundary temperature as
the calculation proceeds. Also, the various process models should
be improved to remove their internal limitations. In general, model
validation will be of primary importance.

5. If the NRC desires to have the capability to independently check-
waste package performance calculations, it will need, in addition to
a general systems code like WAPPA, a suite of state-of-the-art
analysis codes that model the various individual processes that are
relevant. Examples of these processes include: groundwater flow,
groundwater chemistry, heat transport, structural analysis,
leaching, nuclide migration, and corrosion.
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6. In the future, code manuals which provide a description of the
mathematical and computational models should be prepared in accor-
dance with the -'raft Technical Position on Documentation of Models"
(NUREG-0856, 1981). In particular, the WAPPA manual, in many cases,
did not provide adequate justification of the models, did not
discuss the range of validity of the models, and did not address the
problem of numerical stability and accuracy.

7. In the future, it would greatly assist the NRC if, in the code
manual, the DOE provided a list or diagram of failure modes
addressed by the code. Indeed, the preparation of a system code
like WAPPA should be preceded by a failure mode and effects analysis
(FMEA), in order to insure that all relevant failures are incorpo-
rated in the code. If available, this FMEA should at least be
referred to in the code manual.

8. Although the modular structure of WAPPA would allow retrieval and
re-adaptation of each process model to another code with a modular
structure, this does not appear to be advantageous at present in
view of the several shortcomings identified within each of WAPPA's
process models.

48



2.5 References

AESD-TME-3131, 1982, Westinghouse Electric Corporation, Engineered Waste
Package Conceptual Design in Salt, Sept. 1982.

Brookhaven National Laboratory, MF-125, Preliminary Review of the
Leach-and-Transport Model in WAPPA, Pescatore, C., (December 1983).

Brookhaven National Laboratory, M-126, Preliminary Review of the Metal
Barriers Corrosion Models in WAPPA, Sullivan, T., (December 1983).

Brookhaven National Laboratory, MF-127, Review of WAPPA's Complex
Corrosion Verification Test Case, Pescatore, C. and Sullivan, T.,
(February 1984).

Brookhaven National Laboratory, MF-132, Review of WAPPA's Thermal Model,
Pescatore, C., (February 1984).

Brookhaven National Laboratory, MF-135, Mass Conservation in WAPPA's
Leach-and-Transport Model, Sullivan, T., (February 1984).

Brookhaven National Laboratory, MF-141, Preliminary Review of the
Radiation Model in WAPPA, Sullivan, T., (April 1984).

Brookhaven National Laboratory, MF-142, Derivation of the Attenuation
Model Used in APPA, Sullivan, T., (April 1984).

Brookhaven National Laboratory, MF-149, Review of WAPPA's Mechanical
Model, Pescatore, C., (June 1984).

Brookhaven National Laboratory, MF-150, Potential Problems with Using
the Constant d Approach in Radionuclide Transport Calculations in the
Near Field of a Nuclear Waste Repository, Sullivan, T., (June 1984).

Brookhaven National Laboratory, MF-151, Review of the Solution Strategy
Used in WAPPA, Sullivan, T., (June 1984).

BNL-NUREG-33658, "An Evaluation of Chemical Conditions Caused by Gamma
Irradiation of Natural Rock Salt, Panno, S. V. and Soo, P., 1983.

DOE/RW-0005, Mission Plan for the Civilian Radioactive Waste Management
Program, Vol. II, Draft, 1984.

NUREG-0856, Draft Technical Position on Documentation of Models,
Silling, S. A., 1981.

NUREG-0997R, Brookhaven National Laboratory, Draft Technical Position on
Waste Package Reliability, Sastre, C., and Pescatore, C., 1983.

49



ONWI-302, Battelle Memorial Institute, Columbus, OH., Waste Package
Performance Evaluation, Lester, D. H. et al., 1983. (Content of this
report was effective as of December 1981).

ONWI-452, Battelle Memorial Institute, Columbus, OH., WAPPA: A Waste
Package Performance Assessment Code, INTERA Environmental Consultants,
Inc., 1983. (Content of this report was effective as of October 1982).

ORNL-5621, ORIGEN2- A Revised and Udated Version of the Oak Ridge
Isotope Generation and Depletion Code, Croff, N.G., 1980.

Perry, R. H. and C. H. Chilton, 1973, Chemical Engineers Handbook, Fifth
Edition, McGraw Hill Book Company, New York, N.Y., p. 10-6.

Pescatore, C., 1983. Mechanistic Modeling of Nuclear Waste Form Leaching
by Aqueous Solutions," PhD. Thesis, University of Illinois.

Pickering, . W., et al., Wedging Action of Solid Corrosion Product
During Stress Corrosion of Austenitic Stainless Steels." Corrosion, Vol.
18, p. 230 (June 1962).

PNL-4452, Nuclear Waste Package Materials Testing Report: Basaltic and
Tuffaceous Environments, p. 82., Bradley, D. J., Coles, D. G., Hodges,
F. N., McVay, G. L., and Westermen, R. E.,, 1983.

RHO-BWI-LD-48, Rockwell Hanford Operations, Richland, WA., The Sorption
Behavior of Selected Radionuclides on Columbia River Basalts,
Salter, P. F., Ames, L. L., and McGarrah, J. E., 1981.

Rockwell, T., ed., 1956. Reactor Shielding Design Manual, Van Nostrand,
Princeton, N. J.

Weber, W. J., Turcotte, R. P., Bunnell, L. R., Roberts, F. P., and
Westsik, J. M., 1979. CONF-790420, Radiation Effects in Vitreous and
Devitrified Simulated Waste Glass," Ceramics in Nuclear Waste
Management, p. 294.

Weber, W. J., Wald, J. W., and Gray, W. J., 1980. Radiation Effects in
Crystalline igh-Level Nuclear Waste Solids." Proc. 3rd SymP. Scientific
Basis for Nuclear Waste Management, p. 441.

50



3. DETERMINATION OF LOCAL CORROSION CONDITIONS APPROPRIATE FOR A-HIGH LEVEL
CONTAINER IN A BASALT REPOSITORY

3.1 Introduction

The objective of this program is to determine the chemical environment
that will be present in high level nuclear waste packages emplaced in a basalt
repository. For this purpose, low carbon steel (a current Basalt Waste Isola-
tion Project, BWIP, reference container material), a basalt/bentonite packing
material, and synthetic Grande Ronde basaltic water were reacted in an auto-
clave at 150C and =10.4 MPa (1500 psi) pressure. The tests lasted for two-
month periods and the gamma irradiation flux, when used, was (3.8 0.5) x 104
rad/h. The Phase I irradiation test used an inert argon environment and Phase
II involved a similar set of experimental conditions but used a methane cover
gas. This was performed because high methane concentrations have been detected
in basaltic water samples taken from Borehole RRL-2 in the Grande Ronde forma-
tion. The Phase III control test was also conducted in a methane environment,
but in the absence of irradiation.

Measurements on the packing material slurry at the conclusion of the tests
included pH and dissolved oxygen (DO) determinations. The Eh could have also
been measured but, according to available information (NUREG/CR-3389, 1984),
its observed value may not be very meaningful 1 . The concentrations of Cl-,
total Fe (measured as Fe2+), and SO42- ions in the filtrate were also measured,
since these ions are associated with the corrosion of carbon steel2. Gases
generated during the irradiation period may include H2 , 02, N2 and C02- Since
several of these gases could have a deleterious effect on the waste container,
gas analyses were made at the conclusion of the test period. The carbon steel
sleeves were metallurgically evaluated for uniform and pitting corrosion.
Hydrothermal alteration of the rock and clay constituents of the packing
material was also investigated.

1There is no reason to believe that the potential of a platinum (or other noble
metal) electrode immersed in a solution is a thermodynamic potential or even a
reasonably reproducible potential. Most likely, such a measured potential is
a mixed potential dependent on the kinetics of the various redox processes
occurring in the system. In the absence of significant concentrations of oxy-
gen and other possible redox active species, the potential may depend on the
corrosion rate, however small, of the indicator electrode (NUREG/CR-3389,
1984).

2Basaltic groundwater contains F ion but this has not been associated
with the corrosion of carbon steel (Hall, E., 1982). Qualitative tests for
H2S and S-2 were to be performed in the current study to determine if
quantitative tests were needed.
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3.2 Materials

Basalt from the Cohassett Flow of the Sentinel Bluffs Sequence of the
Grande Ronde Formation (see Figure 3.1) and bentonite clay from Wyoming3,
saturated with simulated Grande Ronde groundwater, were used to prepare the
packing material slurry. The major-element oxide compositions for the Middle
Sentinel Bluffs Flow (assumed to be representative of other flows in the
Sentinel Bluffs Sequence, including the reference Cohassett Flow) and the
reference Wyoming bentonite (coded SWy-1 by the Clay Minerals Society) are
given in Table 3.1. Analyses for S and F contents were not reported for the
basalt but were reported as 0.05 S and 0.11% F for the bentonite. Some
information is also available on the carbonate content of the bentonite. Upon
ignition to 1000'C, the bentonite lost 6.43% of its weight [assumed to be due
to the loss of adsorbed and structural water (5.1X) and C02] (Van Olphen, H.,
1979). An infrared spectrum of the bentonite confirmed the trace carbonate
content and a moderate content of iron in the lattice in the ferric state (Van
Olphen, ., 1979). The availability of information, e.g., the infrared
spectrum, and the characterization of the standard clay, SWy-1, was a primary
reason for its use in the experiment. As a reference clay, it is reported to
have a surface area of 31.82 ± 0.22 2/g (Van Olphen, H., 1979), as determined
at 77K using the BET gas (N2) adsorption method designed by S. Brunauer, P. H.
Emmett and E. Teller (1938). However, it should be noted that surface areas
determined by gas adsorption techniques on SWy-1 clay do not necessarily
correspond to the the reactive surface areas in solution (Lerman, A., 1979).
The surface that reacts with the solution may be smaller than the total
measured.. It is not expected that the use of an argon or methane overpressure
will block reactive sites of the clay in solution, based on results of Stoessel
and Byrne (1982). They showed that methane solubilities in water at 25"C and
at pressures of methane up to 5 Pa were not significantly affected by the
presence of clay and that there was no detectable sorption of methane onto
SWy-1 clay, under these conditions. It is assumed that argon will behave
similarly to methane because of its inertness. It is also assumed, without
evidence to the contrary, that at higher pressures and temperatures, there is
no blocking of reactive sites by argon or methane.

3Reference basalt and clay as specified by BWIP Rockwell-Hanford personnel.
The density of the basalt rock that was crushed to pellet size was measured to
be 2.8 g/cc. These basalt pieces are not uniform in size but are chips
ranging in size from 0.187 to 0.250 inches in diameter.
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Figure 3.1. Generalized stratigraphy of the Columbia River Basalt Group,
Yakima Basalt Subgroup, and intercalated and suprabasalt sediments
within the Pasco Basin (O-BW-SA-303P, 1983). (Details of the
stratigraphy are not discussed in this report.)
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Table 3.1. Compositions of Middle Sentinel Bluffs Flow basalt
and reference Wyoming bentonite.

Oxide Basalt Bentonite
Component (Weight Percent) (Weight Percent)

(DOE/RL 82-3, Vol. II, 1982) (Van Olphen, H, 1979)

Si02 53.4 62.9
TiO2 1.79 0.09
A1203 15.0 19.6
FeO 11.7 0.32

Fe2O3 3.35
LiO 0.21 0.006
MgO 4.99 3.05
CaO 8.86 1.68
Na2O 2.48 1.53
K20 1.03 0.53
P205 0.29 0.049

Mineralogically, bentonite is montmorillonite clay with some quartz
present (Van Olphen, H., 1979) 4. Steindler and others (ANL 83-19, 1983)
reported the mineralogical composition of SWy-1 clay to consist of
montmorillonite, quartz, calcite, and K-feldspars. No gypsum was detected.

The Grande Ronde basalt flows of the Columbia Plateau are continental
flood basalts. Mineralogically, these basalts contain the principal minerals
pyroxene, plagioclase, titaniferous magnetite, olivine and interstitial glass

4Montmorillonite is a mineral which is essentially a hydrated aluminosilicate
with some substitution within the lattice. A typical' packet of montmorillo-
nite is formed by the bonding of a layer of alumina octahedra with two layers
of silica tetrahedra. In general, Wyoming bentonite contains a mineral of the
montmorillonite type as the principal component with the structural formula:

(Al1. 53 Fe3 0 18 MgO 33 )(Al. 3 Si3 87 ) 10 (OH) 2

(Grimshaw, R. W., 1971). (This notation indicates that Al, Fe, and Mg are
present in dioctahedral coordination and that Al and Si are present in tetra-
hedral coordination. There are also ten divalent oxygen and two hydroxyl
anions per packet, as shown by the formula.) The presence of adsorbed cations
(i.e. the exchangeable cations such as Ca , Na+, Ig2 , K+ and +) and other
minerals (e.g. quartz) present in the Wyoming bentonite are not indicated by
this formula.
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of variable composition (DOE/RL 82-3, Vol. II, 1982). The secondary minerals
are predominantly smectite clays and zeolite (clinoptilolite), with lesser
amounts of SiO2. Textures vary considerably, with typical textures dominated
by a lath-shaped plagioclase and pyroxene grains locked together by an inter-
stitial glassy matrix. Primary and secondary phases in Grande Ronde basalt are
listed in Table 3.2.

Table 3.2. Petrographic characteristics of primary and secondary phases
reported as present in Grande Ronde basalt (DOE/RL 82-3, Vol. II,
1982).

Characteristic Abundance
Primary Phase Volume Chemical Formula

Plagioclase (anorthite) 25-50 CaAl2Si2 08

Pyroxene
Augite 20-45 (Ca)O AFe2 +,Fe3+,AlTi)(SiAl)2 0
Pigeonite 0-10 (MgFe +,CaMn)(Mg,Fe 2 Mn)(SiAlJ 2 06
Orthopyroxene 0-trace (CaMg,Fe2C)(SiO3)

Glassy Mesostasis 15-70 SiO2 - 60 to 74% (by weight)

Titaniferous Magnetite 0-7 FeO*(Fe20 3 ,TiO2)

Apatite 0-2 Ca5(PO4)3F, occurs as acicular crystals
in the mesostasis.

Olivine 0-3 (Mg,Fe2+)2 S04

Alteration Products 1-9 Includes smectites, zeolites, SiO2
(secondary phases)

The nominal composition of the synthetic Grande Ronde water identified as
GR-3 is given in Table 3.3. Its pH at 25C is 9.74 (RHO-RE-SR-5, 1982). In
addition to the components listed, G water has been found to contain the fol-
lowing gases: 25 ppm N2, 10 ppm Ar, and up to 700 ppm CH4 at 25C (RHO-BW-SA-
315P, 1983). The results of an analysis of the synthetic groundwater used in
this experiment are also given in Table 3.3. The recipe for the synthetic
groundwater is based on analyses of water samples collected from the DC-6 well
in the test horizon just below the Umtanum basalt flow (990-1075 m). (The
composition of GR-4 synthetic groundwater is given in Table 3 for comparison
and is based on analysis of a Cohassett flow bottom sample from Borehole RRL-2
in the reference repository location. It should be noted that GR-4 water has
much less sulfate content than the G-3 water which was used in the present
experiment.)
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Table 3.3. Composition of synthetic Grande Ronde groundwaters.

GR-3 GR-4
Nominal GR-3 Nominal

Composition Experimental Composition
(ppm) Composition (ppm)

Chemical Species (RHO-RE-SR-5, 1982) (ppm) (SD-BWI-TP-022, 1984)

Na+ 358 363 334
Cl- 312 312 405
SO4

2 173 165 40
Si as SiO2* 76.2 79.3 96.4
Inorganic C as C03- 54.6 92.0
F- 33.4 29.9 19.9
K+ 3.43 3.63 13.8
Ca2+ 2.78 2.10 2.20
mg 2+ 0.032 0.030

*Total dissolved silica content is not partitioned in its speciated forms,
H3SiO4 and H4Si04.

3.3 Autoclave System Design

The hydrothermal conditions in the current tests were achieved by use of
a stainless steel autoclave, which was pressurized with Ar and/or CH4 to ap-
proximately 6.9 MPa (1000 psi) at room temperature to obtain the expected hy-
drostatic pressure at temperature. (The contribution to the pressure due to
water vapor at 150C is 0.52 Pa, 75 psi.) Figure 3.2 shows the exterior of
the autoclave. The placement of internal components is shown in Figures 3.3
and 3.4. The autoclave weighs approximately 20.4 kg and is approximately 15.9
am in depth and has an. internal diameter of 6.3 cm. A rod-shaped resistance
heater was placed vertically near the wall of the autoclave to ensure the de-
velopment of a thermal gradient across the packing material. A low carbon 1020
steel sleeve was placed over the heater to simulate actual waste container/
packing material conditions. It has a welded-on cap and is 25.5 in diam-
eter, 143 m in length and 2 in thickness. The sleeve was heated to 150C
and a temperature differential was established across the 38-mm thickness of
the packing material. The temperatures at the heater (T2) and at the wall (T1)
were monitored by Type 316 stainless steel thermocouples which were 3 m in
diameter and were inserted to a depth of approximately 75 m and bent to con-
tact the heater and wall. It is assumed that thermocouples maintain contact
during test. During the tests, packing material was extruded into the space
between the heater and the inner surface of the steel sleeve. This would act
as an insulating medium which, together with the excellent thermal conductivity
of the sleeve, would greatly minimize local hot spots on the latter. In the
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Figure 3.2. Autoclave system being leak checked. (Pressure gauge was re-
moved prior to placement in gamma pool.) Magnification is
0.2X.
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Phase I test an attempt was made to obtain water samples for analysis by
incorporating to Type 304 stainless steel sampling tubes in the packing
material. These were 7 in diameter and 150 = in length, and each contained
23 small drilled holes to allow water ingress while retarding passage of the
slurry. Since the tubes displace a volume of only 20 mL compared to a slurry
volume of 440 mL, no significant changes in thermal conductivity or
temperatures in the packing were expected. Sampling tubes were not used in the
Phase II and III tests since the volumes of water collected by their use were
minimal.

STEM. SLED

Figure 3.3. Cross section through autoclave (drawn to scale).

3.4 Experimental Procedures

3.4.1 Slurry Preparation

The bentonite was used in the as-received condition (-400 mesh, with a
density of 0.78 g/cc). The basalt was crushed to pellets ranging in size from
0.187 to 0.250 inch in diameter. An excess amount of slurry was first prepared
by mixing 33.5 g of bentonite with 478 mL of freshly-made synthetic groundwater
which was prepared using details given in the literature (RHO-LE-SR-5, 1982).
The ratio of 7:100 (by weight) of bentonite to water was selected on the basis
of BWIP work which showed this composition to be optimal for restricting water
flow in basalt repositories (RHO-BWI-C-66, 1980). To minimize the presence of
air and voids, the slurry was prepared so chat water replaced the air present
in the packing material. This mixture was allowed to gel overnight in the
presence of air. Pellets of basalt including fines (209 g occupying a volume
of 129 mL) were then added to the bentonite slurry. This packing material was
also allowed to equilibrate overnight in the presence of air. This procedure
yielded a 3:1 (by volume) mixture of basalt:bentonite and a solution:solid
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ratio (by weight) of about 2. Most of the packing material slurry was placed
in the autoclave, giving a void space below the autoclave head of approximately
20 mL. (The use of the sampling tubes gave a total void of 30 mL.)

3.4.2 Autoclave Pressurization

In the Phase I test, the slurry was placed in the autoclave leaving a void
space of 30 m. The autoclave was flushed with argon and pressurized to 6.9
MPa (1000 psi) with argon at 24*C. After lowering the autoclave and monitor-
ing/control attachments into the gamma pool, the temperature was slowly raised
to 150C ± 2 over a period of 24 hours. A mean temperature differential of
=37C across the packing material test section was achieved and maintained.
The temperature at the autoclave wall and pressure transducer readings were re-
corded hourly by use of an automated data logger. The transducer readings in
volts had previously been calibrated to pressure.

In the Phase II test, slurry was placed in the autoclave, with a void
space of 20 m remaining. (The sampling tubes were not used in the Phase II
and Phase III tests.) Because of the 50 mL drop in slurry level discovered at
the conclusion of the Phase I test, a different pressurization technique was
followed in Phase II. The autoclave was pressurized to 10.4 MPa (1500 psi) at
room temperature with argon and maintained overnight. The autoclave was opened
and there was again found to be a noticeable drop in the slurry level. Addi-
tional slurry was added to keep an estimated void space of =20 mL. The auto-
clave was again pressurized to 10.4 Pa with argon at room temperature to check
for leakage. The argon was then bled off and methane (99.93% pure, ethane
0.07X) was added to attain a pressure of 6.2 Pa (900 psi) at 180C. It was
predicted that the system would approach a pressure of 9.7 MPa at the test
temperature, including a water vapor pressure contribution. However, the
pressure attained when the system was at 150C was in excess of 13.1 Ma (1900
psi). Aft er lowering the autoclave and monitoring/control attachments into the
gamma pool , the temperature at the heater was slowly raised to 150C ± 4C
over a period of 52 hours. A temperature differential across the packing of
=22C 4 was achieved at the end of that time. After 157 hours of irradia-
tion, a malfunction developed in the heater regulator, causing the temperature
to drop to 108C at the heater (T2) by morning. After the regulator was re-
placed, the temperature was increased to normal over a period of 11 hours. The
pressure reading at 176 hours (11.9 MPa) was 1.0 MPa lower than the pressure
reading at 159 hours. It is not known whether this reduction in pressure would
have occurred if the regulator had not failed; nor is the cause of the reduc-
tion clear. A mean temperature differential of 22°C was maintained throughout
the Phase II test.

In the Phase III test, a procedure similar to that described for the Phase
II test was used to check for leakage. The argon was again bled off and

5A methane monitor was emplaced over the tube containing the autoclave in the
gamma pool. Continuous purging over the entry of the tube with argon was
carried out.
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methane added to attain a pressure of 7.4 Mpa (1074 psi) at 18.4°C. It was
predicted that the system would approach a pressure of 10.4 Ma, with the
addition of the water vapor pressure contribution. The actual pressure attain-
ed was =10.6 Pa. An air blower and/or cooling coils were used in this non-
irradiation test in an attempt to obtain a thermal gradient in the packing sim-
ilar to those obtained for the Phase I and Phase II tests which were placed in
the gamma pool. Their use across the body of the autoclave increased the
thermal gradient. However, an air stream across the top of the autoclave was
used because its use decreased the thermal gradient. Because of the blower
tests, there was some fluctuation in autoclave pressure during the first 195
hours of testing.

The initial pressurization value was kept the same for all three phases of
the experiment. The fact that the pressure in the Phase II experiment exceeded
that predicted may be due to the generation of a radiolytically-produced gas.
Differences in pressure developing in the autoclave seem to also be inversely
proportional to the size of the thermal differential across the packing mate-
rial. The effect of this pressure difference between the Phase II and Phase
III tests on the results is not known.

3.4.3 Irradiation Procedure

The ambient air temperature in the gamma pool test hole was 220C. A do-
simetry measurement, which was performed on the empty autoclave, indicated that
a dose rate of 3.8 0.5) x 10 rad/h was delivered to the interior of the
vessel by the 6 Co source. The dose rate was measured by use of radiochromic
film which is calibrated to a National Bureau of Standards (NBS) standard by
comparing optigal densities. No measurement of distribution of the gamma ener-
gies from the Co source is available. In the Phase I test, the autoclave was
irradiated for 1486 h, to a dose of (5.6 0.7) x 107 rad. In the Phase II
test, the autoclave was irradiated for 1727 h, to a dose of (6.6 ± 0.9) x 107

rad. The Phase III test did not incorporate any irradiation.

3.4.4 Post-Test Procedures

Procedures for analyses on the gas, the packing material, water and carbon
steel sleeve were initiated after the autoclave had been cooled to room temper-
ature (at a rate of approximately 5C/min). As many as six gas samples were
taken, and analyses carried out by a mass spectrometric technique. Gas remain-
ing in the autoclave was vented to the air and the autoclave was opened in a
glove bag filled with argon. Measurements of pH and DO were made at several
depths in the slurry both near the heater and near-the autoclave wall. The pH
electrode had previously been calibrated with buffers having standardized pH
values of 2, 7, and 10. Readings are accurate to ±0.05 units. The DO elec-
trode had been calibrated against the DO content of water at 250C, which is 8.4
ppm. Dissolved oxygen (Do) readings have an estimated accuracy of 0.5 ppm.

The appearance of the material in the autoclave was changed after reaction
in all three tests. There were portions of the slurry which were white and/or
orange in comparison to the unreacted slurry color (beige). No caking or odor
were detected. Some orange coloration was also evident on the slurry adhering
to the steel sleeve.
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Two-core samples (each 5 mL) were taken from both the heater and auto-
clave wall regions (these are designated by the letters and W, respectively,
in subsequent discussions). Test tubes containing the slurry were centrifuged
for one hour and the liquid portion was removed. Approximately 3 mL of solu-
tion were collected from the sample taken from the region near the autoclave
wall and approximately 2 m from the sample taken from the heater region. The
liquid was cloudy and was passed through a membrane filter having a pore size
of 0.025 m. The filtrates were analyzed for Fe, Si, Cl-, and SO4 2- con-
tent6. After the cores were removed, an additional sample (i.e. samples des-
ignated R) was obtained by combining portions of the slurry that were randomly
selected. The test tube containing this combination' sample was also
centrifuged, but the supernate was analyzed in the unfiltered form.

Basalt pellets were removed from the corings near the heater and the auto-
clave wall and prepared as thin-section specimens for microscopic analysis.
Unreacted basalt thin sections were also made for comparison. Pulverized ba-
salt and glass slides coated with reacted centrifuged slurry were also prepared
for mineralogical studies using a Philips XRG 3100 X-ray diffractometer. Col-
loidal matter obtained from R samples, by filtration through a 0.025-micron
membrane filter, was analyzed by SEM-EDX procedures.

The slurry was removed from the carbon steel sleeve by washing in water.
The slurry adhering to the sleeve was isolated for SEM-EDX studies. The carbon
steel sleeve was placed in a desiccator and kept for metallographic analysis.

3.5 Results and Discussion

3.5.1 Pressure Measurements

After the test temperature was attained, the pressure within the autoclave
was recorded. The following ranges of pressure were found for the three tests
over the two-month test periods:

9.3-9.7 Pa (1357-1404 psi) - Phase I
11.1-13.2 MPa (1612-1919 psi) - Phase II, and
9.8-11.7 MPa (1416-1702 psi) - Phase III.

Note that the initial large pressure fluctuations in the Phase III test caused
by attempts to achieve a specific thermal gradient in the packing are not
included.

6The Fe content was determined by atomic absorption (AA). The Si content was
determined by an automated standard colorimetric method using ammonium molyb-
date reagent. The Cl- and S042- contents were measured by ion chromatography
(IC). This analytical technique gives quantification of ionic species in the
sub ppb to ppm range and allows for the analysis of small volumes (=1 mL) of
sample. Precision is normally ±5%, but due to the large amount present in our
samples, it was approximately ±2%.
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A plot of P/T1 values versus time should be an indicator of change in the
number of moles of gas present in the system and/or the volume that the gas oc-
cupies, since PT 1 - R/V, where R is the gas constant. It is assumed that T1,
the temperature at the autoclave wall, is representative of the average temper-
ature experienced by the gases contained in the autoclave. Figure 3.5 gives
P/T1 values for the three tests conducted. Fluctuations in the P/T1 values
from the mean are less than 1 percent and may be due to instrumentation
characteristics or small fluctuations in volume. There is a basic trend in the
pressure changes during each test involving an initial decrease in pressure
over the first 500 h followed by an increase for the remainder of each test.
For the Phase I test, this trend is more clearly detected by a magnified P/Tj
scale. Although the pressure at the end of each test never exceeded the
initial pressure, it is possible that very long term reaction could lead to
monotonic pressure increases.

Reasons for the initial decrease in pressure include consumption of gases
such as oxygen and an increase in the void space in the autoclave during a
test. Pressure decreases in the Phase I, II and III tests are 0.14, 0.83, and
0.48 Ma (20, 120 and 70 psi), respectively. This would represent a decrease
in gaseous oxygen (sorbed or dissolved oxygen will not cause a pressure de-
crease after reaction) of 100-200 mg. This explanation is not likely since
this relatively large amount of free oxygen (i.e. not sorbed or dissolved)
would not be present in the test system. A more plausible explanation of the
initial pressure decrease is a change in the volume above the packing
material. Volumetric increases of only 1%, 7, and 4 would be needed to ac-
count for the observed pressure decrease in the Phase I, II and III tests, res-
pectively. This could be caused by shrinkage of the bentonite during hydro-
thermal interaction. The increases in pressure observed in the later stages of
a test are likely to be partly associated with radiolytic gas generation and/or
hydrogen generation by basalt/water interaction (see below).

3.5.2 Pressure Changes Due to Radiolysis

Any radiolytic effects which result in the production or consumption of
gas and associated pressure changes are assumed to occur on (1) the slurry
water in the Phase I and II tests, (2) methane as dissolved gas in the water in
the Phase I test and (3) methane in the void space in the Phase II test. No
radiation-induced structural damage to the bentonite silicate lattice is
expected (Krumhansl, J. L., 1982).

3.5.2.1 Radiolysis of Water in a Closed System

Since we are concerned with the radiolytic products of water in a closed
system (constant volume) in the Phase I and II tests, pressure buildup studies
at Savannah River Laboratory (SRL) on the irradiation of concrete waste forms
in sealed containers have yielded specific conclusions (DP-1464, 1978), which
may enable an interpretation of our data to be made on the basis of radiolytic
effects on the amount of gas present in the system. In the SRL tests, 500-mL
glass bottles containing set cement (with voids in different samples ranging
from 125 to 223 mL depending on the amount of cement and water that was added
to the bottle) were irradiated at 40-50'C. Both high and low dose rate tests
established that the initial production rate of H2 from the radiolysis of water

63



PHASE I

-, a , .

l~ ~~~~~~~~~~~~~l :^ ci'" '?Sd ye
10 cc .50 soc :50 550 &0 '.10 ~ 50 -~ a~ '05 =50 050 .go 05 Om .1 250 0 , 05 *50 W0

6 6 T 0 f i '~_ _ _ _ _ _ _ _ _ ~. _ _ _ _ 0 , , ,, ̂SsrptS aT 

PHASEI I

- r : m-.

z '*~~~~~~~~~~~~~~~~~~~~~I

50 00 .o0 Z0 0 I 0 -0 -0 '40 00 550 50 6W 0 '0 50 0 h0 000 t066 aoo5 ,oso ;;o 40 ,-o .40 2 c 50 ,-0 . 0 35 0 '.06 0 0 XO * 

-e ~n~- ...- ,.... t.,.Xa "g4.3 .. -Xc - _ ^ 3

65$- P HASE II

*' _ }_,, _4

*0;

"5I0 00 50 ZO ZM5 300 35 00 .B035 0 00 65 05 MO 60 500 w M M 50 o "C so 50 .s0 Z 00 so 600 6 50 0 6

-PHASE III 

2-

.0- I4 - '6 - - 4,

50 05 10 n so 35r YZ 'O M R5 -A ZS0 a0 00 ZZ M 0 '505 550 505O 30 1105655
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64



was dependent upon the dose rate; but as the H2 pressure increased, a reaction
removing 2 was initiated and the pressure reached a steady state. This equil-
ibrium pressure was also directly dependent upon the dose rate. The gas volume
and the water-to-cement ratio did not affect the pressure attained. Gas compo-
sition at the end of the test showed that 02 content from the air sealed within
the concrete was 95% consumed and N2 content was unchanged. In water contain-
ing oxygen, the oxidizing power of the dissolved oxygen is made available by
reactions of e(aq) and H to give 02-, which is a powerful oxidizing spe-
cies. Presumably the consumed oxygen was incorporated in oxidation products.
This depletion of oxygen resulted in a 0.014 MPa (2 psi) decrease in pressure
over a period of 100 days at a constant dose rate (DP-MS-16-51, 1976). See
Figure 3.6 for data on dose rate versus the steady state H2 pressure.

It is also known that if the radiolysis occurs at a higher temperature,
the increase in temperature will lead to an increase in the primary species
[i.e. the hydrated electron e(aq), the hydrogen atom and the hydroxyl radical
OR] and a decrease in the number of molecules (H2 or H202) (Draganic, I. G.,
1971). It has also been determined that there is no effect of pressure on the
yields of primary reducing species, hydrogen atoms, and H2 (Draganic, . G.,
1971). Thus, we assume that the dose rate is the determinant of the final H2
pressure from the radiolysis of water. If we chose the largest pressure at the
radiation dose of (3.8 0.5) x 104 rad/h, which is what the packing slurry re-
ceives in this experiment, this value is less than 0.17 Ma (25 psi) (assuming
linear extrapolation) under ambient conditions. For a temperature of 150C,
this would correspond to a pressure of less than 0.24 MPa.(35 psi). From the
use of the baseline data indicated in Figure 3.5, it is clear that any increase
in pressure due to H2 production on the order of 0.24 MPa, and any decrease in
pressure due to 02 consumption, will fall within the baseline scatter and will
not be observable.

3.5.2.2 Radiolysis of Methane in Aqueous Solution and in the Gaseous Phase

Gas production and consumption are also affected by the presence of meth-
ane in the Phase II test. Methane is the predominant gaseous constituent in
the Saddle Mountains and Wanapum basaltic groundwaters, comprising 60 to 98
percent of the total dissolved gas. Methane comprises from <0.01 to 1.6 per-
cent of the total dissolved gas in the groundwater of the Grande Ronde in Bore-
holes D-6 and DC-14, but comprises 98 percent of the total dissolved gas 3in
the Grande Ronde groundwater in Borehole RRL-2 (on the order of 102 to 1o ppm)
(NUREG-0960, Vol. 2, 1983).

Methane (99.93%) was used to attain a pressure of 7.4 MPa (1074 psi) at
18.40C in the Phase II test. The solubility of methane in water at 25C at I
atm of methane over-pressure is approximately 21 ppm (Dean, J. A., 1979). The
Henry's Law coefficient for methane at this temperature is =4 x 104 atm/mole
fraction (Himmelblau, D. M., 1960). A calculation using this coefficient gives
a concentration of =1600 ppm of methane in water at 7.4 Ma pressure. Solubil-
ities at high temperature and high pressure conditions are graphically repre-
sented in Figure 3.7. At 150C and 10.4 MPa (1500 psi) (see arrows in Figure
3.7), the solubility is approximately 1500 ppm.
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itnO 2 (DP-MS-76-51, 1976).
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Results of a study on the gamma radiolysis of aqueous methane solutions
(Stevens, G. C., 1972) have indicated that only the OH free radical (from the
water radiolysis) reacts with methane to any appreciable extent. Methyl radi-
cal is the product of this reaction. Methyl radical then reacts with the radi-
olysis products of water to yield methane, hydroxyl ion and methanol. It also
reacts with another methyl radical to produce ethane. Ethane reacts with the
various radicals present in the system to produce ethyl radical, methane and
hydrogen. This process could continue as higher alkanes are formed which them-
selves interact with radicals present in the system to produce hydrogen, ethyl-
ene, propane, n-butane, i-butane, n-pentane, i-pentane, neopentane, acetylene,
propylene, 1-butene and polymeric type molecules (Arai, H., 1981).

In the BNL tests, gas samples were taken from the autoclave after cooling
to room temperature. Detailed data are given in Table 3.4.

The largest G(H2) value from the radiolysis of methane in the gas phase
and subsequent reactions is 13.26 molecules/100 eV of absorbed radiation
(Arai, ., 1981). No G(H2) value for the aqueous methane solution was
reported in the Stevens (1972) study. Although this G(H2) value is much larger
than that obtained for water (0.45), it should be noted that the methane con-
tent (.1 mol) in our system is approximately 250 times less than the content
of water. Thus, we could estimate that more hydrogen would be produced from
the radiolysis of water than the radiolysis of methane. However, as shown in
Table 3.4, more hydrogen was produced in the Phase II test than in the Phase I
test.

A valid estimation of the amount of hydrogen produced by the radiolysis of
methane is not possible due to the combination of major experimental factors
that will affect gs production rates, viz. temperature, pressure, and increas-
ed surface area of adsorbent. The presence of other gases initially present in
the system and those possibly generated by chemical reactions will also affect
the dominant mechanisms in the radiolysis of methane. However, some specific
effects from other studies which varied single parameters are summarized as
follows:

* The G values for all products are affected by an increase in tempera-
ture (Arai, H., 1981). The G values for the formation of n-butane and
acetylene decrease with increasing temperature. The G values for the
formation of other significant products increase with temperature.

* An increase in pressure causes a decrease in G(H2) and G(C2H6)
(Maurin, J., 1962).

The influence of the basalt/bentonite mixture, due to chemical composi-
tion and increased surface area available for reaction, on the produc-
tion of gases, in combination with the other variables that are pres-
ent, is not known. Synergistic and/or catalytic effects may be opera-
tive. Results from Norfolk (1977) on the gamma radiolysis of methane
gas adsorbed on gamma-alumina suggest that methane at the temperature
under consideration will react only with radiolytic intermediates de-
rived from surface hydration and that direct energy transfer to the
adsorbed methane from the alumina dia not occur.
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Table 3.4. Comparison of composition of gases sampled after reaction as
determined by mass spectrometry. (Gas composition is given
as mole percent.)

Molecular
Gas Weight Phase a Phase IIb Phase IIIC

H2 2 3.71 17.6 4.21
CH4 16 0.019 78.3d 91.5d
NH3 17 NDe ND ND
H20 18 0.020 0.028 0.063
CO 28 ND f ND
C2H4 28 ND ND 0.03
N2 28 1.00 0.18f 0.28
C2 H6 30 ND 0 .43d NDd
NO 30 ND ND ND
02 32 0.027 ND9 0.020h
H2S 34 ND ND ND
Ar 39.9i 95.1 3.04 3.84
CO2 44 0.12J 0.17J 0.04J
NO2 46 ND ND ND

aThese values represent compositions averaged from the last two of the
three gas samples taken.

bThese values represent compositions averaged from the fourth and fifth
samples of the six gas samples taken.

cThese values represent compositions averaged from a total of five gas
samples taken.

dThe methane was analyzed and was found to contain 0.07% ethane. On
this basis, we would predict that the Phase II test and Phase III test
gas analyses would show a maximum ethane content of 0.07%.

eND is an abbreviation for not detected.
fCarbon monoxide and nitrogen concentrations are not distinguishable at
these low levels.

gMinimum detection limit was stated to be 0.017%.
hOxygen was detected in the first two samples out of a total of five
samples.
iThe argon used contains <0.001% oxygen.
iDry air contains by mole percent: 78Z N2, 20.9% 02, 0.9% Ar, 0.03%
C02 , and 0.2% other gases.
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* The presence of other gases initially present in the system and those
generated by chemical reactions will also affect the radiolysis of
methane. A G value for the depletion of hydrocarbon, G(-hydrocarbon),
in a system containing carbon dioxide, carbon monoxide, methane, water
and hydrogen has been estimated to be 16 (Norfolk, D. J., 1983).

3.5.3 Gas Analyses Results

3.5.3.1 Phase I Test Gas Analysis Results

In the Phase I argon-overpressure test, hydrogen, carbon dioxide, and
methane were produced and radiolytic and/or adsorbed oxygen was consumed. The
source of the nitrogen is assumed to be air remaining after slurry prepara-
tion. Some carbon dioxide is also present in the starting slurry, but a source
of carbon must be available to account for the presence of methane and additio-
nal carbon dioxide. It is known that calcite is present in the bentonite and
that the groundwater contains carbonate species. There may also be some organ-
ic surface contamination of the basalt that could act as a source of carbon.

3.5.3.2 Phase II Test Gas Analysis Results

The Phase II test system was pressurized with methane. During the course
of irradiation and reaction, hydrogen, ethane, and carbon dioxide are produced
and oxygen was consumed overall. A small amount of carbon monoxide may have
been produced. There is some residual argon in the system from leak testing
and the nitrogen is assumed to be from residual air present in the system.

Work related to the Phase II test has been conducted by PNL (RHO-BW-SA-
315P, 1983) on the irradiation of synthetic Grande Ronde (GR-3) basaltic
groundwater saturated with methane in the absence of basalt and bntonite at
150C for 72-hour periods at dose rates ranging from 1.1-5.3 x 10 rad/h. The
initial methane content of the pressurizing gas used was at least 95%, and the
final methane content of the vented gas ranged from 70-85%. This decrease is
due to the radiolysis of methane. Hydrogen was produced and its content in the
vented gas ranged from 9.9 to 24%. In the Phase I test, the methane content
was decreased to 78% and 18% H was formed. However, different gases and
filterable material were produced in the Phase II test than were produced in
the PNL work. Carbon dioxide and ethane, and perhaps carbon monoxide, were the
only carbon-containing gases found in the Phase II test. In the PNL study,
carbon dioxide and higher alkanes, e.g. derivatives of propane and butane, were
formed.

The filterable colloidal material in the Phase II test was mainly inorgan-
ic and contained 1.8% C, 0.3% H, and <0.03% N. The polymeric solids formed in
the PNL work were mainly organic and contained 86% C, 12% , and 21% 0. The
extent of polymerization as evidenced by weight-average molecular weights is
directly dependent on the dose rate. In the PNL work, the dose rate was three
to four orders of magnitude greater and there was no packing material present.
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3.5.3.3 Phase III Test Gas Analysis

During the course of this non-irradiation control test, hydrogen was pro-
duced and oxygen was consumed. Small amounts of carbon dioxide may also have
been produced. In work performed by Siskind (NUREG/CR-3091, Vol. 3, 1983), gas
analyses performed after hydrothermal reaction of packing material at 250C (in
argon and in the absence of irradiation) showed that carbon dioxide, hydrogen,
and methane were produced. However, it is not possible to state whether any
methane was produced during the Phase III test since this would be masked by
the large volume of this gas used for pressurization.

3.5.3.4 Comparison of Gas Analyses Results

A comparison of the gas compositions from the Phase I, II, and III tests,
given in Table 3.4, results in the following conclusions:

Hydrogen is produced in all three tests, i.e. in the presence and in
the absence of radiation. More hydrogen appears to be produced in the
Phase II test, probably as a result of methane radiolysis. Hydrogen in
the Phase I and II tests probably forms by basalt/water reactions.

* Since no methane is known to be present in the initial gas composition
of the Phase I test, its detection indicates formation during this
test. Because methane was used to pressurize the Phase II and Phase
III test systems, it is difficult to determine whether any methane was
produced. However, there is less methane remaining at the end of the
Phase II test when compared to Phase III. This difference may be
attributable to the radiolysis of methane which would explain the
relatively large volume of hydrogen in Phase-II.

* There is more nitrogen present in the gas at the end of the Phase I
test than for the other two tests. This difference is indicative of
the change in pressurization techniques after the Phase I test (see
above).

* Oxygen was detected in the Phase I and III gas samples. The concentra-
tions of 0.027 and 0.020 percent, respectively, correspond to partial
pressures (at 6.9 MPa, 1000 psi) of 0.018 atm (0.27 psi) and 0.014 atm
(0.20 psi). Using a Henry's Law coefficient of 5 x 10" atm/mole frac-
tion from Figure 8, these oxygen partial pressures give the following
DO levels: 0.6 ppm (Phase I) and 0.5 ppm (Phase III). See Section
3.5.4 for measured values.

* Carbon dioxide in amounts exceeding that in dry air (i.e. 0.03%) was
found in all three tests.
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3.5.4 Measurement of pH and DO and Calculation of Eh

3.5.4.1 Measurement of pH and Dissolved Oxygen of Unreacted Packing Material
Slurry

The pH electrode was calibrated with buffer solutions having pH values of

2, 7, and 10. The accuracy of the pH measurement is 0.05 units. Prior to

testing, the pH in the bentonite/basalt packing material was determined to be

8.14 at mid-depth and 7.84 at the bottom of the beaker containing the mixture.
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near 100°C.

The DO electrode was calibrated against the DO content of water at 25'C,

which is 8.4 ppm. The DO of the starting bentonite slurry without basalt was

found to be 8.3 ± 0.5 ppm. It was concluded on the basis of obtaining this 8.3

ppm value that readings are not affected by the presence of a solid phase.

After the addition of basalt to the slurry, DO was measured near the surface

and at mid-depth, at three locations. Results for the near-surface measure-

ments ranged from 4.1 ppm to 6.5 ppm, with an average value of 5.4 ppm. Re-

sults for the mid-depth measurement ranged from 2.8 ppm to 3.7 ppm, with an

average value of 3.2. It is clear that the DO content of the bentonite/basalt
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slurry is reduced by basalt/water interaction. The wide range of results ob-
tained in the DO values led to uncertainty in the accuracy of the measure-
ments. Accuracy is taken to be 0.5 ppm based on DO measurements on a solution
prepared to contain zero dissolved oxygen (Method 421F, A. Greenberg, 1980).

3.5.4.2 Measurement of pH and Dissolved Oxygen of Reacted Packing Material
Slurry

The following general procedure was used for each of the three tests: The
autoclave was opened and kept in a glove bag filled with argon. The pH and DO
measurements were made, almost immediately, at several depths in the slurry
near the heater and near the autoclave wall. It was felt that these in situ
measurements would be most representative of the conditions achieved during a
test. It should be noted, however, that autoclave depressurization forces
gases such as carbon dioxide and oxygen out of solution and causes the pH read-
ing to be higher and DO to be lower than those under the pressurized condi-
tion. The use of these measurements after decompression in the calculation of
the Eh would, therefore, result in a more reducing value.

3.5.4.2.1 Measurement of Phase I Test pH and Dissolved Oxygen and
Calculation of Eh

In the irradiated Phase I test, pH values near the heater increased from
6.84 to 6.92 as the depth of measurement increased. The three pH values ob-
tained averaged 6.88. Near the autoclave wall, the pH was found to be 7.16
near the surface of the slurry, 6.73 in the middle and 6.88 near the bottom.
These p values averaged 6.92. If the average p value at the heater is com-
pared to the average p value at the wall, there does not appear to be a sig-
nificant difference across the thermal gradient. The average pH of the Phase I
test irradiated system was, therefore, taken to be 6.90 in the Eh calculations
described below.

Dissolved oxygen measurements taken near the heater gave values of 0.64
ppm near the surface, and 0.56 ppm at a depth of approximately 5 cm. For meas-
urements near the autoclave wall, the DO was found to be 0.70 ppm near the sur-
face and 0.52 ppm at a depth of approximately 5 cm. These values may be com-
pared to the average of 3.2 ppm for a system containing only bentonite, basalt,
and synthetic groundwater and open to the air. There is significantly less DO
in the reacted system which is probably due to reaction with various system
components, i.e. packing and carbon steel, during irradiation to form corrosion
products and colloids. However, there does not seem to be a significant dif-
ference between the DO content across the thermal gradient. The average DO
content of the Phase I irradiated system was taken to be 0.6 ppm for the Eh
calculation given below.

It has been speculated by BWIP that the environment in a basalt repository
will be sufficiently reducing to inhibit corrosion of the carbon steel. Reduc-
ing conditions, however, were not achieved in the Phase I test based on the
following calculation of Eh. The Eh was calculated using the experimental DO
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and pH results from the following equation (DOE/RL 82-3, Vol. II, 1982)7 for a
temperature of 240C (297.2°K) to compare with BWIP estimates:

Eh (V) 1.23 + 0.0147 log f 2 0.0590 pH + 0.000136.

If we assume that the pressure exerted by the dissolved oxygen on the system is
equivalent to the fugacity of oxygen needed as input to the equation and that
the use of this oxygen pressure rather than the oxygen overpressure (1670 Pa)8
leads to a smaller value for f, then the fugacity is calculated to be 46.3 Pa
by use of the Ideal Gas Law, based on a DO content of 0.6 ppm (1.875 x 10-8
mol/mL)9. Accordingly, the Eh is +0.85 V, indicating that an oxidizing
environment existed in the Phase I test after quenching the autoclave.

3.5.4.2.2 Measurement of Phase II Test pH and Dissolved Oxygen and Calculation
of Eh

Measurements for the Phase II test were similar to those for Phase I.
Adjacent to the heater, the pH was 6.62 near the surface of the slurry, 6.52 in
the middle, and 6.68 near the bottom, with an average value of 6.61. Adjacent
to the wall, the pH was 6.53 near the surface of the slurry, 6.49 in the
middle, and 6.70 near the bottom, with an average value of 6.57. Although

7The total range of Eh values for the Middle Sentinel Bluffs and Umtanum flows
from 51C to 300C was estimated to be -0.54 to -0.37 V (DOE/RL 82-3, Vol. II,
1982). The equation used to calculate Eh should be applicable at a tempera-
ture of 24°C, because the equations for pH and f 2 used in the derivation are
valid at this temperature (Equations 11-6 and 11-16, DOE/fl 82-3, Vol. II,
1982).

S3y use of the Henry's Law coefficient for oxygen at 25C (=5 x 104 atm/mole
fraction), it was calculated that an overpressure of 0.0165 atm of oxygen is
needed to sustain an oxygen solubility i water of 0.6 ppm (The mole fraction
of oxygen was calculated to be 3.3 x 10- .) The amount of oxygen overpressure
expressed as a volume per cent of the mixture of gases at 1000 psi (68 at=) is
0.024%, which is very close to the measured oxygen content of the gas vented
after quenching. It should be noted that an oxygen content of 0.2 ppm in
water at 25C would require an overpressure of 0.0055 atm of oxygen, which
would constitute 0.008% of a gas mixture at 68 atm, and which would be below
the mass spectrometric detection limit for oxygen of 0.017%.

9The compressibility factor of oxygen at 1 atm of oxygen and 300 K is 0.9994,
indicating that oxygen behaves as an ideal gas under the conditions for which
fugacity is calculated (Braker, W., 1980). It is interesting to also note
that the compressibility factors (Z) for 100 atm of methane and 100 atm of
argon at 300 K are 0.8493 and 0.9553, respectively. At higher temperatures,
the values for Z increase and approach 1.0000, indicating more ideal behavior
of methane and argon.
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does not seem to be a significant change in pH across the thermal gradient,
there does appear to be a significant change in pH with depth. The pH of the
Phase II test for the purpose of Eh calculations will be taken as 6.60.

Near the heater, the DO was 0.21 ppm near the surface of the slurry and
0.22 ppm at a depth of approximately 5 cm. The DO near the autoclave wall was
0.16 ppm at similar depths. There does not appear to be a significant change
in DO across the thermal gradient. The value of DO for Eh calculations will be
taken as 0.2 ppm.

The Eh was calculated to be 0.86 V using the values for pH and fugacity of
oxygen of 15.4 Pa (based on a DO of 0.2 ppm).

3.5.4.2.3 Measurement of Phase III Test pH and Dissolved Oxygen and
Calculation of Eh

Adjacent to the heater, the pH was 7.10 near the surface of the slurry,
7.05 in the middle, and 7.28 near the bottom, with an average value of 7.14.
Adjacent to the wall, the corresponding pH values were 7.03, 7.02 and 7.06,
respectively, with an average value of 7.03. There does not appear to be a
significant difference in pH as measured across the thermal gradient. The pH
measured at 24c is taken to be 7.10.

Near the heater, the DO was 0.6 ppm near the surface of the slurry and 0.5
ppm at a depth of approximately 5 cm. The DO near the autoclave wall was 0.4
ppm at similar depths. The DO content does not vary significantly across the
thermal gradient. The average DO content in the test is taken to be 0.5 ppm.

Using the equation cited above, the Eh (after quenching) was calculated
to be 0.83 V.

3.5.4.3 Comparison of pH and DO Measurements and Eh Calculations for All Tests

The pH and DO data for the three tests along with the calculated Eh values
after quenching are summarized in Table 3.5.

The unreacted slurry components are basic in contrast to the reacted
slurries. The latter are either slightly basic (the non-irradiated Phase III
test) or slightly acidic (the irradiated Phase I and Phase II tests).
Comparison of the DO data for the reacted (closed system) and unreacted (open
system) shows that there is approximately an order of magnitude difference in
the DO levels. The addition of basalt in an open system reduced the DO content
and it was further reduced in the irradiated and non-irradiated tests. Within
the accuracy of the measurements, there is no obvious difference in DO content
among the three tests. The calculated Eh values show a more oxidizing
environment in the closed reacted systems than in the open unreacted systems,
due to lower pH values in the closed reacted system. It would appear that
radiation does not significantly affect the Eh of the system under
consideration.
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Table 3.5. pH and DO as measured for packing material slurry and Eh as
calculated for all tests. -

pHa Do (ppm)b Eh (V)C

Phase I test slurry 6.9 ± 0.05 0.6 ± 0.5 0.85 + 0.01

Phase II test slurry 6.6 0.05 0.2 ± 0.5 0.86 + 0.01

Phase III test slurry 7.1 ± 0.05 0.5 ± 0.5 0.83 + 0.01

Unreacted bentonite
slurry 8.7 0.05 8.3(mean) ± 0.6(2a) 0.76

Unreacted bentonite +
basalt slurry 8.0(mean) 4.3(mean) ± 3(2a) 0.79

Unreacted groundwater 9.7 ± 0.05 8.4 0.70

aThese reported pH values represent the average of six readings made with a
pH electrode which was calibrated with buffer solutions having pH values of
2, 7, and 10. The accuracy of the pH measurement is 0.05 units.

bThe reported DO values represent the average of four or more readings.
Accuracy is taken to be 0.5 ppm. The DO electrode was calibrated with the
oxygen content of water at 25'C, which is 8.4 ppm.

CThese Eh values are calculated based on the pH and DO measurements of the
slurry at 24°C.

3.5.5 Measurement of Ionic Concentrations in Slurry Water

It was considered important to measure the concentrations of ions particu-
larly associated with the corrosion of carbon steel and to determine whether
significant differences occurred across a thermal gradient. Therefore, the
concentrations of Cl-, Fe(total), and S04 2 - in W samples (filtered) and H samr-
ples (filtered) were measured as detailed in the experimental section. These
concentrations in R samples (unfiltered) were also measured to determine dif-
ferences in content between filtered and unfiltered samples. The concentration
of Si, reported as SiO2, was also determined but only for the Phase I test sam-
ples. Results of these analyses are summarized in Table 3.6 and uncertainties
are given wherever they are known. However, it must be emphasized that these
are the results of one analysis on single samples after quenching has
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occurred10. Any conclusions derived from these data would have to be
supported by valid experiments that have eliminated any effects due to
quenching. Therefore, these results should be regarded only as indications of
possible differences in ionic concentration across a thermal gradient.

Table 3.6. Comparison of ionic concentrations of reacted Grande Ronde
GR-3 groundwater (in ppm).

Sample Cl- S042- Fe(Total) SiO2

GR-3 (initial composition) 312 165 0 79

Sample H-I (filtered)a 305±6 260±5 ND(<2) 29
Sample W-I (filtered)b 321±6 300+6 ND(<2) 39
Sample R-I (unfiltered)c 357±7 330±7 500±100 116

Sample H-Il (filtered)d 263±5 220+4 1.4
Sample W-II (filtered)b. 328+7 272±5 0.9 -

Sample R-II (unfiltered)c -d 330t7 700±140 -

Sample R-II (filtered)C 177+3 145±3 2.4 -

Sample H-III (filtered)a 388+8 204±4 0
Sample W-III (filtered)b 429±9 258±5 1.0 -
Sample R-III (unfiltered)C -d 345±7 500±100
Sample R-III (filtered)c 368±7 200±4 2.5

aSample is the designation for the supernate of the centrifuged slurry
removed from the heater region in the autoclave. Experimental phases are
designated by Roman numeral I, II or III.

bSample W is the designation for the supernate of the centrifuged slurry,
removed from the wall region in the autoclave.

CSample R is the designation for the supernate of the centrifuged slurry
removed from random locations in the autoclave.
dInsufficient sample remained for this analysis to be performed.

1OEvidence exists (REO-BWI-C-105, 1981) that the state of leachates under hy-
drothermal conditions is not completely preserved in quench rates of
=25'C/min. Experiments conducted on the interaction of seawater and basalt
(Seyfried, W. E., 1979) at 150C showed that significant retrograde changes
occurred in ionic concentrations and pH measurements after a quenching period
of 45 minutes. Approximate cooling time for all tests in the current study
was 25 minutes.
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3.5.5.1 Measurement of Ionic Concentrations in Phase I Test

The concentrations of Cl-, S042- and Si were greater near the cooler end
(the wall) of the thermal gradient which was at approximately 1130C. The
change in concentration of Cl- across a thermal gradient may be significant.
However, the difference in concentration of S042 across the gradient does seem
significant, based on these single measurements. It is not known whether the
Si concentrations are significant, since the precision is not known and they
are an order of magnitude smaller than the Cl- and S04

2- concentrations. Com-
parison of these ionic concentrations with those measured in the synthetic
groundwater (see Table 3.6) reveals a decrease of Si and an increase of S04
in the filtrates. If any Fe was present in the filtrates, it was in amounts <2
ppm, the detection limit of the analysis. Total iron in Sample R-I was deter-
mined quantitatively after acidification of the unfiltered liquid with F. It
was also determined hat a significant portion of the total Fe was in the
ferrous state (Fe +) 1,

It appears that the bulk of the Fe and Si content of the unfiltered water
is present in the colloidal state. This is also reflected by relatively low
concentrations of Si and below detection for Fe in filtered samples. The fil-
terable material appears to be acting as a sink for iron, the source of which
can be the basalt, bentonite, or carbon steel.

3.5.5.2 Measurement of Ionic Concentrations in Phase II Test

The only measurements that appeared to change significantly across the
temperature differential of 222@C were the concentrations of S04- and Cl-.
Concentrations were lower at the hotter end of the gradient, i.e. near the
heated carbon steel sleeve.

From the results of these single determinations, it appears that less Cl-
and more S04 - than are present in the starting groundwater would be found near
the carbon steel sleeve. It is clear that, for the Phase I test results, the
bulk of the Fe content of the unfiltered supernate is present in the colloidal
form. However, very small amounts of iron remain in the filtered supernaces.

3.5.5.3 Measurement of Ionic Concentrations in Phase III Test

As was the case in the previous tests, concentrations of Cl- and S 2

were significantly lower at the hotter end of the gradient. Again, the bulk of
the iron is present in colloidal material.

1lThe Fe+2 content was estimated using the phenanthroline standard method.
Three molecules of 1,10-phenanthroline chelate each atom of ferrous ion to
form an orange-red complex. The intensity of the color is dependent on the
amount of ferrous ion present. A visual comparison with color standards was
made to determine content of ferrous ion. Another portion of Sample R was
treated to convert any ferric ion to ferrous and another phenanthroline com-
plexation determination was made. The color of the reduced solution was
very similar to that of the first determination, indicating that most of the
iron was in the ferrous state in the original sample.
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3.5.5.4 Comparison of Measured Ionic Concentrations For All Tests

The results of the water analyses for Fe(total), Cl-, and S042- from the
three tests were summarized in Table 3.6. There were different thermal differ-
entials established across the packing materials in each test. For Phases I,
II and III, these were, respectively, 1.0, 0.6 and 2C/mm. Results from the
three tests, therefore, cannot be quantitatively compared. However, qualita-
tive differences among ionic concentrations are noted for the three tests. It
must be emphasized that these results are from the analyses of single specimens
from individual tests. Therefore, in the absence of statistical information, a
difference is deemed significant if one measured value differs from another by
a quantity that exceeds the experimental error. Experimental precision is
indicated in the table where it is known. The results for the chloride and
sulfate concentrations are based on IC measurements and are estimated to vary
by ±2%. On this basis the following conclusions can be drawn by comparing and
contrasting the ionic concentrations measured in the three tests after
quenching:

Compared to unreacted groundwater, the chloride content of filtered
reacted water is usually decreased in hotter regions of the packing
material and increased in cooler regions. The exception occurred in
the Phase III control test where increases in chloride level were evi-
dent for both the hotter and cooler regions. Nevertheless, there was
still the same general behavior in terms of higher chloride in the
cooler regions.

. Compared to unreacted groundwater, the sulfate content of filtered
reacted water is always increased. The increase is larger in the
cooler regions of the packing material.

* For unfiltered reacted groundwater the concentrations of chloride, sul-
fate, and especially SiO2 and total iron, are significantly increased.
This shows that the colloidal particles present in the groundwater
contain relatively high concentrations of these three constituents.

* In terms of the effect of thermal gradients on the concentration dif-
ferences across the packing it was found that chloride and sulfate dif-
ferences were largest for the Phase II test, which had the smallest
thermal gradient. These concentration trends were very similar for
Phase I and Phase III even though the temperature differentials across
the packing were quite different (viz. 37 and 73*C, respectively). It
is, therefore, unclear what factors controlled the changes in
concentration along the thermal gradient.

Similar increases in chloride concentrations were reported by Wood (RHO-
BW-SA-219P, 1983), who studied changes in ionic concentrations with time for
closed non-irradiated s stems containing Umtanum basalt (free of fines) or
Baroid National Western 2 bentonite and GR-3 synthetic groundwater at 300C

12The Baroid bentonite contained 85% montmorillonite, 5% quartz, 5% feldspar,
2% illite, and 1 calcite and gypsum.

79



. -
-- -

and 29.9 Pa for one month. However, in Wood's work, the sulfate concentration
was lower in the reacted bentonite/groundwater system and was unchanged in the
reacted basalt/groundwater system. This would seem to indicate that for these
particular systems basalt and bentonite are sources of chloride and that the
bentonite can act as a sink for sulfate. An additional experiment containing
bentonite/basalt/groundwater reacted under the same hydrothermal conditions for
three months showed that sulfate concentration was slightly increased at 28
days and was significantly decreased at the 56-day sampling. In the same test,
chloride concentration increased and reached a maximum between 28 and 56 days.

Also, in Wood's study it was found that the iron concentrations in reacted
groundwater were highest in the bentonite/water system (up to 0.14 ppm) and
similar for basalt/water and basalt/bentonite/water systems (up to 0.08 ppm).
This indicates that bentonite is a prime source of iron in the water. In
another study, carried out at a 200C test temperature, a basalt/water system
gave a reacted water containing 35.4 ppm of iron after 718 hours (RHO-BW-ST-
21P, 1982). The trend to higher total iron concentrations, as the test temper-
ature is decreased from 300 to 200'C, is evident from Wood's work. In the BNL
study, however, much of the iron originated from the carbon steel present in
the system and iron was present in colloidal form which was not reported as
present in Wood's work.

3.5.6 SEI-EDX Analysis of Colloidal Material

A part of R sample from each of the tests was passed through a 0.025-ma
membrane filter to collect colloidal material for analysis. The latter was re-
moved as a film from the filter when it dried. They were mounted with epoxy on
a graphite holder and examined by SE4-EDX (17-kV electrons). It should be
noted that comparatively less colloidal material was extracted from the Phase
III (non-irradiated) test.

3.5.6.1 SEH-EDX Analysis of Colloidal Material Removed From Phase I Test
Solution

A micrograph of the dried colloidal material film from the Phase I test is
given in Figure 3.9. A rod-shaped phase and a small rectuangular particle are
seen to be embedded in the colloidal material. SEM-EDX analyses given in Fig-
ures 3.10 through 3.12 show that the colloidal material is rich in Si, Fe, Ca
and Al with smaller quantities of Mg and K. The rod-shaped phase also contains
Si with significant amounts of Mg, Ca, Ba, Zn K and Al present. In the case of
the small particle, the dominant element detected is Ca with a minor proportion
of Si. The colloidal material substrate in Figure 3.9 has an elemental
composition consistent with that for clay particles, as expected (Table 3.1).
The small calcium-rich phase is possibly calcite which has been found in
bentonite by other workers (ANL-83-19, 1983). At the present time, the
identification of the rod-shaped phase is unknown. Zinc has been observed in
small crystals found in bentonite (ANL-83-19, 1983) but this phase could have
also originated from the basalt component of the packing material. More work
is needed to characterize the colloidal material obtained from the current
studies.
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An interesting effect was observed as the colloidal material was bombarded
with 17-kV electons in the SEM as shown in Figure 3.13. Small protuberances
developed in the sample film which could have been caused by vaporization of
residual moisture.

3.5.6.2 SEM-EDX Analysis of Colloidal Material Removed From Phase II Test
Solution

Micrographs of the dried colloidal material recovered from the Phase II
test heater and wall regions are shown in Figures 3.14 and 3.15. Both of these
samples were analyzed by EDX and were found to be high in Si and Al along with
some Fe and Ca. This is similar to the composition determined by EDX for the
Phase I test material, except that no K or Mg was detected (see Figure 3.10).

However, several differences are evident upon comparison of the two micro-
graphs taken at the same magnification. The material from the heater region is
much coarser in texture. This may be due to different thicknesses of material
deposited on the filter. Additionally, there is a dendritic structure lying on
the substrate in the material taken from the wall region (see Figure 3.15).
The structure was analyzed by EDX and found to contain large amounts of Ca and
S. See Figure 3.16 for a micrograph taken at alower magnification (300X) of
the material recovered from the heater region in the Phase II test. Analysis
by EDX of the nodule present shows a high content of Ca, S and Si along with
some Al.

3.5.6.3 SEM-EDX Analysis of Colloidal Material Recovered from the Phase III
Test Solution

Micrographs of the colloidal material recovered from the heater and wall
regions of the Phase III control test are shown in Figures 3.17 and 3.18.
Corresponding EDX analyses for these materials are given in Figures 3.19 and
3.20. Both have essentially the same composition: high Si and Al content with
moderate Fe and Ca amounts along with some trace elements. No differences in
composition were noted for localized variations in substrate texture.
Additionally, the presence of oxygen was confirmed in the sample taken from the
wall region by use of transmission electron microscopy (TEM)-EDX (see Figure
3.21). The dried sample taken from the heater region was too thick to permit
an analysis by TEH-EDX.

3.5.6.4 Comparison of SEM-EDX Analyses of Colloidal Materials

A comparison of the information gained by use of SEM-EDX techniques in the
three test systems yields the following conclusions:

The bulk composition of all colloidal materials, from both the wall and
heater regions, is essentially the same. There is a high Si and Al
content, some Ca and Al, along with trace elements. Oxygen is believed
to be present in all samples but was only confirmed by TEM-EDX in the
colloidal material taken from the wall region of the Phase III test.
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Figure 3.9. Micrograph of colloidal material recovered from the
Phase I test (800X).

Figure 3.10. EDX analysis of colloidal material recovered from the
Phase I test.
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Figure 3.11. EDX analysis of rod in colloidal material recovered from the
Phase I test.

Figure 3.12. EDX analysis of crystal in colloidal material recovered from
the Phase I test.
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Figure 3.13. Micrograph of protuberances appearing in colloidal material
recovered from the Phase I test after bombardment with 17-kV
electrons (1000X).

Figure 3.14. Micrograph of colloidal material recovered from the Phase II
test heater region (100OX).
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Figure 3.15. Micrograph of colloidal material recovered from the Phase II

test wall region (100OX).

Figure 3.16. Micrograph of colloidal material recovered from the Phase II

test heater region (300X).
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Figure 3.17. Micrograph of the colloidal material recovered from thePhase III test heater region (10OX).
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Figure 3.18. Micrograph of the colloidal material recovered from thePhase III test wall region (10OX).
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Figure 3.19. EDX analysis of colloidal material recovered from the
Phase III test heater region.

Figure 3.20. EDX analysis of colloidal material recovered from the
Phase III test wall region. he presence of oxygen was
confirmed by EDX, see Figure 21.
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Figure 3.21. EDX(TEM) analysis of colloidal material recovered from the
Phase III test wall region.
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Figure 3.22. Micrograph of unreacted bentonite clay (bOX).
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* A variety of embedded and deposited phases that differ in shape and
composition can be seen in the micrographs of the colloidal material
recovered from the Phase I and Phase II tests. None of these was seen
in the colloidal material recovered from the Phase III test. This
indicates that radiation plays some role in the formation of these
phases.

3.5.7 Analysis of Unreacted Bentonite and Reacted Bentonite Portion of Slurry

3.5.7.1 Analysis of Bentonite

A micrograph of unreacted SWy-1 bentonite is given in Figure 3.22. The
semi-quantitative EDX analysis shows that the following elements were present
at two locations in the sample: Si (75%), Al (15%), Fe (6%), 4% (Mg, K, Ca,
V, Na, Cu, Zn, Ti).

Reacted bentonite portions of the packing material were centrifuged, and
the solid placed on a glass slide and allowed to dry. There were no basalt
pellets in any of these specimens. They were examined with an X-ray diffracto-
meter in the range 2 = 3-37° using Cu K radiation and the resulting pat-
terns are shown in Figures 3.23, 3.24, 3.25. The 28 values were converted into
d-spacings using standard tables (Rose, A. J., 1957). A comparison is given in
Table 3.7. It is clear that differences exist in the d-spacings of the Phase
I, Phase II and Phase III test samples. For illustrative purposes, the materi-
als remaining after centrifugation and removal of the supernatant liquid in the
Phase I test are shown in Figure 3.26. This appearance is similar to those for
materials from the Phase II and Phase III tests. Samples from near the heater
(Tubes A nd D in Figure 3.26) were a combination of orange, white and tan in
color. Material samples near the wall (Tubes B and E in Figure 3.26) was most-
ly tan and white in color. A tube of unreacted slurry (Tube C in Figure 3.26)
was centrifuged for comparison purposes and was tan in color. See Section
3.5.8.1 for the results of solids analysis performed in the study by Wood
(RHO-BW-SA-219P, 1983).

3.5.7.2 Analysis of Montmorillonite Portion of Bentonite

The major peaks attributable to the montmorillonite in the control samples
appear in the range 2 - 7.1 (d - 12.4 A) to 2 - 7.8 (d - 11.3 A). These sin-
gle peaks are shown for Phase I, Phase II and Phase III test samples in Figures
3.27b to 3.29b, respectively. These peaks shift in the reacted, glycolated,
and heat-treated slurry samples.

3.5.7.2.1 Montmorillonite XRD Phase I Test

The two reacted samples in the Phase I test gave very similar results but
the strongest peak obtained was significantly shifted compared to the equiva-
lent peak for the control, which may indicate that the incorporation of a large
cation in the interlayer sites occurred and that the distance between succes-
sive layers of the smectite (i.e. basal spacing) increased due to swelling.
There is some illite present in the samples before and after reaction, as evi-
denced by the peak at =2e - 9 (d 9.9 A). See the last three columns of
Table 3.8 for a tabulation of these data.
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Figure 3.23. Comparison of X-ray diffraction patterns of reacted and unreacted
bentonite present in the Phase I centrifuged packing material
slurry samples prepared as oriented clay mounts by evaporation of
slurry on glass slides. (Range of scan: 2 - 337a (d - 2.43-
29.4 A).I(Control sample consisted of a slurry of bentonite and
basalt withsynthetic groundwater.)
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Figure 3.24. Comparison of X-ray diffraction patterns of reacted and

unreacted bentonite present in the Phase II test centrifuged

packing material slurry samples prepared as oriented clay

mounts by evaporation of slurry on glass slides. [Range of

scan: 2 - 337o (d - 2.43-2.94 A)]. (Control sample

consisted of a slurry of bentonite with synthetic

groundwater.)
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Figure 3.25. Comparison of X-ray diffraction patterns of reacted and
unreacted bentonita present in the Phase III test
centrifuged packing material slurry samples prepared as
oriented clay mounts by evaporation of slurry on glass
slides. (Range of scan: 2 - 3-37' (d 2.43-29.4 A)].
(Control sample consisted of a slurry of bentonite and
basalt with synthetic groundwater.)
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Figure 3.26. Appearance of Phase I centrifuged packing material slurries
before and after reaction. (Tubes are shown full-scale.
Black material in bottom of tubes is basalt fines.)
(A) Sampled near heater
(B) Sampled near autoclave wall
(C) Control unreacted
D) Sampled near heater

CE) Sampled near autoclave wall.
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Table 3.7. Comparison of (00) d-spacings based on X-ray diffractometer
studies of reacted and unreacted bentonite portions of centrifuged
packing material slurries prepared as oriented clay mounts by
evaporation of centrifuged slurry on glass slides. [Intensities
not secified. Range of scan: 29 3-37o (d 2.43-29.4 ).]

d (A)
Wall Samole

Phase I Test

14.7

5.1
4.4
4.2

3.3

3.2
3.1

Phase II Test

13.6
6.50

5.09
4.47
4.27
3.77
3.34
3.28
3.25
3.23
3.11

Phase III Test

11.3
4.44
4.25

3.34
3.30

3.22
3.15

d (A)
Heater Samole

d (A)
Control Samle!a

14.7
9.9
5.1
4.4
4.2

3.3

3.2
3.09

12.4
9.9

4.4
4.2
4.17
3.3
3.26
3.23
3.22
3.1
3.0

13.4

5.01
4.48
4.27
3.77
3.35

3.22
3.13

11.3

5.53

4.49
4.25
3.77
3.34

3.22
3.14

11.5
4.48
4.26
3.77
3.34

3.21
3.14

11.5
4.49
4.28

3.35
3.29
3.26
3.23
3.14
3.03
2.58
2.46

aControl samples for each test were prepared separately and contained
bentonite/basalt in Phase I and. III tests but contained only bentonite/
groundwater for the Phase II test.
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Table 3.8. Comparison of (002) d-spacings based on X-ray diffractometer
studies of Phase I test reacted and unreacted montmorillonite,
prepared as oriented clay mounts by evaporation of centrifuged
packing material slurry on glass slides; treatment by glycola-
tion at 60'C, followed by heating to 300C for one hour.
[Intensities not specified. Range of scan: 26 - 3-9.5° (d -
9.30-29.4 A).]

d (A)
Heater Wall Control Heater Wall Control Heater Wall Control

Samples Samples Samples
Glycolated Glycolated and Heat Treated Untreated

17.0 16.0
9.9 9.7

16.6
9.9

15.2* 15.2*
- 9.9

15.5* 14.7 14.7
9.9 9.8

12.4
9.9

*Peak intensity is drastically reduced when compared to the peak intensities in
the diffraction patterns of the untreated and glycolated samples. This
decrease in intensity is due to the collapse of the smectite structure.

The slides, coated with centrifuged reacted and unreacted (control) pack-
ing material slurries, were subsequently given standard glycolation13 and heat
treatments to study the changes in the (001) reflections of the montmorillonite
clay (Carroll, D., 1970). The first treatment consists of glycolation. See
the first three columns of Table 3.8 for tabulation of the data on the glyco-
lated samples and Figures 3.27d, e, and f for the diffraction patterns of the
glycolated samples. An expandable clay such as montmorillonite will character-
istically swell upon glycolation due to the increase in basal spacing between
layers because of the incorportion of organic molecules in the interlayer sites
and this will be evidenced by a shift in the d-spacing at 12-15 A to 16-18
A. Compare Figures 3.27a and d; Figures 3.27b and e; Figures 3.27c and f. The
sample taken from the heater region had the largest d-spacing value, followed
by that for the control sample, followed by that for the sample taken from the
wall region.

13Samples are glycolated by placing the coated slides in a desiccator, which
contains ethylene glycol in the well normally filled with desiccant, and by
heating in an oven at 60'C for at least an hour.
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Figure 3.27. Comparison of X-ray diffraction patterns of Phase I test reacted

and unreacted montmorllonte present in the centrifuged packing
material slurry samples prepared as oriented clay mounts by
evaporation of slurry on glass slides; treatment by glycolation,
followed by heating to 300eC for one hour. [Range of scan: 28 -
3.9-5o Cd - 9.30-29.4 A)].
(a) Untreated slurry sampled from heater region
(b) Untreated slurry (control)
(c) Untreated slurry sampled from wall region
(d) Glycolated (60°C) slurry sampled from heater region
Ce) Glycolated C60°C) slurry (control)
(f) Glycolated (60°C) slurry sampled from wall region
(g) Heat-treated (300°C) slurry sampled from heater region
(h) Heat-treated (300°C) slurry (control)
(i) Heat-treated (300 C) slurry sampled from wall region.
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Figure 3.28. Comparison of X-ray diffraction patterns of Phase II test reacted

and unreacted montmorillonite present in the centrifuged packing
material slurry samples prepared as oriented clay mounts by evap-
oration of slurry on glass slides; heat-treated at 300C for 18
hours, followed by glycolation at 60C. (Range of scan: 2 -
3-9.5° (d - 9.30-29.4 A)1.

(a) Untreated slurry sampled from heater region
(b) Untreated slurry (control)
(c) Untreated slurry sampled from wall region
(d) Heat-treated (300C at 18 h) slurry sampled from heater region
(e) Heat-treated (300C at 18 h) slurry (control)
(f) Heat-treated (300C at 18 h) slurry sampled from wall region
(g) Glycolated (60C) slurry sampled from heater region
(h) Glycolated (60C) slurry (control)
(i) Glycolated (60°C) slurry sampled from wall region.
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The second standard treatment for a smectite consists of heating the gly-
colated samples to 300C for at least one hour. The interlayer water is remov-
ed by this procedure and, characteristically the original (001) reflection col-
lapses and is replaced by one in the 9-10 A region. This is evident upon com-
parison f Figures 3.27a and g; Figures 3.27b and h; and Figures 3.27c and i.
See Columns four through six of Table 3.8. Although these heat-treated samples
were not rehydrated to see if the (001) reflection due to swelling would
reappear, it is obvious that after heating to 300C, the expandability has been
drastically reduced. The reflection at =9-10 A attributable to the formation
of a non-expandable clay was not observed. Additional heating at 300%C may be
needed to see this effect. With the loss of interlayer water, montmorillonite
may be transformed into hydromica (illite) if sufficient potassium is
available, or into chlorite, if sufficient magnesium is present. The main
effect of pressure and temperature on a hydrous mineral will be dehydration.
Reviews of the literature concerning the hydrothermal stability of the packing
material can be found in NUREG/CR-2482, Vols. 3 and 5 (1983) and NUREG/CR-3091,
Vols. 1 and 2 (1983).

3.5.7.2.2 2ontmorillonite XRD Phase II Test

Similar treatments were given to the Phase II test samples, except that
the order of glycolation and heating was reversed. This was done in order to
see to what extent swelling would occur after heating. See Figures 3.28a to
i. The shifts in d-spacings evident in the diffraction patterns after these
treatments are summarized in Table 3.9.

Table 3.9. Comparison of (00) d-spacings based on X-ray diffractometer
studies of Phase II reacted and unreacted montmorillonite,
prepared as oriented clay mounts by evaporation of centrifuged
packing material slurry on glass slides; treatment by heating
to 300C for 18 hours, followed by glycolation at 60'C.
(Intensities not specified. Range of scan: 29 - 3-9.5 (d -
9.30-29.4 A).]

d (A)
Heater Wall* Control Heater Wall Control Heater Wall Control

Samples Samples Samples
Heat-Treated Heat-Treated and Glycolated Untreated

9.7 9.5 9.60 17.7* 16.0* 17.8* 13.8 13.6 11.3
- - 16.7* 15.6* 16.8* - - -

*Peak intensity is drastically reduced when compared to the peak intensities in
the diffraction patterns for the untreated and heated samples.
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Figure 3.29. Comparison of X-ray diffraction patterns of Phase III test

reacted and unreacted montmorillonite present in the centrifuged
packing material slurry samples prepared as oriented clay mounts
by evaporation of slurry on glass slides; heat-treated at 1506C,
followed by glycolation at 60'C, followed by heat-treatment at
300'C, followed by glycolation at 60'C. LE-ange of scan: 2 -
3-9.5e (d 9.30-29.4 A)].

(a) Untreated slurry sampled from heater region
(b) Untreated slurry (control)
(c) Untreated slurry sampled from wall region
(d) Heat-treated (150C) slurry sampled from heater region
(e) Heat-treated 150'C) slurry (control)
(f) Heat-treated 150'C) slurry sampled from wall region
(g) Glycolated (60'C) slurry sampled from heater region after heating to 1500C
(h) Glycolated (60'C) slurry (control) after heating to 150C
(i) Glycolated (60'C) slurry sampled from wall region after heating to 1500C
(j) Heat-treated (300'C) slurry sampled from heater region
(k) Heat-treated (300'C) slurry (control)
(1) Heat-treated (300'C) slurry sampled from wall region
(m) Glycolated (60'C) slurry sampled from heater region after heating to 300C
(n) Glycolated (600C) slurry (control) after heating to 300C
(o) Glycolated 60C) slurry sampled from wall region after heating to 300'C)
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Swelling of the montmorillonite occurred in the Phase II test as evidenced
by the shift in d-spacing from 11.3 A to 13. A (in the sample taken from the
heater region) and to 13.6 A (in the sample taken from the wall region). This
is shown in Figures 3.28a to c. Upon heating of the samples to 300C, the
d-spacings of the major montmorillonite peak shifted to a range of 9.5-9.7 A,
indicative of dehydration and collapse of the smectite structure. See Figures
3.28d to f for the XRD patterns of the heated samples. These samples were sub-
sequently glycolated and some swelling did occur as can be seen in Figures
3.28g to i by the shift in the d-spacings to a range of 15.6-17.8 A. However,
the intensity of the peaks is drastically reduced when compared to the inten-
sity of the peaks of the hydrated montmorillonite (Figures 3.28a to c). This
seems to indicate that dehydration may not be reversible.

3.5.7.2.3 Montmorillonite KlD Phase III Test

The X-ray diffraction patterns of the samples from the Phase III unirradi-
ated test are shown in Figures 3.29a to c. Various treatments were applied and
X-ray diffraction studies subsequently made to determine the effects of the
treatments on the expandability of the montmorillonite. The d-spacings for
each of the patterns are given in Table 3.10. There was a slight increase in
the basal spacing of the untreated reacted samples when compared to the
untreated unreacted sample. See Figures 3.29a to c. After heating the samples
to 150°C for 12 hours, dehydration with the accompanying decrease in basal
spacing occurred, as shown in Figures 3.29d to f. Up to this point, all XRD
patterns for the Phase III test samples were very similar to each other. The
samples were subsequently glycolated at 60C to determine differences in
expandability. The XRD patterns of the glycolated Phase III test control sam-
ple and the Phase III test sample taken from the heater region shown in Figures
3.29g and h show alarge increase in the montmorillonite basal spacing, along
with the appearance of a new peak. Intensities of these two peaks are similar
and are much greater than the corresponding intensities in the XD patterns of
the untreated samples. The XRD pattern of the glycolated heat treated sample
taken from the wall region of the Phase III test system shows less expandabil-
ity of the ontmorillonite and decreased intensities of the montmorillonite
major peak and of the newly formed one. These samples were then heated to
300C for several hours and XRD patterns were obtained. Significant and simi-
lar decreases in basal spacings are evident in all three samples, as shown in
Figures 3.29j to . Samples were then subjected to glycolation at 606C. Simi-
lar expansion of the basal spacing occurred in all samples, indicating that
swelling of the montmorillonite was still occurring and that dehydration was
apparently reversible in the case of these samples and their successive
treatments.
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Table 3.10. Comparison of (OOL) d-spacings based on X-ray diffractometer
studies of Phase III reacted and unreacted montmorillonite,
prepared as oriented clay mounts by evaporation of centrifuged
packing material slurry on glass slides; heat-treatment at
150C, followed by glycolation at 60%C, followed by heat-
treatment at 300C, followed by glycolation at 60°C. [Intensi-
ties not specified. Range of scan: 28 - 3-9.50 (d - 9.30-29.4
A).]

d(A)
Heater Wall Control

Untreated 11.5 11.3 11.5

Heat-treated (150C) 9.6 9.7 9.8

Glycolated (60C) 17.0 15.8* 17.1
8.6 8.0 8.6

Heat-treated (300aC) 9.8 9.7 9.7

Glycolated (60C) 16.5 16.2 17.0
9.5 9.7 10.1
8.5 8.7 8.6

*Peak intensity is drastically reduced when compared to the peak
intensities in the diffraction pattern of the untreated sample.

3.5.7.2.4 Comparison of Montmorillonite XRD Studies For All Tests

A comparison of the d-spacings obtained for untreated and treated montmor-
illonite samples from the three tests yielded the following conclusions:

* The basal spacings in the
regions of the irradiated
unreacted control sample.
expandability.

samples taken from the wall and heater
systems are increased in comparison to an
This suggests that irradiation may enhance

* The shape and intensity of the major montmorillonite peak in the Phase
II test samples differs significantly for the heater sample and the
wall sample. This is not true for the corresponding samples of the
Phase I and Phase II tests.
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* Expandability may be affected by heat treatments. After heating the
samples from the Phase II tests for 18 hours at 300@C, and subsequent
glycolation, it was apparent that the major montmorillonite peak had
almost disappeared. This did not occur in the case of the Phase III
test samples after heating at 300'C for several hours. But it should
also be noted that other peaks appeared in the Phase III test XRD pat-
terns, indicating that other minerals had been produced. This is also
supported by the XD patterns obtained over the entire range. Qualita-
tively it can be seen by comparison of the overall patterns that dif-
ferences exist between the reacted and unreacted clays in each test and
in the three different test systems.

3.5.8 Analysis of Reacted Basalt

3.5.8.1 Comparison of XRD Patterns of Pulverized Basalt

The basalt pellets removed from regions near the heater and near the wall
in each of the three phases and an unreacted control sample were pulverized and
analyzed by RD to detect any differences due to reaction. Interpretation of
the complex diffraction patterns to identify specific changes in mineralogical
composition would require a significant effort and is beyond the scope of this
work. Polished thin section basalt samples were also prepared and examined
with a polarizing microscope to help detect changes in basalt mineralogy.

The XRD patterns for all basalt samples are reproduced in Figure 3.30.
The data for the observed (hki) reflections are summarized in Table 3.11. If a
comparison of the patterns shown in Figure 3.30 is made, it is obvious that
there are differences among the patterns, showing that changes occur in the
mineralogical composition of the basalt upon reaction. For example, there is a
d-spacing of 4.67 A for samples taken from the heater region in the irradiated
systems which is not present in the samples taken from the wall or heater re-
gions in the unirradiated system. More detailed and comprehensive studies are
needed to characterize the changes that occur and to determine the effects of
these changes in composition on the repository environment.

A preliminary solids analysis and solution analysis performed in the Wood
hydrothermal bentonite/basalt/groundwater non-irradiated experiment (RHO-BW-
SA-219P, 1983) at 300%C and 28.9 MPa suggests that the primary reaction in the
basalt-bearing system is the dissolution of basalt glass followed by the pre-
cipitation of a pure silica phase (that is, cristobalite and/or quartz) and
smectite, illite, and mordenite (zeolite). It was thought that some alteration
of the bentonite to illite may have occurred but this was not seen when a
bentonite/groundwater system was tested in a similar manner.
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Table 3.11. Comparison of (hkt) d-spacings based on X-ray diffractometer
studies of reacted and unreacted basalt, prepared as unori-
ented mounts of pulverized basalt. Intensities not speci-
fied. Ranae of scan: 2 - 3-65' (d 1.43-29.4 A).1

d (A)
Wall Wall Wall Heater Heater Heater

Sample Sample Sample Sample Sample Sample
Phase I Phase II Phase III Phase I Phase II Phase III Control
Test Test Test Test Test Test Sample

4.04
3.89
3.76
3.64
3.47

3.37
3.22
3.20
3.18
3.14

3.00
2.94
2.93
2.90
2.84

2.65
2.56
2.52
2.51
2.41

2.14
2.12
2.03
1.99

1.92
1.88
1.85
1.83
1.79
1.77
1.75
1.72
1.63
1.61

}:3

4.04
3.88
3.75
3.64

3.45
3.37
3.23
3.21
3.18
3.14

3.01

2.93
2.92
2.84
2.82
2.65
2.56
2.52

2.14
2.11

1.99

1.92
1.87
1.85
1.83
1.80
1.77
1.74
1.72
1.63
1.61

1.49

4.04
3.89
3.75
3.67
3.47

3.21
3.18
3.13

3.01
2.94
2.93
2.90
2.83
2.82
2.66
2.56
2.52
2.51
2.41

2.14
2.12
2.03

1.92
1.88
1.84
1.83
1.79
1.77
1.75
1.72
1.63

1.49

4.67
4.04

3.77
3.64

3.44

3.21
3.18
3.14
3.02
3.00
2.94

2.83

2.57
2.51
2.48

2.27
2.14
2.10
2.02

1.92
1.87

1.83
1.79
1.77
1.75
1.71
1.62
1.60

1.50

4.67
4.03
3.88
3.74
3.64
3.46

3.35

3.19
3.17
3.13

2.99
2.94

2.90
2.83
2.80
2.65
2.55
2.51

2.41
2.27
2.13
2.11
2.02

1.88
1.85
1.83
1.79
1.77
1.75
1.71
1.63

1.50

4.04
3.89
3.74
3.64
3.48
3.42
3.37
3.23
3.21
3.18
3.13

2.99
2.94

2.90
2.84
2.81
2.65
2.56
2.52

2.13
2.11
2.02
1.99
1.95
1.93
1.88
1.85
1.83
L.79
1.77
1.76

1.63

1.49

4.05
3.90
3.77
3.64
3.48

3.37
3.23
3.21
3.18
3.14

3.00
2.95

2.91
2.85

2.65
2.57
2.52

2.14
2.12
2.03
1.99

1.93
1.87

1.83
1.80
1.77
1.75
1.72
1.63
1.61

1.50
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3.5.8.2 Comparison of Micrographs of Polished Basalt Thin Sections

Examination of polished basalt thin sections under a polarizing microscope
revealed the presence of at least three mineralogical phases: plagioclase, py-
roxene, and olivine. These were identified by their respective characteristic
shapes and optical properties (Kraus, E. H., 1959; Deer, W. A., 1966). The
three phases are shown in Figure 3.31. Examination of reacted basalt samples
taken from the heater region for each test under the polarizing microscope in-
dicates that plagioclase and olivine appear to be relatively unchanged. How-
ever, the pyroxene appears to have been altered, as evident from the alteration
features observed on pyroxene grains from a Phase I test sample shown in Figure
3.32. Additionally, there are red-brown areas in the reacted basalt that are
not present in the unreacted basalt in samples from the three tests. See
Figure 3.33. There do not seem to be gross differences in the irradiated and
non-irradiated basalt thin sections under the polarizing microscope. It was
observed that there were very few red-brown areas in the Phase III specimen.
In the Phase III specimen, they were mainly yellow-brown in color. Compare
Figures 3.33 and 3.34. An additional observation is that these areas not
present in the unreacted basalt specimen appear to be more numerous in the
samples taken from the wall region than in the samples taken from the heater
region in all three tests.

Work has been done at BWIP on identifying alteration products resulting
from the reaction under hydrothermal conditions at 150C for 120 days of
basalt/bentonite/groundwater (WIP/NRC Geochemistry Workshop, 1984). It was
observed that (1) partial dissolution of basalt mesostasis and clay occurred,
(2) smectite structure was preserved, and (3) iron and potassium were substi-
tuted in the smectite structure. The reaction product was identified as Fe-
smectite. In the present work, XRD analysis of the powdered basalt samples did
not reveal any basal spacings > 9.6 A, which is the minimum basal spacing a
smectite can display and corresponds to the fully collapsed state (Deer, W. A.,
1966)14

Much work needs to be conducted to identify the specific mineralogical
changes that are occurring in the basalt after reaction. In particular, the
effects of the repository conditions on the basaltic glassy phases need to be
determined. Also, correlations need to be made between the changes seen
microscopically and the changes seen in the XRD patterns.

3.5.9 Metallography of Carbon Steel Sleeve and Identification of Surface
Products

In the three phases of the test program, individual 1020 carbon steel
sleeves were used to simulate the waste container. End caps were welded on to
isolate the internal heater. The sleeves (25.4-mm diameter, 155-mm length and

14The observable range of d-spacings was 1.43-29.4 A. Any d-spacings greater
than 29.4 A would not have been seen.
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Figure 3.31. Minerals in unreacted basalt as determined with a polarizing
microscope under crossed polars (10OX). (Key: P -
plagioclase, Py - pyroxene and 0 - olivine.)

Figure 3.32. Minerals in Phase I test reacted basalt sampled from the
heater region as determined with a polarizing microscope
under crossed polars (100X). (Key: P1 - plagioclase,
Py - pyroxene and 0 - olivine.)
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Figure 3.33. Minerals in Phase I test reacted basalt sampled from the
wall region as determined with a polarizing microscope under
crossed polars (10OX). (Red-brown areas are indicated by R
in photo.)

Figure 3.34. Minerals in the Phase III test reacted basalt sampled from
the wall region as determined with a polarizing microscope
under crossed polars (10OX). (Yellow-brown areas are
indicated by y in photo.)
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2-mm thick) were removed from the stainless steel autoclave after the packing
material slurries had been examined after the 60-day test periods. Figure 3.35
shows the reacted sleeve after the Phase I test and compares it to one which
was not tested. It should be noted that the sleeve for the Phase I test was in
the as-received condition whereas the Phase II and Phase III test sleeves were
polished through 600-grit silicon carbide paper, in an attempt to remove the
decarburized surface layer which was introduced by tube manufacturing
processes.

3.5.9.1 Metallography of Phase I Test Sleeve

Figure 3.36 shows a metallographic section perpendicular to the axis of
the Phase I steel sleeve. The steel consists primarily of white ferritic
grains interspersed with dark pearlitic regions. A thin gray oxide layer is
observed on the outer surface, which was in contact with the packing material.
The oxide is adherent but in certain locations is found to be fractured.
Within the two-month testing period at 150C, no obvious surface pitting or
intergranular corrosion was observed. Small indentations which were present
originated in the starting material. Immediately above the oxide, a slightly
thicker black layer (indicated by arrow) is just discernible between the oxide
and plastic compound used to mount the sample for metallographic preparation.
Figure 3.37 is a micrograph taken at a different location and shows a thicker
dark layer (between the arrows). This represents an adherent orange-red clay
layer which remained after most of the basalt/bentonite mixture contacting it
was removed. Samples of this layer were mechanically removed and subjected to
X-ray diffraction. It seems from a comparison of Figures 3.36 and 3.37 that
the metal oxide layer is thinner in regions where the orange-red layer is
thick. This indicates that this adherent layer minimized uniform corrosion.

Analysis by S-EDX of the sleeve surface product revealed the presence of
a material similar in composition to a sample of bentonite that was examined
separately. However, there were some compositional differences at various lo-
cations on the sleeve, as the semi-quantitative elemental analyses revealed.
The elemental analysis of bentonite clay by SEH-EDX shows that Si is the most
abundant element (75%), with some Al (=15X) and Fe (=6%), and minor amounts of
other elements (4%). At some sites on the sleeve, the surface products that
were probed showed more Fe relative to the amount indicated in bentonite. For
some sites, the Fe and Si peaks were similar in intensity but in others the Fe
peaks were much stronger than those, for Si. One surface product sample, shown
in Figure 3.38, is a layered material whose elemental composition was mainly Fe
with some Si and a small amount of Mg. There was not sufficient material, how-
ever, to pursue more quantitative experiments.

As noted above, the Phase I test sleeve, which was used in the as-received
condition, was decarburized to a depth of approximately 50 microns (Figures
3.36 and 3.37). Figure 3.39, showing a section through a non-reacted steel
tube, proves that decarburization was a result of standard manufacturing
processes rather than from hydrothermal testing.

During the Phase I test, the slurry level inside the autoclave had fallen
to a level below the top of the carbon steel sleeve. Above this waterline,
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Figure 3.35. Appearance of carbon steel sleeve prior to reaction (left)
and subsequent to Phase I test reaction (right). (Sleeves
are shown full-scale.)
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Figure 3.38. SEM-EDX icrograph of iron-rich layered material in Phase I
test carbon steel surface product (1OQOX).
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Figure 3.39. Micrograph of outside diameter of carbon steel sleeve prior
to Phase I test reaction (250x). (Note the presence of
decarburized surface.)
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accelerated corrosion at the welded end cap was evident (Figure 3.35). The
occurrence of more severe corrosion on the steel exposed to vapor has been
reported in another study (PNL-4452, 1983). In that work, cast ductile iron
was placed in an autoclave with oxic basaltic groundwater and crushed basalt at
a temperature of 250C, a pressure of 5.2 MPa (700 psi) and a gamma dose rate
of 2 x 105 rad/h for periods up to three months with no bentonite present.
Between the one- and three-month test periods, the autoclave operated in the
vapor phase for several days, apparently because of a slightly elevated temper-
ature. The present observation of accelerated corrosion in the vapor phase
could, therefore, be associated with higher oxygen levels or, possibly, with
waterline corrosion.

Figure 3.40 shows the appearance of weld metal at the top of the Phase I
test steel sleeve. A thin broken oxide layer is just visible. Fusion of the
metal has removed the decarburized layer and ferrite-rich grain boundary
regions are formed. Again, no pitting or intergranular attack was detected.

3.5.9.2 Metallography of Phase II Test Sleeve

In the Phase II test, prior polishing of the sleeve had removed the decar-
burized surface layer (Figure 3.41). A very thin, irregular surface oxide is
seen above which is a thin clay layer (between arrows). Several hemispheric-
ally-shaped pits are present. These are approximately 12 microns in depth
after the 60-day reaction period. If one makes the highly conservative assump-
tion that the pit depth increases linearly with time, then the depth after the
minimum 300-year radionuclide containment period would be 2.2 cm. This would
be insufficient to penetrate any of the carbon steel containers specified by
Westinghouse Electric Corporation for conceptual waste package designs (AESD-
THE-3142, 1982). For these, the container wall thicknesses vary between 5.3
and 8.7 cm.

The adherent materials on the Phase II test sleeve were studied with SEK-
EDX, electron diffraction, and electron energy loss spectroscopy (EELS) in an
attempt to identify the orange-brown portion and magnetic green-yellow por-
tion. Micrographs of these materials are shown in Figures 3.42 and 3.43,
respectively. The EDX analyses of these samples showed that (1) the
orange-brown material contained large amounts of Si, Fe and Al with some Ca, Mg
and S in the darker areas, and some Ca, Mg and K in the lighter areas and (2)
the green-yellow material contained large amounts of Fe and Si with some Al, Mg
and Ca. The samples were shown to be well-defined crystalline materials that
contained oxygen by use of EELS. See Figure 3.44 for the two-point plot of the
EELS spectrum of the orange-brown material. A similar one was obtained for the
green-yellow specimen. Subsequently Debye-Scherrer patterns were obtained (see
Figures 45 and 46). The d-spacings were calculated by measuring the patterns,
which had been calibrated against a gold standard and are listed in Table
3.12. They did not match any of the spacings reported for common iron-silicate
materials. It is believed that these specimens contain hydroxyl groups and/or
water molecules because they were degraded by an electron beam. The identify
of these materials is not presently known.
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Figure 3.40. Micrograph of weld metal in carbon steel sleeve subsequent
to Phase I test reaction (25OX).

Micrograph of outside diameter of carbon steel sleeve subse-
quent to Phase II test reaction showing metal oxide and thin
clay deposition layer (marked by arrows) (250X).

Figure 3.41.
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Figure 3.42. Micrograph (SEM) of orange-brown sleeve surface product from

Phase II test (10OX).

Figure 3.43. Micrograph (SEM) of magnetic green-yellow sleeve surface

product from Phase II test (OX).
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Figure 3.44. Point plot of EELS spectrum of orange-brown sleeve sur-

face product from the Phase II test showing well-defined

crystalline material containing iron and oxygen.
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Figure 3.45. Debye-Scherrer powder pattern for orange-brown sleeve
surface product from Phase III test.

Figure 3.46. Debye-Scherrer powder pattern for green-yellow sleeve
surface product from Phase II test.
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Table 3.12. Calculated d-spacings of Phase II test sleeve surface
product based on measured Debye-Scherrer electron
diffraction powder patterns.a

d (A) d (A)
Green Oxideb Red (Orange) Oxideb

4.69 4.40
2.60 2.49
1. 76 1.63
1.55 1.47
1.36 1.26
1.00

aSpacings were calculated based on the measured
patterns. A gold standard was used for calibration.
bOxygen was determined to be present by use of EELS
(electron energy loss spectroscopy).

3.5.9.3 Metallography of Phase III Sleeve

In the Phase III control test, carried out in a non-irradiation environ-
ment, pitting is also observed (see Figure 3.47). The pits in this case are
more shallow and more closely spaced than those iii the Phase II experiment
(Figure 3.41). Based on an assumed linear pit propagation rate, the pit depth
after 300 years would be about 1.5 cm. It should be noted that polishing the
carbon steel sleeve prior to testing did not completely remove the surface-
decarburized layer. Therefore, pit initiation and growth do not seem to be
dependent on the presence of carbide phases. Figure 3.47 also shows a thin
oxide layer which was detached from the metal substrate. It is approximately
seven microns in thickness, which is similar to the oxide thickness for the
Phase I test sleeve shown in Figure 3.36. If the oxide is assumed to be magne-
tite (Fe304), it may be shown that Ige 

7-u oxide layer was formed from 3.2 of
steel during the 60-day test period . Again, a highly conservative assump-
tion of a linear rate for uniform corrosion gives a metal loss of 0.6 cm in 300
years. Thus, uniform corrosion will not be a significant failure mode for a
carbon steel container in a basalt repository.

The material adhering to the Phase III test carbon steel sleeve was ana-
lyzed by SEM-EDX and X-ray diffraction to determine if an identification could
be made. One product was green in color. A micrograph and EDX analysis of

15The amount Of 02 present in this amount of magnetite is estimated to be 140
mg. There is a maximum of 22 mg Of 02 in the plenum and dissolved in the
water. The remaining 02 probably originates from adsorbed oxygen and/or
radiolysis of water.
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Figure 3.47. Micrograph of outside diameter of carbon steel sleeve
subsequent to Phase III test showing pitting, and a thin
detached oxide layer (250X).
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this material are shown in Figures 3.48 and 3.49. The other product was
orange-brown in color and relevant information is given in Figures 3.50 and
3.51. Both materials contain large amounts of Si and Fe. The green product
also has a high Ca content. Some Mg, Al, and Cl are also present in each. The
XRD diffraction pattern (scan range 2 = 3-68°) of the orange-brown material
yielded five sets of d-spacings: 3.03-3.08 A, 2.51-2.56 A, 2.10-2.11 A,
1.91-1.93 A and 1.88-1.89 A. This compound or mixture of compounds was not
identifiable.

3.5.9.4 Comparison of Pitting Corrosion For All Tests

The results of the carbon steel corrosion evaluations show that pitting
may occur during 60-day tests at 150C in the presence of basalt/bentonite
packing material. Gamma irradiation and surface decarburization of the steel
did not have a significant influence on the initiation of pitting. Pits were
only found, however, on pre-polished metal surfaces exposed to methane-contain-
ing water. It is not clear whether the surface polishing or the methane was
responsible for this type of corrosion. Although the pitting rates obtained in
this study were found to be too low to penetrate a typical steel container for
a basalt repository, it must be realized that the test temperature of 150C is
much lower than the maximum value of about 300C relevant to actual container
conditions.

3.6. Summary

The objective of this program was to determine the chemical environment
that will be present within high level nuclear waste packages emplaced in a ba-
salt repository. for this purpose, low carbon 1020 steel-(current BWIP refer-
ence container material), synthetic basaltic groundwater and a mixture of bent-
onite and basalt were exposed in an autoclave to a specific repository condi-
tion after sealing (150'C, 1500 psi) in a gamma radiation environment with a
dose rate of (3.8 0.5) x 104 rad/h. The experiment consisted of three test
phases.

The Phase I test involved a two-month irradiation test in an argon envi-
ronment. The Phase II test is a similar test in a methane environment in the
presence of radiation. These two tests were followed by a Phase III control
test which is similar to the Phase II study but which was conducted in the
absence of radiation.

A summary of findings is given below:

* Over the two-month test periods, the gas pressure in the autoclave
ranged from 9.3-9.7 MPa in the Phase I test, from 11.1-13.2 MPa in the
Phase II test and from 9.8-11.7 MPa in the Phase III test. There was a
trend to decreasing pressures followed by a trend to pressures ap-
proaching or slightly exceeding the initial values.

* In all three tests, hydrogen was produced and oxygen was consumed, as
determined by gas analyses and dissolved oxygen measurements. More hy-
drogen was produced in the Phase II test than in the Phase I and III
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Figure 3.48. Micrograph of Phase III test green carbon steel surface
product (1001).

Figure 3.49. EDX of Phase III test green carbon steel surface product.
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Figure 3.50. Micrograph of Phase III test orange-brown carbon steel

surface product (100X).

Figure 3.51. EDK of Phase III test orange-brown carbon steel surface

product.
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tests due to the radiolysis of methane. Similar amounts of hydrogen
were produced in the irradiated Phase I test and in the non-irradiated
Phase III test.

* After cooling the autoclave over a period of 25 minutes, the pH of the
water in the basalt/bentonite packing material measured at room temper-
ature was nearly neutral. There did not appear to be a significant
change in pH across the thermal gradient in the packing material in any
of the three tests.

* There did not appear to be a significant change in DO across the
thermal gradient of the packing material in any of the three tests.

* The calculated Eh values indicated that an oxidizing environment exist-
ed after quenching the contents of the autoclave. Radiolysis of
groundwater did not appear to increase the oxidizing potential overall.

* The concentration of C1 and S042- measured at room temperature were
significantly greater near the cooler end of the thermal gradient in
the tests.

* The bulk of the Fe and Si content of the reacted water is present as
colloidal material that is filterable. Gamma radiation enhanced
colloid formation.

* Hydrothermal conditions cause some change in the bentonite component of
the packing material.

* Optical and XD studies indicate that some changes occur in the
mineralogical content of basalt during hydrothermal testing.

* There was no pitting on the carbon steel sleeve or the steel weldment
in the Phase I test. There were hemispherically-shaped pits approxi-
mately 12 in depth after 60 days of irradiation in the Phase II
test. In the Phase III test, shallower (approximately 8 in depth)
and more closely-spaced pits were formed on the carbon steel sleeve.
Based on a highly conservative assumption of linear pitting rates the
maximum pit depth after 300 years is about 2.2 cm.

* Adherent surface products removed from the carbon steel sleeve in the
Phase I test contained mainly montmorillonite clay. SEM-EDX analysis
indicated the presence of other materials containing more Fe than that
found in the montmorillonite. Surface products removed from the carbon
steel sleeve in the Phase II test were analyzed by S-EDX and electron
diffraction but were not readily identifiable. (An orange-brown
product contained large amounts of Si, Fe, and Al, while the green-
yellow product was largely composed of Fe and Si.) Identification was
also not possible for the Phase III surface products, which were ana-
lyzed by S4-EDX and XRD. Both Phase-III surface products contained
large amounts of Si and Fe, with the green phase also containing a
large amount of Ca. -
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3.7. Recommendations for Future Work

The following recommendations are made for additional and confirmatory
experiments:

* A number of identical experiments need to be performed to establish
statistical variations.

* Longer term experiments should be performed to determine changes in gas
composition and pressure buildup.

* The effeit of quenching the autoclave on the measured values of pH, DO,
C1-, SO4 - and Fe needs to be determined.

* Changes in the clay and basalt during hydrothermal reaction need to be
specified and explained to predict long term performance.

* Full characterization of the colloidal material in terms of composition
and size distribution needs to be performed.

* Mineralogical changes in the basalt, especially with regard to the
glassy phases, need to be fully evaluated. Correlations could be made
with predictions generated by use of geochemical codes, such as WATEQ
and PHREEQE.

* Long term corrosion studies are needed to determine the extent of lo-
calized corrosion in container steels. Hydrogen uptake by steel, and
its effect on embrittlement also needs to be established.

* Applicability of the current laboratory data to repository environments
needs to be established by in situ experiments. These experiments
should simulate hydrothermal conditions and may involve pressurizing a
test borehole. Similar tests will need to be developed and conducted
for waste package performance experiments. Repository field tests,
such as those which have been carried out by WIPP (SAND 83-1516C,
1983), may provide a basis for designing tests relevant to a basalt
repository.
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4. TESTING FOR STRESS CORROSION CRACKING OF HIGH LEVEL WASTE CONTAINER
MATERIALS IN TUFF REPOSITORY ENVIRONMENTS

4.1 Introduction

The Nevada Nuclear Waste Storage Investigations (NGSI) project is devel-
oping a waste package for the disposal of high level nuclear waste in a tuff
repository. One of the reasons that prompted NNWSI to consider emplacing waste
in the tuff unsaturated zone at the Nevada Test Site was the greatly decreased
amounts of water that would be present in the vicinity of the waste package.
This was considered highly desirable since container corrosion and waste
leaching would be reduced.

From a literature survey, Russell and others (1984) assessed the likely
performance of 17 candidate canister materials using corrosion resistance,
mechanical properties, weldability, and cost as equally-weighted selection cri-
teria. The reference material was stated to be Type 304L stainless steel (SS)
with Type 316L SS, Type 321 SS, and Incoloy 825 as alternates. The applicabil-
ity of the selection criteria used by these authors to a repository situation
is questionable since corrosion resistance is much more important with respect
to containing the waste than, for example, mechanical strength or cost. There
is also evidence in the literature that some of the alloys being considered by
NNWSI are susceptible to stress corrosion cracking (SCC) in steam and in water
environments very similar to those expected in a tuff repository. Below is
given a brief literature survey of stainless steel stress corrosion behavior in
environments which are similar or extrapolatable to tuff repository condi-
tions. It shows that there is a very strong potential for stress corrosion
cracking and an experimental verification would be highly desirable. On this
basis a detailed testing program was initiated at BNL to check the integrity of
the NNWSI reference materials.

4.2 Survey of Stress-Corrosion Behavior of Austenitic Stainless Steels in
Relatively Pure Steam/Water/Air Environments

Figure 4.1 shows that austenitic stainless steels exposed to the steam
phase of alkaline-phosphate treated boiler water, and given intermittent wet-
ting ccles, will fail by stress-corrosion craking even though the water con-
tains very low C1-/0 2 levels (Williams, W. L., 1957). For example, 5 ppm 2
and 5 ppm C in the boiler water will cause failure of stainless steels expos-
ed to the steam phase. Tuff repository water will contain about 7.5 ppm Cl-
and this will be saturated with oxygen from the surrounding air (UCRL-89988,
1983). Initial evaporation of groundwater and subsequent dissolution of previ-
ously precipitated salt can make the concentration of Cl- and other ions in the
water coming in contact with a waste package much higher than the values
currently assumed.

Data in Figure 4.2 show results from bent-beam tests on Type 321 stainless
steel. Strained samples were maintained at 200 and 300°C in the steam phase
above water containing 5 ppm Cl-. For strains as low as 10-3 failure readily
occurs in times of 40-100 hours (Birchon, D., 1964).
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Figure 4.1. Proposed relationship between chloride and oxygen content of
alkaline phosphate treated boiler water and susceptibility to
stress corrosion cracking of austenitic stainless steel
exposed to the steam phase with intermittent wetting
(Williams, W. L., 1957).
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There is also much information on the aqueous (as opposed to steam) corro-
sion of stainless steel. This type of data would be pertinent to the situation
where boiling of water around the waste package has ceased and liquid water
from the surface of the repository percolates past the container. Figure 4.3
shows that Type 304 SS U-bend samples will fail by stress corrosion cracking in
100C water containing 10 ppm C (Warren, D., 1960). Failures begin after
about one month and all exposed samples failed after about nine months.

IO / I ¶ .

1500 pL !LgU Il

Cracked Specim 1 0 P o
cumulativ percent

Test rime. hr

Figure 4.3. Effect of chloride added as aCl on cracking of
stainless steel at 100'C. Solution transported
material to specimen (Warren, D., 1960).

Type 304
by porous

Other data from Japan (JAERI-M-82-145, 1983) on a range of stainless
steels and high nickel alloys in boiling deionized water also show that even
these benign' conditions can cause failure. The test apparatus is shown in
Figure 4.4. Double-U-bend samples were used, some containing V notches at the
specimen apexes to give stress concentration effects. Table 4.1 shows that
Type 304 and Type 304L display stress corrosion cracking behavior without irra-
diation and also under a gamma dose rate of 1.1 x 105 R/h. Usually, cracking
occurs on the inner U-bend specimens, but it also occurs on the outer specimens
which have V notches. Irradiated solutions are more damaging than non-
irradiated ones.

The observations that cracking is more likely on the inner U-bend samples
is probably connected with crevice type conditions in which small volumes of
trapped water can alter their composition and Eh/pH conditions more rapidly
than those exposed to large amounts of free solution. Crushed tuff packing
adjacent to the HLW container will likely give such crevice-like conditions.
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Figure 4.4(a). Schematic diagram of double U-bend type specimen.

Figure 4.4(b). Schematic diagram of y-ray irradiation (first test)
(JAERI-M-82-145, 1983).
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Table 4. 1. SCC test in boiling deionized water (first test).
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Preliminary work at LLNL using slow-strain-rate testing under tuff reposi-
tory conditions indicates that stress-assisted failure is unlikely (UCRL-89988,
1983). However, these tests are accelerated tests and do not address the very
long term exposures which may be needed to initiate cracks. This work also did
not include the potentially adverse effects of gamma radiolysis of solutions
which would be an added source of 02 and 3H.

Clearly, the above data from the literature show that stressed Types 304,
304L and 321 stainless steel are very susceptible to failure in steam and liq-
uid water environments containing very low levels of C- and 02. In fact, the
tuff repository conditions which are likely to prevail during the steam and
liquid water periods appear to be much more aggressive than those cited above.
It is important, therefore, to examine the likelihood of. failure of NNWSI can-
didate container materials. In the present BNL testing program the goal is to
assess the stress corrosion cracking susceptibility of the four alloys being
considered by NNWSI. The tests will last for a period of up to one year in an
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environment consisting of simulated J-13 groundwater in equilibrium with crush-
ed tuff at 100°C. Below are given the experimental details of this program
along with results obtained to date.

4.3 Test Plan

C-ring stress corrosion cracking testing is planned on as-received and
sensitized Types 304L, 316L and 321 stainless steel and Incoloy 825. Testing
will be conducted in synthetic J-13 and ten-times concentrated J-13 water in
equilibrium with crushed tuff. Specimens will be tested in the steam phase
above the two solutions as well as in the solutions. The testing in the steam
phase corresponds to the initial period of repository life, and that in the
liquid phase corresponds to the later period when the waste package would have
cooled down sufficiently to prevent boiling. In the present tests, steam will
be present at approximately 100'C, although in a repository the steam
temperature could be initially much higher.

Tests will be conducted in parallel for three-, six- and twelve-month dur-
ations. Thus, there will be six independent test vessels, three for each solu-
tion. To obtain good statistics for the results, triplicate samples will be
used for each test condition. A total of 288 specimens will be used in this
test plan as described in the test matrix given in Table 4.2.

Table 4.2. Test matrix for stress corrosion of candidate stainless steels
and Incoloy-825.a

Total Exposure Time
and Number of Samples

Sample Condition Exposure ediumb 3-Month 6-Month 12-Month

Solution Annealed (SA) J-13 Steam 3 3 3
SA + Sensitized J-13 Steam 3 3 3
SA J-13 Water 3 3 3
SA + Sensitized J-13 Water 3 3 3
SA (J-13 Steam)X10c 3 3 3
SA + Sensitized (J-13 Steam)X1O 3 3 3
SA (J-13 Water)XIO 3 3 3
SA + Sensitized (J-13 Water)X10 3 3 3

aThis test matrix comprising 72 samples consitutes the tests on one of the
four candidate materials. An identical matrix will be used for all eight
materials and the total number of all specimens tested will be 288.
bAll tests are conducted in the presence of crushed tuff.
cThis environment is the steam/air phase above OX concentrated J-13 well
water.
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4.4 Materials and Specimens

C-Rings:

Types 304L, 316L and 321 stainless steel and Incoloy 825 are the materials
selected for the SCC tests. Seamless 0.75-inch o.d. x 0.125-inch wall tubing
of stainless steel and 0.84-inch o.d. x 0.109-inch wall tubing for the Incoloy
was purchased from Royce Aerospace Materials Corporation*. Chemical composi-
tions and mechanical properties of these alloys, as supplied by the vendor, are
given in Tables 4.3 and 4.4, respectively.

Table 4.3. Vendor supplied chemical analysis of test alloys
(weight percent).

Alloy C Mn Si P S Cr Ni Mo Ti Al Fe

Type
304L SS 0.016 1.95 0.48 0.038 0.025 18.54 10.55 Balance

Type
316L SS 0.016 1.94 0.37 0.035 0.010 16.66 12.80 2.02 Balance

Type
321 SS 0.028 1.03 0.74 0.026 0.002 17.41 10.75 0.24 Balance

Incoloy
825 0.02 0.44 0.27 0.001 22.34 44.14 2.78 0.84 0.07 27.26

Table 4.4. Mechanical properties of
(vendor supplied data).

as-received test alloys

Ultimate 0.2Z Offset Rockwell
Tensile Strength Yield Strength Elongation Hardness

Alloy (MPa) (ksi) (MPa) (ksi) (M) (RB)

Type 304L SS 536 77.8 276 40.1 65.3 85.2
Type 316L SS 562 81.5 254 36.9 59.2 69.4
Type 321 SS 558 81.0 225 32.7 65 78
Incoloy 825 799 116.0 475 68.9 36 95

*West Babylon, New York.
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C-ring test specimens were fabricated from the as-received (solution
annealed) as well as from heat treated (sensitized) tubing for each alloy.
During heat treatment the tubing was maintained at 600%C for 100 hours followed
by furnace cooling. This treatment is expected to sensitize the specimens
because of the formation of chromium-depleted zones adjacent to grain boundary
carbides. This can lead to stress corrosion cracking along the grain bound-
aries. Sensitization of HLW containers can possibly occur during glass pouring
or welding operations.

The procedure for testing C-ring samples is given elsewhere ASTM, 1979).
The surfaces of the as-received and heat treated tubing were rough so it was
decided to obtain a consistent surface by polishing with 600-grit silicon car-
bide paper. Notched C-ring specimens were machined from the polished tubing
according to the specifications given in Figure 4.5. Before stressing, each
specimen was degreased in trichloroethane and then cleaned with Aconox soap,
methanol and distilled water.

60' /' -- NOTCH

* a n 1~~~~~~~~~~~~~~~

4X SIZE.

Figure 4.5. C-ring specimen design.
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Tuff:

Topopah Spring tuff was supplied by Ward's Natural Science Establishment,
Inc. from a surface outcrop of the Paintbrush tuff formation, southern Fran
Ridge, between the J-13 well and eastern Yucca Mountain. The approximate geo-
graphical location of the site from where specimens were obtained is 116° 25'
west and 360 50' north.

The mineral composition of the rock specimens, as determined by Globo de
Plomo Enterprises* using a evex energy-dispersive X-ray spectrometer is given
in Table 4.5. Aluminum is the lightest element which could be determined quan-
titatively. The results are normalized to SiO2 whose absolute concentration
was not determined. As as clear from visible observation, the rock specimens
had varying appearance and, hence, also varying composition from rock to rock.
Results in Table 4.4 represent a typical composition. A brief geochemical
description of the tuff given by Globo de Plomo Enterprises is presented below:

'The rock is a welded vitric tuff of rhyolite composition com-
posed of flattened glass fragments kneaded into a streaky fabric.
Welding has not been sufficient to blur fragment boundaries. The
fragments carry scattered phenocrysts of sanidine with less plagio-
clase and oxidized biotite. Traces of augite and oxyhorublende
were observed in addition to accessory magnetite. Other acces-
sories found near magnitite and mafites include zircon, allanite,
and monazite.

'All of the glass domains have just begun to devitrify, pro-
ducing orthoclase, quartz, and iron oxides. Tridymite lines col-
lapsed voids and has formed in certain frothy glasses instead of
.quartz. Some larger voids are lined with chalcedony, then tridy-
mite, then iron oxides, and are infilled with caliche-like calcite.

'A polished section reveals that accessory magnetite grains
are penetrated and about half replaced by tablets of hematite.
Rutile was also observed.

"Phenocrysts comprise about 20% of the rock by volume and a
breakdown is: plagioclase 30%, biotite 5%, augite 2, magnetite
2%, oxyhornblende 1, sanidine 60%. Matrix components are too fine
grained and intimately intergrown to estimate."

The as-supplied tuff specimens were too large to be used in the corrosion
tests. Therefore, they were crushed into small pieces which were then sieved
to separate them into two sizes, viz. coarse (0.25 in.-0.50 in.) and fine
(0.187 in.-0.250 in.). In a preliminary test to estimate the solution
chemistry crushed tuff of a finer size (0.0165 in.-0.187 in.) was used.

*P. 0. Box 872, Douglas, Arizona.
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Table 4.5. Geochemical analysis of Topopah
unless percent is specified).

Spring tuff (values in ppm

A1203

K2 0

CaO

TiO2

MnO

Fe 2 03

Cu

Za

As

Th

Rb

Sr

Y

Zr

Nb

Sb

Ba

La

Ce

13.1%

4.52%

2.21%

0.38%

0.07%

1.83%

17

35

22

18

116

109

17

482

13

15

314

62

83
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Groundwater:

Although there is no information available on the composition of ground-
water which would come in contact with the waste package in tuff, groundwater
from the J-13 well (which is located below the repository horizon) has been
designated as the reference test solution (UCRL-89988, 1983). A chemical anal-
ysis of reference J-13 groundwater as given in Table 4.6 has been specified by
DOE subcontractors (UCRL-89988, 1983) but there is no procedure given for its
preparation in the laboratory. The J-13 water used by NWSI is obtained from
the actual site rather than prepared artificially. Therefore, a solution
preparation procedure was developed at BNL.

Table 4.6. Reference groundwater composition for tuff repositories (based
on composition of Jackass Flats Well J-13 at the Nevada Test
Site).

Concentration
(mg/liter)

Lithium 0.05
Sodium 51.0
Potassium 4.9
Magnesium 2.1
Calcium 14.0
Strontium 0.05
Barium 0.003
Iron 0.04
Aluminum 0.03
Silica 61.0
Fluoride 2.2
Chloride 7.5
Carbonate 0.0
Bicarbonate 120.0
Sulfate 22.0
Nitrate 5.6
Phosphate 0.12

pH - slightly basic (7.1).

Fourteen reagents were selected such that their solution in water would
give ionic concentrations very close to that found in reference J13 ground-
water. The amount of chemical compounds added to distilled water to make 20
liters of synthetic J-13 water is given in Table 4.7. Initially, there was a
problem in dissolving the required amount of silicic acid. With some trial and
error and considering higher solubility of silica at higher temperature and pH,
this problem was resolved by first adding NaHCO3 to distilled water, heating it
to near boiling and then adding silicic acid; other compounds were added
subsequently.
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Table 4.7. Amount of chemical compounds used in preparing 20 liters of
synthetic J-13 water (mg).

1. NaHC03 3292
2. KOH 140
3. SiO2.XH20 (1.87% H20) 1243
4. CaCl2 232
5. CaSO4 (460 mg CaCO3 + 440 mg H2SO4) 624
6. Ca(N03)2 48
7. Mg(N03)2 -6H20 256
8. MgF2 (46.6 mg MgO + 96.5 mg F - 48%) 72
9. LiN03 10

10. Sr(N03)2 2.4
11. BaCl2.2H20 1.8
12. Fe(N03)3 ;9H20 7.2
13. H3P04 (85%) 2.8
14. Al(N03)3.9E20 13.9

As mentioned above, groundwater coming in contact with a ELW canister can
have much higher ionic concentrations than in J-13 groundwater. This would
happen when salts, precipitated during initial evaporation of groundwater, are
redissolved as new cooler groundwater arrives at a later time. Since there are
no estimates available for this groundwater concentration effect, we have arbi-
trarily assumed a concentration factor of ten. However, for a ten-times con-
centration solution some of the species (e.g. SiO2, divalent cations) may be
already past their saturation limit at room temperature. However, the solubil-
ity would be increased at the 100C test temperature used. The equilibrium
composition of ten-times concentrated J-13 water at 100%C is difficult to
determine. Therefore, we have added ten times the quantity of salts needed for
synthetic J-13 water and let the salts (including those insoluble at room tem-
perature) equilibrate at 100 C. Such a liquid, which is not transparent at
room temperature, provides ten times higher ionic concentration of the soluble
species and saturation concentration of insoluble species of the corrosion
specimen kept at 100C. In the actual tests to be performed the solution comp-
osition will be further modified due to the interaction between water and
crushed tuff. Thus, post-test analysis of the solutions were carried out.

4.5 Apparatus

The tests are conducted in six identical test vessels (corresponding to
six different test conditions). One is shown in Figure 4.6. In each unit, C-
ring specimens along with crushed rock and test solution are stacked in a 4-
liter Pyrex vessel. Approximately 6/7 of the vessel height is enclosed within
an electrical furnace. The lid of the vessel has space for four connections,
two of which are kept closed. A thermometer and a cold water condenser are
placed in the other two receptacles. Flowing cold water helps in condensing
the steam approaching the condenser to water which drips back into the kettle.
The top of the condenser is open to the atmosphere so that some air is present.
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Figure 4.6. C-ring stress corrosion cracking test apparatus.

To measure the in situ pH of the solution during a test it becomes neces-
sar7 to have easy access to the solution. For this purpose, a 15-mm o.d.
quartz bube with many small holes along its length is placed in the center of
the vessel. A microcombination pH probe (MI-410, icroelectrodes, Inc.) can be
inserted in this tube from the top of the vessel and the solution pH measured
with a standard p meter.

4.6 Test Procedure

According to the test plan, a C-ring specimen is supposed to be stressed
such that stress levels at the apex of an unnotched (smooth) specimen would be
90 percent of the elastic limit at room temperature. Therefore, one smooth C-
ring specimen for each of the eight alloys (three stainless steels and Incoloy
825 in the as-received and sensitized conditions), identical in dimensions to
notched test specimens, was tested in an Instron machine to obtain stress-
strain characteristics. A typical load vs deflection curve is shown in Figure
4.7 for as-received Type 304L sensitized stainless steel; the C-ring was stres-
sed in the same orientation as expected from the usual nut and bolt arrange-
ment. The load and deflection at the elastic limit (shown by arrow) obtained
from such curves are given in Table 4.8. The notched C-ring test specimens
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were stressed with the help of commercial stainless steel nuts and bolts such
that the change in o.d. was 90% of the deflection at the elastic limit
(Table 4.8).

Table 4.8. Stress-strain properties of eight alloys as obtained from
Instron machine tests on smooth C-ring specimens.

Longitudinal
Load at 100% Deflection at Deflection at Strain at
Elastic Limit 100% Elastic 90% Elastic Elastic Limit

Alloy (kg) Limit (cm) Limit (cm) (lo-

Type 304L SS
(as-received) 102.0 0.0254 0.0229 1564

Type 304L SS
(sensitized) 90.7 0.0178 0.0160 1339

Type 316L SS
(as-received) 124.5 0.0356 0.0320 1730

Type 316L SS
(sensitized) 113.4 0.0267 0.0241 1517

Type 321 SS
(as-received) 79.4 0.0163 0.0147 1200

Type 321 SS
(sensitized) 90.7 0.0178 0.0160 1198

Incoloy 825
(as-received) 170.1 0.0394 0.0356 2770

Incoloy 825
(sensitized) 283.5 0.0610 0.0549 3707

A specific mark was indented on the side of a specimen to identify the
alloy. Triplicate samples of each alloy were stacked within the crushed tuff
in two layers at two levels in a test vessel (Figure 4.8). The samples at the
lower level were submerged in solution whereas those at the upper level were
surrounded by crushed tuff, air and steam. Note that the C-ring specimens were
surrounded only by fine size crushed tuff. Before filling the vessel with
tuff , the pH tube was placed in the center of the vessel. Care was exercised
so that no specimens touched.

Crushed rock surrounding the specimens filled nearly to the top and
approximately 1100 cc of test solution was added to bring the liquid level to
half the depth of the vessel. After some time the liquid became slightly lower
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Figure 4.8. Schematic of the specimen arrangement in a test vessel.
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presumably due to soaking by the rocks but the lower level specimens were al-
ways well submerged in solution as confirmed by checking the water level every
week. After putting the lid with thermometer and condenser in place, the ves-
sel was slowly heated to bring the solution to boiling. The furnace power was
adjusted so that the water from the condenser dripped at a rate of 5-10 drops
per minute.

4.7 Results to Date

The notched C-ring specimens used in the present study were stressed to
90% of the elastic limit measured at the apex of smooth specimens. The notches
in the specimens would result in local deformation. This was confirmed by the
observation that when the stress on selected specimens was removed, the deflec-
tion was only partially recovered. Such stress concentration effects could
occur on the surface of a LW container when, for example, scratches or dents
are inadvertently produced during handling.

An attempt was made to determine the strain present on the surface of a
smooth C-ring specimen. Three longitudinal and one transverse strain gauges
were attached on the outer surface of the specimen which was then compressed in
an Instron machine. A typical load vs strain curve from these measurements is
shown in Figure 4.9 for as-received Type 316L stainless steel. The average
value of three longitudinal strains corresponding to elastic limit is given in
Table 4.8.

The metallographic examination of Types 304L, 316L and 321 stainless steel
and Incoloy 825 have been completed. A comparison of microstructures for the
as-received (annealed) and heat treated condition shows that the heat treatment
(100 hours at 600C, followed by furnace cooling) has sensitized the stainless
steels by precipitating carbides at the grain boundaries. Such an observation
is much less evident in the case of Incoloy 825, for which the heat treatment
has resulted in the precipitation of second-phase particles (probably TiC).

It is interesting to note that sensitization in the stainless steels is
stronger near the surfaces of the C-ring specimens. These surfaces are the
inner and outer diameters of the tubing from which the samples were fabri-
cated. Figure 4.10 shows this effect for Type 304L stainless steel for which
the microstructure near the outer diameter is more heavily etched. This pref-
erential sensitization is most likely due to unavoidable contamination from
lubricants, coupled with higher residual stresses at the tubing surfaces during
manufacturing processes. The extra surface strain energy enhances carbide
nucleation and growth processes. For a HLW stainless steel container, this
observation suggests that any stresses introduced on the container surface dur-
ing its production or handling would enhance its susceptibility to
sensitization and, therefore, to stress corrosion cracking.

A few days after starting each test, small white precipitates appeared on
some of the tuff pieces near the top of the vessel and also on the inside of
the vessel. These are presumably due to vapor phase transport of some compound
in solution. We plan to characterize the white compound at the end of each
test and hope to evaluate its effect on metal corrosion.
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Load vs in situ strain at the apex of a Type 316L stainless
steel C-ring specimen.
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(a) (b)

Figure 4.10. icrostructure of Type 304L stainless steel.
(a) As-received, etched in glyceregia.
(b) Sensitized at 600°C for 100 hours, etched in oxalic

acid.

The pH of as-prepared J-13 and ten-times concentrated J-13 water at roomtemperature was determined to be 8.4 and 8.3, respectively. When these solu-tions were heated to boiling, the p decreased to 6.9 and 7.9, respectively.Subsequent changes during tests are shown in Figure 4.11. After an initialsharp increase, the solution p appears to be decreasing slowly with time.However, there is a large amount of scatter from vessel to vessel, andadditional long-term results are needed to confirm this trend.

The ix- and twelve-month tests are continuing and the three-month testhas been ust terminated. The p of the solution at the end of the three-monthtest has been measured. The value increased with decreasing temperature asshown in Table 4.9. Nearly equal values of p were measured for both the testsolutions suggesting that the crushed tuff may be buffering the water by steam.
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Table 4.9. pH of test solutions at the end of the three-month tests.

J-13 Solution Concentrated J-13 Solution
Temperature C) pH Temperature (C) pH

101.4 7.7 101.7 7.6
68.0 8.1 50.0 8.1
60.0 8.1 44.0 8.2
35.0 8.3 33.0 8.3
27.0 8.4 26.5 8.4

UF

The C-ring specimens from the three-month tests have been only briefly
examined. No macroscopic cracks have been found on these samples, but in some
cases initiation of pitting is apparent. A complete examination will be con-
ducted in the near future which would show whether or not any microcracks are
present. All C-ring specimens placed in solution have a generally uniform
coating of salt and corrosion scale, whereas stainless steel specimens in the
steam phase show patches of unreacted metal surrounded by a brown, rust-colored
scale (Figure 4.12). Incoloy specimens in steam do not show any corrosion
scale. It appears that stainless steel specimens did not corrode in the areas
touching tuff pieces. Such areas apparently had a film of relatively pure
condensed water whereas the rest of the sample was exposed to steam and air.

The chemical analyses of the solution obtained from the central tube at
the end of the three-month tests are given in Table 4.10; results for Na+, KI
and N03- will become available in the near future. Note that ionic concentra-
tions are much higher than J-13 groundwater (Table 4.6). Part of the increased
ionic concentration may be from dissolution of salts present in the tuff (see
below results from preliminary groundwater chemistry test). To estimate solu-
tion chemistry at 100'C, 100 mL specimens of the hot test solution were mixed
with boiling distilled water and filtered through Whatman 42 paper (specimens
No. 6 and No. 9). The dilution was expected to prevent precipitation on cool-
ing. Solution No. 7 and No. 10 were not diluted but filtered as before. To
determine the concentration of any particles suspended in solution, Sample No.
7 was also analyzed without filtering (called No. 8). A comparison of the two
(Table 4.10) indicates that there is no significant amount of suspended solid
material which could be filtered through a Whatman 42 paper. A comparison of
results for undiluted and diluted solutions suggests that dilution by a factor
of two reduces the concentrations approximately by a factor of two for all spe-
cies. Therefore, no significant precipitation appears to occur during the
cooling of undiluted solution.

To estimate the possible range of solution chemistry a parallel test was
conducted in a vessel similar to the ones used in the C-ring tests. It was
filled with crushed tuff of relatively fine size (0.165 to 0.187 inch) and dis-
tilled water and then equilibrated under boiling water conditions. Crushed
tuff was used in the as-received condition. The chemical analysis of the water
after a test period of one month (Table 4.11) suggests that major cations and
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anions can be present in concentrations much larger than assumed in J-13
reference groundwater. Apparently, large ionic concentrations were found in
the as-received tuff equilibrated water due to the dissolution of salts present
in tuff outcrop material. To determine the extent of such contributions to the
chemical composition of groundwater, the test was continued, first by draining
all the existing solution, and then adding 1150 mL of distilled water. The
test vessel was heated to and maintained under boiling water conditions for a
period of one month just as in the C-ring tests. The chemical analysis of a
water sample obtained at the end of this test is given in the last column of
Table 4.11. We note that although the ionic concentration in the second test
is lower by a factor of two to four than in the first test, it is still much
higher than in the reference J-13 groundwater. Thus, high anion concentrations
(e.g. C) in the second water sample suggests that the use of J-13 groundwater
composition in container corrosion studies may- not correspond to the most
severe possible conditions in a tuff repository.

Figure 4.12. C-ring specimens of Type 321 sensitized stainless steel
after three-month test in synthetic J-13 water." The
specimen on left was exposed to liquid phase and the one on
the right was exposed to steam phase (X2.2).
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Table 4.10. Chemical composition of test solutions obtained at the end of
three-month tests (g/tmL).

Starting Solution: Starting Solution:
Svnthetic J-13 Water Ten-Times Concentrated J-13 Water
Sample Sample Sample Sample Sample
No. 7 No. 6 No. 10 No. 9 No. 11
(Undiluted, (Diluted, (Undiluted, (Diluted, (Undiluted,
Filtered) Filtered) Filtered) Filtered) Unfiltered)

4

Mg
Ca

Fe

Ni

Sr

Al

Cu

F-

C1-

soW2
P043-

SPO2

<0.05

308

<0. 1

<0. 1

3.35

<2. 0
<0.1
12.1

130

820

<1
414

<0. 05
151

<0. 1

<0.1
1.97

<2. 0
<0. 1
7.1

72

420

<1
219

0. 05
301

<0. I

<0.1
4.38

<2. 0
(0.1
14

330

1300

<1
408

<0. 05

161

<0. I

<0.1
2.18

<2.0

<0. 1

8.9

160

660

<1
205

<0.05

332

<0. I

<0. 1

4.24

<2.0

<0. 1

15

330

1300
<1

421
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Table 4.11. Room temperature chemical composition of filtered solutions
obtained from the reaction of distilled water with crushed
tuff. Composition of reference J-13 groundwater is included
for the purpose of comparison (g/mL).

Test Solution
Test Solution Following the
Following Subsequent One-
One-Month Month Equili-

Equilibration bration of the
of Crushed Same Crushed Tuff

J-13 Tuff With With Fresh
Groundwater Distilled Water Distilled Water

Na+ 45 308 190

K+ 4.9 50.5 21

Mg+ 2.1 Not determined <0.1

Ca2+ 14 930 298

F- 2.2 8.5 <4

C1- 7.5 160 43.7

HC03- 120 Not determined Not determined

SO2- 22 343 530

N03- 5.6 460 188
PO4 3- *0.12 Not determined Not detected

Silica 61 95.1 142

pH
(at room temperature) 8.5 8.4 8.5

7.6 (at 100C)
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WORKSHOP ON THE COUPLING OF GEOCHEMICAL AND HYDROLOGIC MODELS

In connection with the ISIRS Project, a workshop was held at the OECD
in Paris in June 1984 to discuss the coupling of geochemical and hydrologic
models. It was attended by 46 specialists from 13 countries and the Commission
of the European Communities. A report on the workshop, available from the NEA
Secretariat free upon request, will shortly be available. Some of the princi-
pal general conclusions, as endorsed by the ISIRS Technical Comjnittee, were:

1) There is a definite need for some coupling between geochemical and
hydrologic models in nuclear waste performance assessment. This
need arises from the inherently coupled nature of radionuclide
migration which is dependent on advection, on dispersion and on
chemical processes. There is no, and there need not be, a unique
method to perform this coupling. Specific problems and analyses of
specific systems require individual approaches.

2) Coupling in this context is not limited to mean exclusively the
co-execution of geochemical and hydrologic computer codes but is
intended to encompass all methods of passing data and of merging
geochemical and hydrologic understanding in performance assessment
modelling.

3) The development of "megacodes" (i.e. very large directly coupled
hydrochemical-geologic computer codes capable of performing detailed _
calculations in both areas for a wide variety of problems and condi-
tions) is practically unrealistic and undesirable. Indirect coupling *
methods and the coupling of limited submodels should nevertheless
provide useful tools for helping to answer a number of specific
questions. Since comprehensive megacodes are impractical, an under-
standing is desirable of where simplifications can be made.

4) Coupled models are only one tool among a wide variety which may be
used to predict potential radionuclide migration. These models must
be used in conjunction with larger thermodynamically-based geochem-
istry codes, with laboratory work and with observation of nature
(natural analogs). Reaction kinetics and collold formation cannot
be neglected.

5) Basic to the use of any of these predictive techniques is the under-
standing of the physical and chemical processes involved. This
understanding must be developed in order to maximise confidence in
predictions.

WORKSHOP ON EXPERIMENTAL METHODOLOGIES IN RADIONUCLIDE SORPTION STUDIES

The summary document of this workshop, held 6th and 7th June in Paris,
has now been published. This report, entitled "Sorption ?bdelling and
Measurement for Nuclear Waste Disposal Studies", is available at no cost upon
request to the NEA Secretariat.

-8-
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ABSTRACT

A large number of technical reports on waste package component perfor-
mance were reviewed over the last year in support of the NRC's review of the
Department of Energy's (DOE's) Environmental Assessment reports. The intent
was to assess in some detail the quantity and quality of the DOE data and
their relevance to the high-level waste repository site selection process. A
representative selection of the reviews is presented for the salt, basalt and
tuff repository projects. Areas for future research have been outlined.
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EXECUTIVE SUMMARY

As part of the Waste Package Program, BNL has carried out a review of re-
cent DOE waste package research data for the basalt, salt and tuff repository
programs. The intent was to assess the quantity and quality of the data with
respect to the DOE repository site selection process. The work included:

a. Compiling a list of recent reports, data and assumptions pertinent to
waste package performance for the three host rocks.

b. Assessing the accuracy, reliability and applicability of DOE data on
waste package performance.

c. Identifying, using the data reviews, those issues which will deter-
mine the suitability of a site for further evaluation and develop-
ment.

d. Determination of the additional data needed for package performance
assessment.

Most of the testing to date has centered on individual package components
but there is some information on the effects of component interactions on
waste form leaching and container corrosion. Nevertheless, there is a severe
lack of whole package testing work either in the form of laboratory tests or
in situ evaluations. Because of this, there is very limited information on
the effect of waste emplacement on the geochemistry and rock characteristics
of basalt, salt and tuff. Since these two geotechnical factors are included
as DOE's site selection criteria, a complete rationale for selecting a parti-
cular site for further development cannot be made. Thus, one expects that
those sites which appear to have the fewest limitations, based on limited
available data, will be selected for additional study.

The additional information which would be useful in an evaluation of the
interactions of the immediate environment with the waste package includes the
following which relate to the geochemistry and rock characteristic site
selection guidelines in 10 CFR 960.

a. Data are needed to quantify how early boiling of groundwater, and
associated precipitation of dissolved solids and host rock
alteration, will change the composition of water subsequently
entering a waste package borehole when boiling ceases. Major changes
in repository water composition, pH and redox condition may render
invalid much of the current waste package performance data.

b. A more accurate quantification of the water ingress rate into the
repository and the rate of pressurization is required.

c. Information on the cracking of basalt and tuff host rock arising from
repository excavation and the high temperatures caused by waste
emplacement is needed.

-1-



d. For basalt and salt it is known that the horizontal component of the
lithostatic stress is much larger than the vertical component. The
effect of the large horizontal stress on waste package/repository
integrity needs to be addressed.

e. There is a need to outline the most likely scenarios for engineered
barrier system failure/degradation so that relevant performance
assessment calculations can be conducted. Without such information
there will be considerable uncertainty in determining containment
failure times, controlled release rates and releases to the accessible
environment.

f. The ease of waste package retrieval will vary for the different host
rocks. It seems to be more difficult for a salt site since the high
temperatures during the repository operations period may cause the
host rock to creep towards the waste package, thereby sealing it in
place if a borehole liner is not used. A description is needed of the
procedures to be undertaken to ensure ease of retrieval for all candi-
date sites.

g. Documentation is required on pre-closure package and repository moni-
toring procedures that will be needed to confirm that the repository
and waste package are performing within established design limits.

At this time, it seems that the site selection process, which is currently
centered on Environmental Assessment report analysis, will not be dominated by
engineered barrier system factors since, in most cases, limitations in the
repository site can be mitigated by changes in the design of the barrier sys-
tem. Thus, there should be comprehensive research and development to evaluate
the interaction of the engineered barrier system and the host geology so that
finalized designs can be established.

-2-



1. INTRODUCTION

The Nuclear Waste Policy Act of 1982 mandates that in the development of
high-level nuclear waste repositories, Environmental Assessment (EA) reports
shall be prepared for each candidate repository site. The reports will contain
a description and evaluation of each site based on a set of site-selection
guidelines specified by DOE in order to determine which sites would be suitable
for further development. A list of the proposed guidelines is given in the
Code of Federal Regulations (10 CFR 960, February 7, 1983). They include
consideration of:

1. Site geometry
2. Geohydrology
3. Geochemistry
4. Rock characteristics
5. Tectonic environment
6. Human intrusion.
7. Surface characteristics
8. Population density and distribution.

Clearly, most of these factors are concerned with natural site characteristics
which will not be influenced by waste emplacement. The exceptions are to be
found in the guidelines on Geochemistry and Rock Characteristics. Relevant
parts of these sections of 10 CFR 960 are reproduced below:

10 CFR 960.5-3 Geochemistry

The site shall have geochemical characteristics com-
patible with waste containment, isolation, and retrieval.
The site shall be such that the chemical interactions among
radionuclides, rock, groundwater, and engineered components
would not lead to a projection of radionuclide releases
greater than those discussed in 960.3-2.

(a) Favorable conditions. (1) The nature and rates of
the geochemical processes operating within the geologic set-
ting during the past million years would, if continued in
the future, not affect or would favorably affect the ability
of the geologic repository to isolate the waste [10 CFR
60.122(b)(1)].

(2) Geochemical conditions that promote the precipita-
tion or sorption of radionuclides; inhibit the formation of
particulates, colloids, and inorganic and organic complexes
that increase the mobility of radionuclides; or inhibit the
transport of radionuclides by particulates, colloids, and
complexes [10 CFR 60.122(b)(4)].

(3) Mineral assemblages that, when subjected to the ex-
pected thermal loading, will remain unaltered or will be al-
tered to mineral assemblages with equal or increased capa-
bility to inhibit radionuclide transport [10 CFR
60.122(b)(5)].
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(b) Potentially adverse conditions. (1) Groundwater
conditions in the host rock - including chemical composi-
tioa, high ionic strength, or oxidizing or reducing condi-
tions and pH - that could increase the solubility or chemi-
cal reactivity of the engineered barrier systems 10 CFR
60.122(c) (8) 1.

(2) Geochemical processes that would reduce the sorption
of radionuclides, result in the degradation of the rock
strength, or adversely affect the performance of the
engineered barrier systems [10 CFR 60.122(c)(9)].

(3) For disposal in the saturated zone, groundwater con-
ditions in the host rock that are not chemically reducing 10
CFR 60.122(c)(10)1.

10 CFR 960.5-4. Rock Characteristics

The site shall have geologic characteristics com-
patible with waste containment, isolation, and
retrieval.

S 960.5-4-1 Physical properties.
The site shall provide a geologic system that is

capable of accommodating the geomechanical, chemical,
thermal, and radiation-induced stresses that are expect-
ed to be caused by interactions between the waste and
the host rock.

(a) Favorable conditions. None specified.
(b) Potentially adverse conditions. Potential for

such phenomena as thermally induced fractures, hydration
and dehydration of mineral components, brine migration,
or other physical, chemical, or radiological phenomena
that could lead to projections of radionuclide releases
greater than those discussed in 960.3-2.

As part of the General Technical Assistance task in the FIN A-3164 Waste
Package Program, BNL has carried out a review of recent DOE waste package re-
search data for the basalt, salt, and tuff repository programs. No attempt was
made to evaluate all the geotechnical factors listed above, since most of these
are being addressed by others. The major aspects of the BNL waste package
evaluation work are to:

a. Compile a list of recent reports, data and assumptions pertinent to
waste package performance for the three host rocks.

b. Assess the accuracy, reliability and applicability of DOE data on
waste package performance.

c. Identify, using the data reviews, those issues which will determine
the suitability of a site for further evaluation and development.

d. Determine what additional data are needed by NRC for its EA report
reviews.
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Activities in these areas are described below.

2. COMPILATION AND REVIEW OF RELEVANT DOE WASTE PACKAGE DATA

The review process undertaken by BNL proceeded in a step wise fashion from
obtaining available documents and data, identifying primary issues and
reviewing key documents and data. The final step which involved an in-depth
review of key documents, included an assessment of whether the data provided
were adequate, whether uncertainties in the data have been identified and
whether alternative interpretations are available.

A comprehensive literature search was carried out and DOE reports and
technical papers on waste package research and analytical work were procured
for review. In order to cover the large volume of literature in the time
available, reviews were usually carried out on information published over the
last five years. In addition, it was also necessary in most cases to have
brief general reviews in order to complete the work. However, certain reports
were selected for in-depth comment because of their importance to the waste
package program.

The appendices to this report include the reviews carried out to date.
They are divided into sections dealing with basalt (Appendix 1), salt (Appendix
2), and tuff (Appendix 3) waste package data, and Appendix 4 is concerned with
reports/papers which are generic to all three host rocks. Within each appen-
dix, the reviews are placed in order of the year of publication. Within each
year they are listed in alphabetical order, according to the authors name.
Reports considered to be key documents were reviewed in detail. These were
selected if they contained a detailed data base, described a new important ef-
fect with respect to waste package behavior, described an analytical approach
that addresses licensing criteria, or contained data on long-term tests that
help establish behavioral trends. These reviews appear in Appendix 5. An
overview of waste package data relevant to each host rock is given below.

2.1 Basalt Repository Project (Appendices 1 and 4)

2.1.1 Waste Form Evaluations

Early evaluations of waste forms, including glass, spent fuel and ceram-
ics, started five to six years ago (see McCarthy and others, RHO-BWI-C-16,
1978; RHO-BWI-C-35, 1978; RHO-C-12, 1978; RHO-BWI-SA-12A, 1979; all reviewed in
Appendix 1). The tests were conducted over a wide range of temperatures in ba-
saltic water and deionized water. Since that time there have been follow-on
studies in which emphasis was focused on glass with some effort devoted to
spent fuel and SYNROC. The reviews carried out in Appendix I show several ob-
vious shortcomings in the waste form work:

* There has been too much emphasis on leaching in deionized water as a
test medium. Early tests clearly show that leach rates vary consider-
ably depending on water chemistry (Katayama, 1980; Weed, 1980 -
Appendix 4).
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* Water chemistries that simulate pristine groundwater are also not
likely to be valid since they do not account for changes in ionic
strength, pH, redox condition caused by hydrothermal interaction with
host rock and packing materials. In addition, groundwater samples may
contain lower concentrations of dissolved gases since depressurization
effects may release large amounts of gases present under prototypic
geologic conditions.

* Most of the work which measures leach rates for radionuclides cannot
be used to show compliance with NRC release criterion since, under
anticipated slow-water-flow conditions, the solubility of radionur-
clides and the amounts of colloids containing radionuclides will prin-
cipally determine the release rates. Leach rates from short-term
experiments only indicate the speed at which solubility liqits may be
reached in the near-field environment.

* Isothermal leaching/solubility tests may not yield conservative
values. For example, Fullam's work (1982 - Appendix 4) shows that
solubilities of radionuclides, measured after cooling a saturated
solution to the test temperature, gave much higher values than those
obtained by carrying out isothermal tests. Since a repository is sub-
jected to a cooling trend, values obtained by cooling saturated
solutions may be more conservative.

* no leaching/solubility tests have been carried out on waste forms
which chemically simulate aged materials. Assuming that the radionu-
clides are contained for 300 to 1000 years, the fission product inven-
tory will be depleted and the radionuclides of interest are the
actinides.

* A few long-term leaching tests have been carried out for spent fuel at
25C lasting up to 3.3 years (Katayama, 1980 - Appendix 4), and for
glass in deionized water for times to one year (Strachen, 1982 -
Appendix 4). Generally, however, the test times are less than one
year, and these are insufficient to establish long-term behavioral
trends. Tests lasting for five to ten years should be carried out.

2.1.2 Container Evaluations

Several screening tests have been carried out on container materials rele-
vant to the basalt program (Pitman, 1980; Westerman, 1982 - Appendix 1; Pitman,
1981 - Appendix 4). Materials include iron/steel, stainless steels, copper-,
titanium-, zirconium-, and nickel-based alloys. One might have expected that a
firm choice for the container metal would have been made several years ago so
that in-depth testing could have been well under way by this time. Instead,
the comprehensive testing of low-carbon steel (current reference) appears to be
commencing this year with the issuance of the Barrier Materials Test Plan by
BWIP. Specific comments on the container evaluation effort are given below:

* Anticipated hydrothermal conditions are being used in testing but the
groundwaters being evaluated may not reflect those present in the
repository. There are few, if any, tests that incorporate corrosion
in the presence of contacting packing materials. This is a serious
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shortcoming since the water chemistry and pH in the metal/packing
interface is likely to be much different than that when packing is
absent. For example, crevice conditions could exist between metal and
basalt pieces such that low pH conditions and accelerated local attack
could occur. Specimens exposed to large volumes of free water would
not experience these aggressive conditions. Work at BNL indicates
that major increases in S04 2- concentrations are also likely in
basaltic water at 250C due to the presence of packing material
(NUREG/CR-3091, Vol. 3, 1984, Appendix D).

* Few data are available to evaluate the effects of gamma irradiation on
uniform and local corrosion. Possibly, the generation of radiolytic
oxidants will prevent reducing conditions from being attained, thus
leading to accelerated corrosion rates.

* Hydrogen from radiolysis of groundwater may be absorbed by the con-
tainer, leading to embrittlement effects. These have yet to be
adequately quantified.

* Very-long-term corrosion experiments lasting for five to ten years are
needed to assess the potential for corrosion failure modes having long
incubation times. These include stress-corrosion cracking and
hydrogen embrittlement.

* There are few corrosion data on weldments.

2.1.3 Packing Material Evaluations

It has been stated by BWIP for many years that a 75%/25% basalt/bentonite
mixture is the reference packing material. However, there are relatively few
experiments that study this composite packing. Most tests carried out by WIP
involve basalt/water and bentonite/water studies. It is felt that most work
should be on the basalt/bentonite/H2 0 system to evaluate bentonite swelling
capabilities, permeability, sorption/desorption behavior, geochemical altera-
tioni and water chemistry changes since these represent the prototypic
condition. Other comments on the packing material data include:

* Sorption/desorption tests carried out at high temperatures for fission
products are relevant only for accident scenarios in which the con-
tainer is prematurely breached. Thus, studies such as those described
by Komarneni, 1980; Salter and others, 1981; and Wood, 1982 (Appendix
1) are of little use in addressing the NRC controlled release
criterion.

* Only a few studies (Barney, 1982; Salter and Jacobs, 1982 - Appendix
1) appear to address the low-temperature behavior of barrier materials
with respect to radionuclide solubility, sorption, and transport.
More comprehensive data are needed to adequately address the NRC
controlled release criterion and the EPA standard.

* There appear to be no data available to determine whether performed
packing has the same integrity as the laboratory packing materials
which are being tested.
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* The effects of alpha-radiolysis from the actinides on redox
conditions, solubility and sorption behavior have not been fully
addressed. Since alpha irradiation will prevail for thousands of
years, and increase as actinides accumulate in the package components
and the near-field, associated effects need to be quantified.

2.2 Salt Repository Project (Appendices 2 and 4)

2.2.1 Waste Form Evaluations

The effort on waste form evaluations for a salt repository are relatively
modest, compared to those for basalt. A possible reason lies in the fact that
there will be limited amounts of brine available for leaching, and it is also
difficult to visualize a scenario in which brine migrating to the hot waste
will be able to transport radionuclides to the accessible environment. Much of
the data on waste form leaching is for relatively low temperatures (<150C) in
WIPP brines. Such studies appear to be in support of the defense program at
WIPP (Kircher and others, 1982 - Appendix 2; Dukes and others, 1980 and Wicks
and others, 1982 - Appendix 4). Kircher's work, however, describes component
interaction effects on leaching of glass. Comments on the waste form program
are:

* There is a relatively small data base on the leaching of glass and
spent fuel in brine.

* No data are available on leaching/solubility measurements for aged
waste or spent fuel.

* No data are apparently available for very-long-term tests on waste
form leaching or actinide solubility.

2.2.2 Container Evaluations

A major effort has been under way for several years in support of contain-
er assessment for a salt repository. The data are being obtained for both the
defense (WIPP) and commercial waste programs. Test temperatures extend to
300C and test solutions include WIPP brines and seawater. A range of metals
and alloys, similar to those given in Section 2.1.2, were evaluated.

A review of many of the available PNL and SNL publications may be found in
Appendices 1 and 4.

General conclusions for the salt repository container programs are:

* The WIPP program reference container material is titanium alloy 12,
whereas that for the commercial program appears to be carbon steel,
with alloy 12 as an alternate.

* For titanium, the most important failure modes include hydrogen em-
brittlement and crevice corrosion. Stress-corrosion cracking is not
likely to occur in brine, based on slow-strain-rate tests.
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* Few data are available for welds.

* Few very-long-term tests have been conducted. Tests lasting five to
ten years should, therefore, be initiated to determine if failure
mechanisms with very long incubation times are likely.

2.2.3 Packing Material Evaluations

In the commercial repository program there will possibly be a crushed salt
packing material. Studies carried out on gamma irradiation effects (Levy, 1981
- Appendix 2) and compaction under stress and heat (Shor and others, 1981;
Holcomb, 1982 - Appendix 2) address the behavior of crushed salt. Several
studies have been performed to evaluate the rate of migration of brine inclu-
sions in the near-field to the hot waste (Krause, 1981; Jenks and Claiborne,
1981; and Biggers, 1982 - Appendix 2) and work on brine radiolysis has been
under way for the last few years (Jenks, 1980; Jenks and Walton, 1981; Glass,
1981 - Appendix 2). Owing to the complex chemistry of brine, however, and the
effects of its interaction with colloidal sodium in irradiated rock salt (Levy,
1981 - Appendix 2) an accurate determination of the changing waste package
environment in salt is likely to be difficult.

Some data are available on the sorption of radionuclides on sedimentary
rocks contained in bedded and domed salt (Serne, 1981 - Appendix 4). These are
useful in determining the effectiveness of salt minerals in sorbing radionu-
clides.

2.3 Tuff Repository Project (Appendices 3 and 4)

The decision to locate the tuff repository in the unsaturated zone at
Yucca Mountain took place about two years ago. Because of this, waste package
evaluations for unsaturated conditions are limited. Some relevant studies are
summarized below.

2.3.1 Waste Form Evaluations

Preliminary leaching experiments have been conducted on 76-68 glass in
J-13 well water at 90'C in the presence, and in the absence, of crushed tuff
and Type 304L stainless steel container material (Oversby, 1983 - Appendix 3).
Based on boron concentrations in the water, it was found that the addition of
tuff and steel significantly decreased the leach rate. Oversby also gives pre-
liminary data on the solubility of U from irradiated fuel pellets and pellets
clad with defective Zircaloy tubing. Compared to bare fuel, the defective
cladding reduced the concentration of U in 250C deionized water by one to two
orders of magnitude. Other leaching tests of relevance to the tuff repository
water have been conducted at PNL in HC03- solutions at temperatures up to 9C
(Weed, 1980; Strachen, 1981 and 1982; Wang, 1981; Wicks, 1982 - Appendix 4).
The following are comments on these studies:

* The low-temperature leaching of glass and spent fuel are pertinent to
the post-containment period when liquid water, rather than steam, will
be present in a tuff repository. However, there is no information on
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the leaching/solubility of simulated aged waste glass compositions.
Thus, the data obtained so far are not strictly relevant for
addressing the NRC controlled release criterion.

* There are some data on steam/glass hydration effects (Bates, 1983 -

Appendix 4). Although they show the importance of surface alteration
effects, they did not address the release of radionuclides by steam/
air environments in a tuff repository. Such data will be required
since there is a possibility that steam conditions will still be
present after a 300-year containment period.

2.3.2 Container Evaluations

Screening evaluations for tuff repository container materials were only
recently completed (Russell, 1983 - Appendix 3). The four references include
Types 304L, 316L, 321 stainless steel and Incoloy-825. These and other second-
ary metals, such as carbon steel, were tested in water and steam environments
to evaluate corrosion failure modes (McCright, 1983 - Appendix 3). At 100°C in
tuff conditioned water several carbon steels suffered crevice attack but T304L
and T316L show no crevice or local attack after 1000 hours. Slow strain rate
tests in 150C tuff conditioned water revealed no evidence for embrittlement
compared to air tests. Carbon steel corrosion rates appear to be unaffected by
'-irradiation but T304L stainless steel showed an increase. Comments on this
work are:

* These data are very preliminary since the test times are very short
(1000 h). Since mechanisms such as stress corrosion may take years to
appear, the work performed does not significantly reduce the potential
for this failure mode in the light of data in the literature which
show that the 300 series of stainless steels are susceptible to stress
corrosion under conditions similar to those expected in tuff
repositories.

* Long-term gamma irradiation may cause nitric acid formation since
N2/02 mixtures from the air are present and are known to form nitrogen
oxides.

* Long-term tests (five to ten years) are needed to fully evaluate
possible corrosion failure modes.

2.3.3 Packing Material Evaluations

Packing materials being considered for a waste package in a tuff repository
include crushed tuff with or without a clay binder (Gregg, 1983 - Appendix 3).
This will most likely be used for a spent fuel waste package only, since this
waste form alone may not meet the NRC controlled release criterion. Signifi-
cant work has been done on the radionuclide sorption capabilities of tuff
(Serne, 1981 - Appendix 4 and Wolfsberg and others, 1981 - Appendix 3). How-
ever, work on tuff/clay composite packing does not seem to have been initi-
ated. A major effort will be required to evaluate volatile radionuclide
transport through a tuff packing material by steam-air transport mechanisms, if
this environment is present after containment fails. Alteration of the packing
during the high-temperature steam/air containment period must also be studied,
including effects of nitric acid formation during gamma irradiation.
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2.4 Modeling of Waste Package Performance

Many modeling efforts are in place within the DOE programs to evaluate
waste package and near-field behavior. Some appear to be quite sophisticated
and capable of predicting long-term behavior, provided there is sufficient
knowledge of the waste package design and near-field characteristics. For
example, the HEATING5 code is capable of conducting one-, two-, and three-
dimensional calculations on temperature distributions around glass and spent
fuel waste packages in a basalt repository (Altenhofen, 1981 - Appendix 1).
However, the accuracy of the temperature distributions depends sensitively on
factors such as the thermal conductivity of the packing material. Other impor-
tant input data include inhomogeneities in the far-field geology and the need
to couple heat and moisture flow effects.

The BALANCE code was developed to calculate mass transfer for geochemical
interactions in groundwater (Parkhust and others, 1982 - Appendix 4). It is
based on quantifying chemical interactions between mineral phases, organic sub-
stances and gases with groundwater. It is limited in usefulness, however,
since the authors warn that the calculations are not totally constrained by
thermodynamic criteria and there is a possibility that reactions which are
energetically unlikely will indeed be predicted to occur.

Another important code is EQ3/EQ6, developed to perform calculations on
geochemical speciation and reaction paths in rock/water systems pertinent to
waste performance assessment (INTERA, 1983 - Appendix 4). It appears to be a
flexible and useful code but requires additional review to establish any limi-
-tations.

A recent code for evaluating engineered barrier system performance is
APPA. This has been independently reviewed by BNL staff as part of the FIN

-A-3167 (NUREG/CR-3091, Draft Report, 1985) program. It is composed of indivi-
dual submodels including the Thermal Model, the Leach-and-Transport Model, and
the Radiation and Attenuation Model. It is felt that there are many short-
comings in WAPPA and much additional work will be needed before it can serve as
an effective and defensible performance assessment code.

In general, the importance of code development cannot be overemphasized.
It is through calculations that demonstration of compliance with regulatory
criteria will be achieved. Comprehensive and reliable barrier system perform-
ance data must be obtained together with a knowledge of the dominant system
failure modes and failure scenarios. Without such information the accuracy
with which a code can predict long-term behavior will be severely limited, even
though the code itself might be technically excellent.

3. ACCURACY, RELIABILITY, AND APPLICABILITY OF WASTE PACKAGE DATA

After the general review of DOE data was completed in Appendices 1 through
4, a more detailed assessment was made of the accuracy, reliability and appli-
cability of selected publications. These are given in Appendix 5. Although
general procedures for carrying out the tests are given, there is usually
limited information on possible errors in measurements. Nor is there a
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systematic attempt to measure a particular property using different test
techniques to establish the accuracy of the techniques with respect to known
standards.

One of the most detailed studies on the precision of leach testing data
was conducted by the Materials Characterization Center in which 25 laboratories
carried out MCC-1 static leaching tests on standard glass specimens under a
well-defined set of test parameters (Johnson, PNL-4249, 1982). It was found
that an experienced laboratory could be expected to measure elemental mass los-
ses with a precision of 6-11%. The relative between-laboratory precision was
between 25-40%. Thus, under less-controlled test conditions one would clearly
expect very large ranges of elemental leach rates because of different glass-
surface-area-to-water-volume ratios, sample preparation techniques, water flow
rates, solution analyses procedures, etc., even if the same glass composition
and leachant were used. There is, therefore, an urgent need to accurately de-
termine the anticipated waste package environment so that meaningful leaching/
solubility data can be obtained for the waste form. This will necessarily in-
clude the incorporation of appropriate test temperatures, aged waste form comr-
positions, the presence of container and packing components, relevant water
chemistries, and extended test times to quantify radionuclide release rates.
Similar statements are applicable to container and packing material testing.

Even when tests are conducted according to well-defined procedures to in-
crease accuracy and precision, there could remain significant uncertainties in
the data obtained. The detailed reviews given in Appendix 5 show that these
include:

* Testing under limited ranges of temperature and limited numbers of
temperature, makes extrapolation and interpolation difficult.

* Testing under limited ranges of redox conditions also makes
extrapolation and interpolation difficult.

* Too few replicate tests to check precision.

* Limitations in ability to quantify irradiation dose and dose rate
effects using short-term laboratory tests.

* Few very long-term tests to determine the validity of extrapolation
procedures.

* Little information on the effects of long-term alteration and aging on
waste package component properties.

* Few tests to evaluate interaction effects among waste package
components and the near-field geochemistry and hydrology.

* No detailed in situ tests to correlate laboratory and field data.

All of these factors must be addressed before the behavior of the waste
package and near-field system can be adequately understood and modeled to
predict whether compliance with NRC and EPA criteria can be met.
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4. WASTE PACKAGE ISSUES RELEVANT TO SITE SELECTION

In addressing the relevance of performance data for the engineered barrier
system with respect to the site selection process (i.e. the DOE EA program) two
questions need to be addressed:

1. Is the performance of the engineered barrier system sufficiently well
known that its impact on the repository site can be accurately
predicted?

2. What are the adverse effects that waste emplacement will have in
determining whether a particular site is suitable for further
characterization?

Clearly, from the literature reviews carried out in Appendices I through 5, and
the summaries given above in Sections 2 and 3, there is still great uncertainty
in the performance of the waste packages. Until waste package designs and
materials have been finalized, and appropriate performance data and performance
assessment calculations have been made, the effects of waste emplacement on
site suitability cannot be adequately quantified. Specifically, those aspects
detailed in Section 1, above, on the Geochemistry and Rock Characteristics from
the 10 CFR 960.5 site selection criteria can only be addressed peripherally at
this time. It must, however, be recognized that in some cases a potential
shortcoming in site geochemistry or in rock characteristics that might render a
site less suitable for development can be overcome by a modified waste package
design. For example, BWIP staff assumes that the environment in a basalt
repository will be reducing so that container corrosion effects and
radionuclide solubilities will be decreased. If further studies show that this
is an incorrect assumption then the effects of the more oxidizing conditions
can be minimized by selecting a higher integrity container material and a
packing material that would be more effective in sorbing radionuclides.
Nevertheless, each of the three repository host rocks have inherent advantages
and disadvantages which are currently known. These need to be addressed, as
well as possible, using available data before a site can be recommended for
continued development. A brief summary of these is given in Table 1, below,
together with a very general outline of their impact on the design of the waste
package system (a more complete comparison of the three host rocks may be found
elsewhere (DOE/EA-0210, 1983)). The table shows that the basalt repository is
possibly more difficult to characterize with respect to basic geochemical and
hydrological characteristics. After waste emplacement, the nature of
waste/rock interactions will probably also be more complex compared to salt and
tuff environments. However, as mentioned above, there is no clear indication
that Hanford basalt cannot be successfully utilized for waste isolation,
although it may require more detailed laboratory and in situ testing to specify
an engineered barrier system design that will counter deficiencies in site
performance.

5. CONCLUSIONS

A general review has been carried out on reports and technical papers con-
cerned with DOE research and development on engineered barrier systems perti-
nent to high-level waste repositories in basalt, salt and tuff. Much of the
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Table 1. Potential advantages and disadvantages of siting a waste repository in basalt, salt and tuff.

Host Rock Advantages Disadvantages Effects on Waste Package Design

Basalt
(Hanford)

Salt
(Generic)

o Located on federal
land associated with
nuclear activities

o Low population density
o Good radionuclide

sorption behavior.

o Low water content
o Low water permeability
o Slow radionuclide re-

lease to accessible
environment

o High thermal conduc-
tivity

o Self sealing by salt
creep

o Simple mineralogy
o Easy mining

o Low thermal conductivity
o Basalt flows of limited

thickness (but wide
lateral extent)

o Complex mineralogy and
hydrology

o Difficult mining.

o Aggressive corrosion
environment

o Complex gamma irradia-
tion effects on brine
and salt

o Potential for thermal
release of acidic gases

o Bedded salt has limited
thickness (but wide
lateral extent.) Salt
domes show opposite
characteristics

o Purer salt has poor
radionuclide sorption
behavior.

Relatively difficult to characterize
repository environment. Hay need
sophisticated waste package design
to compensate for uncertainties.

Relatively difficult to characterize
brine chemistry. Hay need high in-
tegrity container to prevent early
108s of containment. The selection
of a site with low brine content and
low secondary mineral content will
probably limit container/waste form
corrosion and minimize gamma irradi-
ation effects o salt and brine.

II--
X.-
I

(
Tuff
(Topopah
Spring)

o Located on federal
land associated with
nuclear activities

o Low population density
o Low lithostatic stress
o Low water flow rates

and simple hydrology
o Probably low rationu-

clide release to ac-
cessible environment

o Easy mining
o Good radionuclide sorp-

tion behavior.

o Low thermal conductivity
o Limited thickness and

moderate lateral extent
o Potential for UN03 forma-

tion due to radiolysis of
air/steam/water mixtures

*o Oxidizing conditions will
probably increase radionu-
clide solubilities and con-
tainer corrosion.

Oxidizing conditions and potential
for 1IN0 3 formation may increase
container corrosion rate.



earlier work was in the form of screening studies on waste package components
with the objective of selecting reference materials. At this time, firm
selections for containers and packing materials have yet to be made but the
waste forms are likely to be spent fuel and borosilicate glass.

Most of the testing has centered on individual package components but
there is some information on the effects of component interactions on waste
form leaching and container corrosion. Nevertheless, there is a severe lack of
whole package testing work either in the form of laboratory tests or in situ
evaluations. Because of this, there is very limited information on the effect
of waste emplacement on the geochemistry and rock characteristics of basalt,
salt and tuff. Since these two geotechnical factors are included as DOE's site
selection criteria in 10 CFR 960, a complete rationale for selecting a
particular site for further development cannot be made. Thus, one expects that
those sites which appear to have the fewest limitations, based on limited
available data, will be selected for additional study.

The additional information which would be useful in an evaluation of the
interactions of the immediate environment with the waste package includes the
following which relate to the geochemistry and rock characteristic site
selection guidelines in 10 CFR 960.

a. Data are needed to quantify how early boiling of groundwater, and
associated precipitation of dissolved solids, and host rock
alteration, will change the composition of water subsequently entering
a waste package borehole when boiling ceases. Major changes in
repository water composition, pH and redox condition may render
invalid much of the current waste package performance data.

b. A more accurate quantification of the water ingress rate into the
repository and the rate of pressurization is required.

c. Information on the cracking of basalt and tuff host rock arising from
repository excavation and the high temperatures caused by waste
emplacement is needed.

d. For basalt and salt it is known that the horizontal component of the
lithostatic stress is much larger than the vertical component. The
effect of the large horizontal stress on waste package/repository
integrity needs to be addressed.

e. Data are needed to assess the consequences of the recent announcement
at the Hydrology Workshop in Seattle (reported by M. McNeil, NRC) that
the basalt repository horizon is expected to intersect a basalt
flow-top. This will lead to a significantly increased rate of water
intrusion during repository operation and after closure.

f. There is a need to outline the most likely scenarios for engineered
barrier system failure/degradation so that relevant performance
assessment calculations can be conducted. Without such information
there will be considerable uncertainty in determining containment
failure times, controlled release rates, and releases to the
accessible environment.
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g. The ease of waste package retrieval will vary for the different host
rocks. It seems to be more difficult for a salt site since the high
temperatures during the repository operations period may cause the
host rock to creep towards the waste package, thereby sealing it in
place if a borehole liner is not used. A description is needed of the
procedures to be undertaken to ensure ease of retrieval for all
candidate sites.

h. Documentation is required on pre-closure package and repository
monitoring procedures that will be needed to confirm that the
repository and waste package are performing within established design
limits.

At this time, it seems that the site selection process, which is currently
centered on Environmental Assessment report analysis, will not be dominated by
engineered barrier system factors since, in most cases, limitations in the
repository site can be mitigated by changes in the design of the barrier
system. Thus, there should be comprehensive research and development to
evaluate the interaction of the engineered barrier system and the host geology
so that finalized designs can be established.
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APPENDIX 1

REVIEW OF WASTE PACKAGE DATA FOR BASALT REPOSITORY PROGRAM
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DOCUMENT REVIEW FORM

AUTHOR: M. Barnes (Penn State Univ)

TITLE: Hanford and Columbia River Basin Basalts: X-ray Characterization
Before and After Hydrothermal Treatment

REFERENCE: RHO-BWI-C-17, June 1978

AVAILABILITY: NTIS

KEY WORDS: basalt, hydrothermal, x-ray diffraction

DATA SUMMARY:
Property and Form of Data:

X-ray diffractogram

Materials and Specimen Geometry:
Basalt Powder

Test Conditions:
T: 100-4000C
P: 300 Bars
Time: 28-56 days

COMMENTS ON DATA VALIDITY:

There were no major changes in the basalt diffractograms taken before and
after hydrothermal treatment. All the principal labradorite, augite, and
magnetite-ulvospinel lines remained along with a broad glassy band at
26 28 (CuK.). The ratio of ulvospinel to magnetite ratio changed
slightly and indicate a change in oxidation state of the system towards
reducing conditions (i.e., higher ratio). This could also be an experimental
artifact.
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MOMENT,1 ASTRACT

The principal minerals of as.alts 11CR-i and 00I-3 are still present
after hydrothermal treatment up to 4"C. No new phases have been observed,

with the exception of one in the longest run, 300C for 56 days. There

is not enough of this hase present to give positive identification in

the bulk powder diffractogram.
The spinel magnetite-ulvospinel was observed to change oxidation

state under some conditions. Because uranium and plutonium are both

tar more soluble in the +6 state than in the +4 state, the oxidation

state of the system basalt + waste water is important. The basalt
is in enormous excess and contains both ferrous and ferric iron in its

spinels and in augite. Together they should be the principal influence
on the oxidation state of the system.

Several further X-ray measurements would be useful: first, examina-

tion of spinels in runs already made with 2 percent water and with lOx

by weight water; second, examination of runs made in an all-stainless

system; third examination of the Umtanum Basalt from Umtanum Ridge;

fourth, search for ilmenite after further magnetic separation; and;
fifth, look for possible changes in both spinels in order to follow
the oxidation state in basalt + waste water.
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DOCUMENT REVIEW FORM

AUTHOR: McCarthy, G. J., et al.
TITLE: Simulated High-Level Waste-Basalt Interaction Experiments Second

Interim Progress Report

REFERENCE: RHO-BWI-C-16, June 1978

AVAILABILITY: Available

KEY WORDS: basalt, HLW, hydrothermal interactions

DATA SUMMARY:
Property and Form of Data:

x-ray diffraction:glass; SEM:glass
surfaces; description of alteration products

Materials and Specimen Geometry:
76-68 glass; Hanford basalt (ilintunum)

Test Conditions:
1. 3000 C: 300 bars; 28 days: basalt Hanford water/waste form
2. 1000 C and 3000 C; 300 bars: 2-12 months duration

COMMENTS ON DATA VALIDITY:
Provides detailed analysis of the hydrothermal alteration of PNL 76-68

glass including solid phase alteration products and anlysis of solutions
following hydrothermal treatment.

The usefulness of this document is questionable given the higher than
expected temperatures used. The solid phase alteration products observed may,
however, be indicative of products that may result over long time periods and
under less extreme temperatures. These studies do not take into account
radiolysis/radiation effects in the alteration process.
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)OCUMI1I4'I ASTRACT

With the completion of the reconnaissance experiments in Miarch 19711,

thi' nature of our overall ffort has shifted ts emphasis to more dtailed
Ilflivldiimil experimetiLs or sequenices of experiments In an attempt to ob)tain
a clearer uiderstandinq of tho nature and rate of radionuclido release.

The hydrotherlkl alteration of lass, which initially was a leadin can-
dlidate, has been a major thrust area In tho recent plast. This work has

leen :ami I nfAed a modest temper.itLtre' ( 300C) Ilnifer rposi tory clnd itions

,inc haIs showni that itI Leration is nearly cuplote.

'in I'tl act the greater interest In spent unreproceissed fl (SURI),
Liii major iLy ol Le currvnt, work is being pierfnrtned on imula ted SM

itss ir or n those phases SI .h . cnntain potenti~il near-term

Ii.iirlots rid iontucl ides mi rail i 1tm.

As L s .ipproasch L the indierS Landinqlog I r r (it1icLive vasteL-hasuill,

interactions has evolved, it hs eena increasingily c'erer that the "closed"

systemu hydroLthemla experiments would point the directiou to potenti.il 1

int!racti ons. BIt, If a closer ieprsenLatioan of repository umb ient titder
Ily(liroltirmail :ondiLtions w're lece ssary, the titn tlLer Live Lechni quI i:
,il W()1 lit's sySum t wia needed. Ilis oplciuI SyS tem WIS livIilahlbe and I s t'rin
madvinced lIto -tit opLeratlive condItion. The next suverilI months hould seL'L

ti? Imp l1'emtiLat Lloi r Liiis a;.p,, ,*a I as., .lti thel' 1. t'.u L f. I ili.il ka%.IL
lI ter'l. i o1 experl I!t,
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DOCUMENT REVIEW FORM

AUTHOR: McCarthy, G. J., et al. (Penn State Univ)

TITLE: Reaction of Water with a Simulated High-Level Nuclear Waste Glass at
3000C, 300 Bars

REFERENCE: RHO-BWI-C-35, 1978

AVAILABILITY: Available

KEY WORDS: waste glass, hydrothermal interactions

DATA SUMMARY:
Property and Form of Data:

Electron microprobe for quantitative elemental analysis; EDX and SEM
provided qualitative elemental analysis; X-ray diffraction data on
crystalline phases; also atomic emission spec.

Materials and Specimen Geometry:
PNL-76-68 glass; specimens were single shards broken from a layer
fragment; wt 30 mg

Test Conditions:
Pressure: 30 bars; artificial Hanford water used as well as
deionized water; experiments performed in inert gold capsules;
duration: 7, 14, 21 and 28 days.

COMMENTS ON DATA VALIDITY:
Temperatures investigated much higher than anticipated temperatures.

Elemental composition varied by as much as 10-20% of the base composition for
76-68 glass due to the inclusions present. The experiments used predominantly
deionized water and their "closed system" does not take into account the ef-
fects of radiolysis on solubilities. Under hydrothermal conditions, altera-
tion is a major variable influencing the enhanced leach rate. Since altera-
tion is accompanied by complications such as stress generation, a delineation
of the mechanisms involved in hydrothermal leaching is not easily achieved and
was not attempted by this study.
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Terminal storage in underground rock formations s presently con-
sidered the most feasible method of isolating high-level nuclear power

plant wastes from the biosphere. Among the candidates for geologic

repositories are the basalt formations underlying the Hanford Site

in eastern Washington State. One of the many factors that will need to be

considered in repository design and in setting high-level waste form

acceptance criteria is the effects of the heat'produced by radionuclide

decay. Heat would have certain effects n the physical properties of the

repository and, especially when combined with water encroachment, heat
would promote chemical reactions within the iuediate repository (1).

Exploring and then carefully defining the ffects of hot pressurized
groundwaters on simulated waste forms such as spent fuel and high-level
waste glass in a basalt repository are the goals of a research project
at The Pennsylvania State University (PSU). Research of this type is one

of the activities of the Basalt Waste Isolation Program at Rockwell Hanford
Operations (2). C

An important feature of the PSU research is concern for the products of re-
actions as well as the reactivity of the waste form. Whether hydrothermal'

reactions in a basalt repository would be beneficial or detrimental to

waste containment is primarily a question of the long-tem stability of

the reactions products.
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DOCUMENT REVIEW FORM

AUTHOR: McCarthy, G. J. and M. W. Grutzeck

TITLE: Preliminary Evaluation of the Characteristics of Nuclear Wastes
Relevant to Geologic Isolation in Basalt

REFERENCE: RHO-C-12, May 1978

AVAILABILITY: Available

KEY WORDS: waste forms, basalt repository environment

DATA SUMMARY:
Property and Form of Data:

General review: thermodynamic stability, chemical composition,
leachablity

Materials and Specimen Geometry:
glass (76-68); spent fuel; supercalcine; specimen geometry not
reported

Test Conditions:
76-68-waste: leachability: distilled water; 250C and 950C;
soxhlet; spent fuel: leachability: 250C; Hanford groundwater and
deionized water; time period not specified

COMMENTS ON DATA VALIDITY:

This document lacks any usefulness with respect to current efforts for
the following reasons: (1) The evaluations used results based on distilled or
deionized water for the leach tests. Such conditions are not applicable to an
evaluation of waste forms under actual repository conditions; (2) The presence
of radiation was not taken into account in these evaluations. Radiolysis
resulting in an alteration of groundwater composition, intluding solublity,
and the liberation of gases will affect the rates and extent of leaching. The
temperature ranges used to evaluate the candidate waste forms do not reflect
the range of temperatures likely to be encountered under actual repository
conditions. In addition, the lack of information as to specimen geometry and
time durations of tests adds to the lack of usefulness of the document.
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DOCUMENT REVIEW FORM

AUTHOR: McCarthy, G. J. et al. (Penn State)

TITLE: Hydrothermal Stability of Spent Fuel and High Level Waste Ceramics in
the Geologic Repository and Environment

REFERENCE: RHO-BWI-SA-12 A, April 1979

AVAILABILITY: Abstract only

KEY WORDS: spent fuel, borosilicate glass, hydrothermal conditions, basalt

DATA SUMMARY:
Property and Form of Data:

reactivity; solution composition; alteration properties

Materials and Specimen Geometry:
spent fuel, waste glass, supercalcine ceramic (geometry unspecified)

Test Conditions:
deionized waste; Hanford groundwater (artificial), 100-3000 C; 300
bars; time period up to 1 year.

COMMENTS ON DATA VALIDITY:

Data not available for comment; information that supersedes this report
indicates that test conditions may be appropriate as part of a screening
effort, however, conditions are not realistic and expected conditions are
likely to change over time and include radiolysis effects.

This report, as abstracted here, does not appear useful in the overall
review effort.

This paper was presented at the American Ceramic Society Symposium
Meeting, Cincinnati, Ohio, April 30, 1979.
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Terminal storage in underground rock formations is presently considered

the most feasible method of isolating high-level nuclear power plant wastes

from the biosphere. One of the many factors that will need to be considered

in geologic repository design is the effect of the heat produced by radio-

nuclide decay. Heat would have certain effects on the physical properties

of the repository rock and, if combined with the encroachment of water

pressurized by the rock overburden, heat could promote chemical reactions

within the immediate repository.(l) This combination of hot and pressurized

water could give rise to hydrothermal* conditions.

The occurrence of such a hydrothermal incident could have various ram-

ifications for nuclear waste isolation. If containment of the wastes is

maintained throughout the thermal period, then the solutions would only alter

the nearby rock, overpack, and so on. However, if the hydrothermal solutions

contact the waste due to breach of containment, alteration of the waste and

interaction with the repository environment could take place.(2)

*The term hydrothermap is used here to denote reactions involving super-
heated water; i.e., reactions at any temperature above 100 degrees centi-
grade where pressure is sufficient to maintain H0 in the liquid phase. Note
that in strict earth sciences nomenclature, such conditions nvolving tempera-
tures between 100 and 373 degrees centigrade are "mesothennal."
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Both the rate and the products of these interactions are, of course,

strongly temperature-dependent, so increases in the volume of the waste

(decrease in the concentration of waste fission products in the waste)

and/or the repository can be adopted to reduce temperatures. But, as the

authors have pointed out,(l) this may not be necessary if the alteration-

interaction products are themselves suitable "source terms."

The research described here deals largely with the first stage of

comprehensive waste-rock hydrothermal interaction studies, closed system

waste-water reactions. Closed system experiments are ideal for exploring

the reactivity of solid-liquid systems and establishing the direction of

thermodynamic equilibrium. The experiments simulate the case where super-

heated water is admitted through a breached canister and reacts with the

waste in a region where the chemistry of the waste initially dominates the

course of the reactions. Determination of the long-term reactions and the

ultimate source tens requires experiments incorporating canisters and mas-

sive excesses of the repository rock. Initial results from these waste-rock

experiments will be described to illustrate the importance of these more

complex studies in deriving waste form performance criteria.

Experimental conditions included temperatures froi 100 to 300 degrees

centigrade at 300 bars pressure. Spent fuel and 2 simulated waste

forms, a glass and a supercalcine-ceramic were treated under these conditions

with deionized water (DW), an artificial Hanford ground water (GW), and a

brine. It will be shown that, in the upper temperature range, spent fuel

and supercalcine were largely unreactive with the OW and HGW, but moderately

reactive with the brine. The glass reacted readily with all solutions, but

the reaction mechanism differed between the W/HGW and the brine. Reaction

rates, of course, decreased with decreasing temperature.

A1-13



RHO-owI-SA-12 A

It will also be shown that when two non-evaporite rocks, basalts, and

shales were incorporated into these experiments, the reaction behavior in the

two cases was comparable, but, as expected, the resultant source terms were

quite different.

This research is supported by the U. S. Department of Energy through

the Office of Nuclear Waste Isolation and Rockwell Hanford Operations.
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DOCUMENT REVIEW FORM

AUTHOR: Smith, M. J. (Principal Author)

TITLE: Engineered Barrier Development for a Nuclear Waste Repository in
Basalt

REFERENCE: RHO-BI-ST-7, 1980

AVAILABILITY: Published

KEY WORDS: basalt, waste package, corrosion, backfill, glass

DATA SUMMARY:
Property and Form of Data:

Corrosion data of candidate canister material - in/yr, swelling
pressure and permeability of backfill MPa vs. ton/m3 - /s vs.
ton/m3.

Materials and Specimen Geometry:
Alloys of steel, titanium, chromium, nickel and zirconium,

borosilicate glass, Synroc, supercalcine, bentonite, zeolites.

Test Conditions:
Single and interactive tests in simulated repository conditions.

COMMENTS ON DATA VALIDITY:

This publication is a comprehensive compilation of data, integrated for
the purpose of understanding the effects of isolating nuclear waste in the
basalts at the Hanford site. It contains a considerable amount of useful data
regarding canister corrosion, physical and chemical characteristics of back-
fill materials, leach data of radionuclide from waste forms in simulated
groundwater, and chemical and mineralogical composition of several flows in
basalt. This report can serve as a useful reference for evaluating the
isolation of nuclear waste in a basalt repository.
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DOCUMENT REVIEW FORM

AUTHOR: Ames, L. L. and J. E. McGarrah (PNL)

TITLE: High-Temperature Determination of Radionuclide Distribution
Coefficients for Columbia River Basalts

REFERENCE: RHO-BWI-C-lll, 1980

AVAILABILITY: NTIS

KEY WORDS: sorption, basalt, hydrothermal, cesium

DATA SUMMARY:
Property and Form of Data:

Kd.

Materials and Specimen Geometry:

Test Conditions:
P: 6.9-27.6 MPa.
T: 1500C and 3000C.

COMMENTS ON DATA VALIDITY:

A Kd represents an empirical result that can be affected by system vari-
ables. If all components of the system as it will exist are not included in
the testing, the validity of the Kd value is open to question. The Kd values
reported for Pu and Am are essentially meaningless, because they are so large,
especially at high temperatures. Complete sorption on the Teflon liner
occurred even in the absence of basalt. Both radionuclides were probably
present at pH 8.0 of the synthetic groundwater as colloidal polymers that
tended to further polymerize and sorb on surfaces as a result of increasing
temperature and solution ionic strength. This process cannot be properly
described by ion-exchange concepts such as Kd.
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This report discusses initial results of the high-temperature

sorption studies on Columbia River basalts. From the results, the

following conclusions were made:

* Cesium d temperature effects, used as an example of the high-

temperature Kd experiments, showed that the techniques developed for

the high-temperature d work yielded valid and reproducible Kd

results.

* The best techniques included. frequent sampling at temperature and
pressure of relatively high chloride solutions over a 45- to 60-d
period with no agitation of vessel contents and use of a relatively
large solution volume, heated externally in a Teflon-lined

Inconel 600 ressure vessel. r 'I I A

fir .<Xs;o<c -eb Had4Yw . ek7LAItLS ¢4

* Initial temperature effects on the cesium Kd with basalts showed a
decrease with increasing temperature to 1500C. Above 1500 to C
3000C, cesium Kd values increase, perhaps due to sorption and
removal on growing secondary mineral phases or incorporation into
secondary minerals.

* Pressure effects on cesium Kd values were found to be minimal

between the 6.9 to 27.6 MPa (1,000 to 4,000 lb/in.2g) pressure

range expected in a nuclear waste repository in basalt,
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DOCUMENT REVIEW FORM

AUTHOR: Barney, G. S., Wood, B. J.

TITLE: Identification of Key Radionuclides in a Nuclear Waste Repository
in Basalt

REFERENCE: RHO-BWI-ST-9, 1980

AVAILABILITY: Published

KEY WORDS: migration, basalt, commercial waste, spent fuel

DATA SUMMARY:
Property and Form of Data:

Ranking system identifying the degree of radionuclide hazard
according to quantity, toxicity, leach rate and transport rate.

Materials and Specimen Geometry:
Input data is based on waste from an LWR or PWR as a borosilicate

waste form and spent fuel. Radionuclide quantities were obtained by
using the code ORIGEN and their toxicities from the recommended
concentration guide.

Test Conditions:
Hazard measure (HM) is obtained from the sums of the individual

hazard rankings. Transport data is based on release rate and
application of the single dimension transport equation.

COMMENTS ON DATA VALIDITY:

Radionuclides have been ranked in a descending order of their hazard
measure. Additional information concerning waste forms, geology of the
repository and transport properties could alter the order of the list. The
methodology seems appropriate but the procedure in the report raises ques-
tions, e.g. the fact that leach rate data are based on the use of deionized
water.
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RHO-BWI-ST-9

ABSTRACT

Radionuclides were identified- which appear to pose the greatest

potential hazard to man during long-term storage of nuclear waste in a

repository mined in the Columbia Plateau basalt formation. The criteria

used to select key radionuclides were as follows:

o Quantity of radionuclide in stored waste
o Biological toxicity

o Leach rate of the wastes into groundwater

o Transport rate via groundwater flow.

The waste forms were assumed to be either unreprocessed spent fuel or
borosilicate glass containing reprocessed hh-level waste. The nuclear
waste composition was assumed to be that from a light water reactor.

Radionuclides were ranked according to quantity, toxicity, and

release rate from the repository. These rankings were combined to obtain
a single list of key radionuclides. The ten most important radionuclides
in order of decreasing hazard are: 99Tc, 129 1, 237Np 226Ra, 107Pd,
230Th, 210Pb, 12GSn, 79Se, and 242Pu. Safety assessment studies and

the design of engineered barriers should concentrate on containment of
radionuclides in this list.
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DOCUMENT REVIEW FORM

AUTHOR: Komarneni, Sridhar, et al. (Rockwell Hanford)

TITLE: Hydrothermal Interactions of Cesium and Strontium Phases from
Spent Fuel with Basalt Phases and Basalts

REFERENCE: RHO-BWI-C-70, March 1980

AVAILABILITY: Available

KEY WORDS: spent fuel, basalt, hydrothermal, cesium, strontium

DATA SUMMARY:
Property and Form of Data:

Hydrothermal solubility determined/stability of the phases
investigated. Elemental and phase composition results from X-ray
diffraction and atomic absorption spectrometry are presented.

Materials and Specimen Geometry:
Natural and synthetic basalt, -200 mesh (<75 um) reacted with

Cs2U207 and SrZrO3 (synthesized).

Test Conditions:
Pressure: 300 bars, temperatures: 2000C for 56 days,

3000C for 28 days, reacted in sealed gold capsules.

COMMENTS ON DATA VALIDITY:

Test temperatures are higher than anticipated under actual repository
conditions.

Decreasing solubility of Cs with increasing temperatures is questionable.

Elevated oxygen pressure prevalent during the experiments is not likely
to be present under actual repository conditions.

Water used in the experiments does not reflect the chemical composition
of groundwater exposed to a radiation field such as is likely to be present
under actual conditions. Changes due to radiolysis will alter solubility
results.
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DOCUMENT REVIEW FORM

AUTHOR: Kupfer, . J. and Palmer, R. A.

TITLE: Physical and Chemical Characterization of Borosilicate Glasses
Containing Hanford HLW

REFERENCE: RHO-SA-189, October 1980

AVAILABILITY: Published

KEY WORDS: borosilicate glass, leach resistance, phase separation,
mechanical strength, thermal analyses, Hanford waste

DATA SUMMARY:
Property and Form of Data:

Composition of waste/glass (wgt %), leach resistance ( wgt loss),
thermal characteristics (e.g. melt temp.), thermal conductivities
(w/mK), crystalline phases, thermal expansion coefficient.

Materials and Specimen Geometry:
1. Leach specimens - crushed glasses; 2. Thermal expansion - 5 cm

rods; 3. Conductivity - solid pieces; 4. Phase analysis - samples
cooled at rate of 150C/hr from 1100 to 4000C.

Test Conditions:
1. Leaching - DIW, 1 M HNO3, 1 M NaOH, soxlet test at 950C,

at 250C in DIW; 2. Thermal expansion - 5 cm rods, 2500C-3500C;
3. Thermal conductivity - solid pieces, 250C, 1100C, 3000C.

COMMENTS ON DATA VALIDITY:

For specimens studied, leach resistance found to increase with decreased
waste loading. Devitrification studies done isothermally and some glasses
show development of crystalline phases. In glasses showing development of
crystalline phases, leach rate increases from 1.5 -> 5 x. Data serves to
compare potential resistance of different glass-waste compositions. Data also
indicates changes induced by devitrification. Data not applicable to expected
repository conditions. No groundwater/repository water leach data or anlayses
for components released.
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Scouting studies are being performed to develop and evaluate sili-

cate glass forms for immobilization of Hanford high-level wastes. De-

tailed knowledge of the physical and chemical properties of these glasses

is required to assess their suitability for ong-term storage or disposal.

Some key properties to be cons'dered in selecting a glass waste

form include leach resistance, resistance to radiation, microstructuro

(includes devitrification behavior or crystallinity), homogeneity, vis-

cosity, electrical resistivity, mechanical ruggedness, thermal expansion,

thermal conductivity, density, softening point, annealing point, strain

point, glass transformation temperature, and refractive index. Other

properties that are important during processing of the glass include

volatilization of glass and waste components, and corrosivity of the

glass on nelter components.

Experimental procedures used to characterize silicate waste lass

forms and typical properties of selected glass compositions containing

simulated Hanford sludge and residual liquid wastes are presented. A

discussion of the significance and use of each measured property is

also presented.

. . .~~~~~
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DOCUMENT REVIEW FORM

AUTHOR: Pitman, S. G., B. Griggs and R. R. Elmore (PNL)

TITLE: Evaluation of Metallic Materials for Use in Engineering Barrier
Systems

REFERENCE: PNL-SA-8939, November 1980

AVAILABILITY: Available

KEY WORDS: HLW, corrosion, metals, alloys, basalt, brines

DATA SUMMARY:
Property and Form of Data:

Chemistry of leach solutions; V-notched specimen tensile, impact
and fracture roughness tests; weight change data and extrapolations.

Materials and Specimen Geometry:
Crushed basalt; V-notched and plates used; 304L SS; 316L SS;

321L S/S; 405L S/S; 410L S/S; Inconel 600, 625, 800; Titanium 2, 12,
6AL-4V; Zircaloy, cast iron, copper.

Test Conditions:
Hanford basalt groundwater; NaCl-MgC12 brine; autoclave - 5.52 MPa;

250C/tensile tests - 20-2500C V-notched specimens tested; fatigue-
crack-growth rate tests - 900C; corrosion tests duration - 20-72 days.

COMMENTS ON DATA VALIDITY:

The corrosion data was conducted in simulated Hanford groundwater at
1500C. This type of testing is useful in screening a variety of candidate
metal/alloys but does not represent conditions likely to be encountered under
actual repository conditions. The contacting solution is likely to undergo
several changes in chemistry over to operations and post-emplacement period as
a result of radiolysis and alteration product (host rock) formation.

The test results in this report appear too preliminary for useful
application in current review efforts.
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AUTHOR: Scheetz, B. E., et al. (PSU)

TITLE: Hydrothermal Interaction of Simulated Nuclear Waste Glass in the
Presence of Basalts

REFERENCE: Scientific Basis for Nuclear Waste Management, Vol. 2,
Plenum Press, N.Y., 1980, pp. 209-214

AVAILABILITY: Published

KEY WORDS: basalt, glass, hydrothermal reaction, reaction products,
solution composition, Cs, Sr, Ba, Ca, Na, Si

DATA SUMMARY:
Property and Form of Data:

Glass-basalt hydrothermal reactions. Interaction products
identified and quantified and concentrations of Na, Rb, Cs and U in
solution were measured.

Materials and Specimen Geometry:
(a) Intimate mixtures of Umtanum basalt and 76-68 glass powders.
(b) Large pieces of the same materials.

Test Conditions:
Hydrothermal conditions (3000C, 300 bars) were used. Samples

exposed in gold lined capsules for periods up to 4 months.

COMMENTS ON DATA VALIDITY:

The work verified the importance of the Fe++/Fe.. content of basalt
in altering the oxidation state, and hence solubility of U. For large glass/
basalt surface area ratios Weeksite was formed and the U6+ content was not
significantly altered. In the presence of abundant basalt, however, the U6+
was reduced.

Basalt increases the Cs release rate by a factor of 2-4 but reduces the
loss of Sr, Ba, Ca, Na and Si. Thus basalt/glass effects are very important.

These data are extremely valuable since they directly address synergistic
effects of waste package components.
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Chemical analysos of the soolutlons indicated that thu percent-
ages of C released from glass into solution at 000 or 300'C in-
creased by a factor of 2 to 4, while Sr, a, Ca, Na and Si su tu
have decreased to varLous xtents In the prosenco of basalt. The
principal conclusion which results from those studies is that basalt
has a marked influence on the hydrothermal alteration behavior of
the glass waste form. Not only does It causo now solid phases to
form, but t also muodifLIo thu solutlon chemistry significantly.
In particular, it seems to increase the amount of Ca which is taken
into solution, a result which requires more careful investigation.

One important result of these experiments is-the'verification of
the oxygen buffering capacity of the ferrous/ferric content of the
basalt and its affect on the uranium component of the waste glass.
Where the glass was the most reactive material, a in the experiments
with polids of low surface area, weekaite was formed, indicating that
the U0T content was not efctively reduced. However, where the sur-
face area was large, the U component was reduced, preventing the
formation of weeksite.

The solid phase characterization has revealed several compounds
from the long duration runs that were not observed in products of the
shorter runs. New phases such as quartz, orthoclaso, pollucite and t
willemite were found. The presence of these phases may be indicative
of a closer approach to equilibrium, or at least an indicatio of
phases which are more stable in the presence of basalt than in its
absence.

A1-28



DOCUMENT REVIEW FORM

AUTHOR: Altenhofen, . K.

Waste Package Heat-Transfer Analysis: Model Development
and Temperature Estimates for Waste Packages in a Reposi-
tory Located in Basalt

TITLE:

REFERENCE:

AVAILABILITY:

KEY WORDS:

GENERAL COMMENTS:

REO-BWI-ST-18 (October 1981)

National Technical Information Service,
Springfield, VA 22161

Thermal, Model, Package, Basalt, Heat

The author presents thermal analyses of vertically em-
placed waste packages in Umtanum basalt based on the heat
conduction code EAIINGS. The author assumes a qasi-
steady-state equilibrium condition in the package and then
ezamines acceptable ways to determine the reference
temperature of the edge of the emplacement hole. In order
to do that, the author compares the prediction of 3-D, 2-D
and 1-D calculations. It turns out that a 3-D model for
the far-field is needed during the first 100 years after
emplacement. Later on a 2-D model can do. A 1-D model
could be used after a few thousand years.

Regardless of whether the analyzed designs and emplacement
option are still pursued by DOE for the BWIP site, the re-
port is a good illustration of an acceptable methodology
for coupling near- and far-field models without sac-
rificing accuracy to costs. Also, the conclusions reached
by this author are noteworthy, i.e., (1) inhomogeneities
of the far-field should be incorporated in future studies,
however they do not constitute a priority issue; (2)
coupling of heat and moisture flow within the waste
package packing and in the very near-field basalt should
be a priority issue, as peak waste package temperatures
are very sensitive to the thermal conductivity of packing
materials.
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DOCUMENT ABSTRACT (Abridged)

Heat-transfer analyses were performed for three nuclear waste types which
exhibit different characteristics-commercial and defense high-level waste
(both immobilized in borosilicate glass) and spent-fuel elements. The waste-
isolation system parameters used in these analyses reflect the current concept-
ual designs for a high-level nuclear waste rpository constructed in basalt.
Details of the thermal properties of the host rock and waste package relevant
to a repository in Columbia River basalt and the relevant properties of the
waste forms themselves are presented and discussed.

The physical layout of the nuclear waste repository was modeled using the
heat-conduction computer code, BEATINGS. This code uses the Crank-Nicolson
finite-difference method to evaluate transient temperature behavior. Tran-
sient heat-transfer analysis is necessary because the heat generated by
nuclear waste varies with the radioactive decay of fission products.

The results of one-, two-, and three-dimensional models were integrated
to produce an accurate estimate of waste package/host rock-interface tempera-
tures as a function of time. The more precise three-dimensional model pro-
vided the most accurate estimate of temperature behavior very near the waste
package. A comparison of the two- and three-dimensional models indicates that
the two-dimensional results are equivalent to the three-dimensional results
for positions > 2.14 from the aste package row centerline. Comparison of
the one- and two-dimensional model results beyond 500 yr of storage indicates
that the one-dimensional results are equivalent to the two-dimensional results
for positions > 4.9 above the waste package. The one-and two-dimensional
models always underestimate the temperatures near the waste package; however, t
at times >1,000 yr, the error becomes insignificant. This error is primarily
due to the fact that in the simpler model the heat source is distributed over
a much larger olume.

In order to use te results of one- and two-dimensional models, far- and
near-field-temperature estimates were used to determine hole surface tempera-
tures beyond the time for which the three-dimensional model is used (100 r).
Linkage was provided by extrapolating the short-term transient gradient be-
havior from the three-dimensional model to the long-term gradient behavior
calculated using a quasi-steady-state relationship for a single cylindrical
heat source in basalt. At low-heat strength, the transient gradient will ap-
proach the quasi-steady-state gradient. The extrapolated transient gradient
behavior was used to estimate; emplacement hole temperatures from two-
dimensional model results. Waste package internal temperatures were then
evaluated by applying quasi-steady-state conditions between the emplacement
hole surface and the waste package materials.

The results of this analysis indicate that peak temperatures and the
times for which they occur at the waste package centerline, canister, and em-
placement hole surface are 426'C (2.5 yr), 362°C (3 r), and 2550C (4.5 y)
for commercial high-level waste; 1780C (22 yr), 172°C (23 yr), and 1640C (26
ys) for defense high-level waste; and 2690C (4 yr), 264C (4 yr), and
1910C (7 yr) for spent-fuel elements. Thes& results reflect the decay-heat
characteristics of each of the waste types and the emplacement configuration
of each of the waste packages.
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AUTHOR: Anderson, W. J., PNL

TITLE: Corrosion Tests of Canister and Overpack Materials in Simulated
Basalt Groundwater

REFERENCE: RHO-BWI-ST-15, 1981

AVAILABILITY: Published

KEY WORDS: basalt, canister, corrosion, groundwater

DATA SUMMARY:
Property and Form of Data:

Weight change measurements expressed in mg/dm2 in addition to
visual observation of the test specimens for corrosion.

Materials and Specimen Geometry:
Inconel, Hastelloy, Titanium, Ferrallium, Cupronickel and

Zircalloy - sheet 3/4"x4".

Test Conditions:
Autoclave, 2500C, 5.8 MPa, simulated groundwater, anoxic

environment - separate tests with variable pH for a 60 day period.

COMMENTS ON DATA VALIDITY:

The results indicate that simulated groundwater with varying levels of
oxygen is not highly corrosive to the materials tested, with the exception of
the cupronickel alloys. These alloys showed significant corrosion at higher
oxygen levels during the 60 day test.

The data appears applicable but does not include probable synergistic
repository effects.
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RHO-BWI-ST-15

ABSTRACT

Corrosion tests of candidate container materials for nuclear waste in
a simulated basalt environment are in progress. Test conditions in the
first series of autoclave tests were 2500C temperau re, 5.8 MPa pressure,
with simulated groundwater (oxygen fugacity ca lO-i MPa, pH ca 9.5).
Control of oxygen fugacity of the water was obtained by use of an argon/
hydrogen mixture in the test chamber and in the solution reservoir.
Periodic sampling and analysis of the tst solution were used to onitor
the efficacy of the control of water chemistry and the products of speci-
men corrosion. Materials placed under test included titanium, nickel,
copper, and iron-based alloys identified as potentially useful for either
canister or overpack containers in the engineered barrier system concept.
Results regarding control of water composition and material corrosion in
the initial phase of testing are presented.
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AUTHOR: Barney, G. S.

TITLE: Radionuclide Reactions with Groundwater and Basalts from Columbia
River Basalt Formations

REFERENCE: RHO-SA-217, 1981

AVAILABILITY: NTIS

KEY WORDS: sorption, basalt, Kd values

DATA SUMMARY:
Property and Form of Data:

KD.

Materials and Specimen Geometry:
Basalt, altered basalt, secondary minerals, crushed.

Test Conditions:
Ambient.

COMMENTS ON DATA VALIDITY:

In general, sorption of each radionuclide increases in the order:
basalt altered basalt < secondary minerals. This document conveys the
complexity of mechanisms that are operative in radionuclide sorption reac-
tions. However, the data was obtained under ambient conditions and did not
include other materials which will be present in the repository situation.
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Several conclusions can be made concerning the mechanisms of radionuclide

sorption reactions in Columbia River basalt formations. Cesium sorption on
the solids is by ion exchange with possibly some Cs' "fixed* in mic3-like
minerals. Both and NH5 t ions can replace part of the sorbed Cs. Sorption
Is very extensive for both altered basalt and secondary minerals. A slow
diffusion of Cs Into secondary mineral sorption sites continues over many
weeks after an initially rapid sorption reaction.

Strontium sorption appears to be strictly a simple ion exchange reaction,
except when S concentrations are high and Sr is precipitated. Sodium and
Ca2+ ions ffectively complete with Sr for sorption sites. In Grande Ronde
groundwater Na+ concentration s much higher than Ca2+ and therefore, Na
dominates the exchange reactions. Because of slow dissolution of Ca2+ and
Mg 2 from basalt, Sr is slowly desorbed over a period of 2O weeks..

Under the Eh conditions of Grande Ronde basalt formations, Np should
exist as Np(IY). Using a hydrazine Eh buffer, Np(IV) was found to sorb
much more stron ly than p(V). Bicarbonate decreases sorption b forming
Np(CO3)x + (4-2xJ complexes. Large differences in Na+, K+, or Ca4Z concentra-
tion had no effect on Np sorption indicating that sorption is not by ion
exchange. Additional evidence for this conclusion is the fact that Np(IV) C
sorption on secondary minerals (which had the highest ion exchange capacity)
was the weakest of the solids measured. Neptunium(IV) must be chemisorbed
on the mineral surfaces.

The oxidation state of Pu in basalt s probabiy Pu(IV). Plutonium(IV)
is much more strongly sorbed than the higher oxidation states. Calcium and
sodium salts ncrease sorption by formation of insoluble Pu compounds. These

may be slightly soluble double salts such as CaPuF6 or NaPuF5. As for Np,
no evidence for ion exchange of Pu on minerals surfaces was found.

24.Americidm solubility and sorption are strongly influenced Mg . The
solubility is lered and sorption is increased when Mg2+ is present. It

appears that Am forms an insoluble compound with Mg. Bicarbonate and SO 2
decrease tept.ion due to formation of complexes such as mCO3 ' and mS"4

Technetium probably exists n the +4 oxidation state under the reducing
conditions of a basalt formation. A possible species is TcO2+ which is
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strongly sorbed on the three solids studied. The only significaht parameter
found was the Eh buffers hydrazines which reduced TcO4( to Tc(IV).

Selenite ion, SeO3 , was not reduced to Se by hydrazine as expected
from the standard half-cell potentials. Selenium does not sorb by anion
exchange, but by chemisorption or precipitation. Calcium increases sorption
probably by formation of a CaSe compound. Carbonate decreases sorption by

2+ 
making Ca. unavailable by.forming complexes such as CaHCO and CaCO3

As might be expected, Ra sorption is similar to that of Sr. Cation
exchange is the main sorption mechanism. Sodium ion and K+ both compete
with.Ra for sorption sites.

All sorption reactions studied thus far can be accurately described
using the Freundlich sotherm, except when precipitation occurs. These
isotherms can be used to quantify sorption and to determine at which point
precipitation becomes important for various radionuclide-groundwater-solid
systems. 

Kinetics studies show that most sorption reactions are relatively fast.
However, some groundwater-geologic solid reactions are slow and can in-
fluence sorption by dissolution of solid components. These are most im-
portant for reactions with secondary minerals which are not near equilibrium
with Grand Ronde groundwater. Altered basalt, however, comes very close to
being in equilibrium with this groundwater.

(_
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AUTHOR: Coons, W. E.

TITLE: Basalt Waste Isolation Project Data Package for Reference
Physicochemical Conditions

REFERENCE: Scientific Basis for Nuclear Waste Management, Vol. 3, 1981

AVAILABILITY: Published

KEY WORDS: basalt, groundwater, temperature

DATA SUMMARY:
Property and Form of Data:

f02, Eh and pH as a function of temperature. Log f 2 (atm),
pH, Eh(V), temperature (C) - hydrostatic and lithostatic pressure
(bars, psi).

Materials and Specimen Geometry:
Field measurements, experimental testing and calculations - no

details given - Ref. RHO-BWI-ST-7.

Test Conditions:
Calculated for repository "period of geolgoic controls" and

"thermal period."

COMMENTS ON DATA VALIDITY:

Groundwater compositions used in the test are reported to be in agreement
with USGS data. The f 2, pH and Eh were calculated as functions of tempera-
ture and a maximum lithostatic pressure of 300 bars for the operational and
containment periods of a basalt repository. The report states that pH will
function as the ratio of rock to water changes, i.e. the pH will be lower when
groundwater is dominant and will increase when the rock is dominant. The data
is more readily applicable to a stagnant system and less predictable where
groundwater is freely flowing.
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A3STRACT

This package defines the physicochemical conditions expected
to prevail in a closed nuclear waste repository mined from
Columbia River 3asalt. Estimates have been derived from experi-
mental data, in-situ measurementa, or thermodynamic calculationa.
Equationa are provided from stimation of 02, Eh and p as a
function of temperature. Expected conditions are sumarized below.

Temper- Equili- log Oxygen
ature brium pH Fugacity (atm) Eh(V)
(90

Period of
Geologic Controls 65 9.4 -64.5 to -67.15 -0.50 to -0.54

Thermal Period 100 8.7 -57.8 to -60.0 -0.49 to -0.53
150 7.9 -49.6 to -51.8 -0.48 to -0.53
200 7.2 -43.3 to -45.4 -0.47 to -0.52
250 6.7 -38.3 to -40.2 -0.48 to -0.52
300 6.2 -34.1 to -35.9 -0.45 to -0.51
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AUTHOR: Salter, P. F., L. L. Ames, J. E. McGarrah (Rockwell Hanford)

TITLE: The Sorption Behavior of Selected Radionuclides on Columbia
River Basalts

REFERENCE: RHO-BWI-LD-48, Informal Report, August 1981

AVAILABILITY: NTIS

KEY WORDS: Umtanum basalt, sorption, Kd, hydrothermal conditions

DATA SUMMARY:
Property and Form of Data:

Sorption, Kd values for I, Se, Tc, Sr, Cs, U, Ra, Pu, Am, Np.

Materials and Specimen Geometry:
Columbia River basalts - 0.30 to 0.85 mm.

Test Conditions:
Effects of temperature, pressure, groundwater composition, and

Eh (reducing and oxidizing) -.4V (1500C, 6.9 MPa) and (3000C,
27.6 MPa), 60 day.

COMMENTS ON DATA VALIDITY:

Based on the sorption data presented, it appears that, under the expected
ambient repository conditions, the Columbia River basalts are capable of
strongly retarding Cs, Sr, Ra, and Np migration and moderately retarding U,
Tc, and Pu migration. The basalts are not capable of significantly retarding
the migration of I and Se. It should be noted that Kd values are empirical
and may vary depending on what environment is occurring. Whole package
testing conditions and specific reference basalts should be used.
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Radionuclide distribution ratios provide one means of evaluating
the ability of a geologic substrate to rtard the migration of key radio-
nuclides to the accessible environment from a repository mined in basalt.
Due to the empirical nature of the Kd value, it is necessary that radio-
nuclide Kd values be determined under conditions which simulate the
expected repository environment as closely as possible. Radionuclide
Kd values determined for 1, Tc, Np, Se, U, Ra, Pu, Am Cs, and Sr under
oxidizing and, where applicable, reducing conditions or the Columbia
River basalts indicate:

(1) Iodine is present as a simple uncomplexed anion and s poorly
sorbed by the basalts.

(2) Cesium is present as a simple uncomplexed cation and is strongly
sorbed by the basalts. Csium Xd values vary wLh temperature as
a function of changing competing ion concentrations and secondary
reactions (new mineral formation).

(3) Strontium, Ra, and Se (oxidizing coiditions) sorption is probably
a combination of ion exchange and hemisorption. Strontium and
Ra, being cationic. are strongly sorbed by the basalt and Se,
being anionic, s poorly sorbed by the basalts. Their Kd values
vary with temperature as a function of increasing competing ion
concentration and secondary reactions (incorporation into or
sorption onto new mineral phases).

(4) Uranium, Np, and Pu are weakly sorbed by basalt under oxidizing C
conditions. Under reducing conditions, solubility constraints
will keep U concentrations cl E-08M, Np concentrations <1 E-18M,
and Pu concentrations 1 E-09M n The groundwater Their sorp-
tien is very dependent on temperature, pH, and groundwater
composition since these factors strongly nfluence their
speciation (e.g., whether they are dominantly anionic or
cationic).

(5) Americium, under oxidizing conditions, is strongly sorbed by the
basalt. Solubility constraints should keep the Am concentration
below 1 E-1OM.

(6) Technetium, under oxidizing conditions, is present as an anion
and, therefore, is poorly sorbed by the basalts. Under reducing
conditions, Tc concentration is controlled by the solubility of
TcO2 and the aqueous speciation of Tc(IV).

A1-40



DOCUMENT REVIEW FORM

AUTHOR: M. . Smith. P. F. Salter, and G. K. Jacobs

TITLE: Waste Package Performance Requirements for a Repository in
Basalt

REFERENCE: RHO-BWI-SA-172, 1981

AVAILABILITY: Published

KEY WORDS: Waste Package, Basalt

GENERAL COMMENTS: This paper provides a summary of a study performed to des-
cribe preliminary waste package performance requirements in
a basalt repository and establish a relationship between NRC
criteria applicable at or near the waste package and EPA
total curie release criteria applied at the accessible
environment.

This study does not perform a near field analysis. It
assumes that the waste is contained for 1000 years after
which there is a 1000 year leach time for all nuclides.
Given this release rate, the transport to the environment is
calculated using a one-dimensional model. This procedure
was first used by Wood, RHO-BWI-ST-10.

Two test problems were modeled and evaluations were made by
first ignoring and then considering solubility limits of the
nuclides. The first problem considered transport through
2.8 km of basalt to the environment with a groundwater
velocity of 0.32 /yr. The second problem assumed that an
event occurred that increased the water velocity to 7.9 /yr.

The results of the studies indicate if solubility limits are
not taken into account the waste package must have release
rates less than 10-3 per year, as assumed, for many of the
actinides and some must have release rates less than the NRC
limit of 10-5 per year in order to meet the EPA standards.
This applies for both test problems. When solubility limits
are accounted for, all nuclides have cumulative releases
less than the EPA limit in the low flow rate case. However,
Np-237 and Pu-239 exceed the EPA limit in the high flow rate
problem.

This report suffers from a lack of documentation and/or
motivation in describing their reasoning behind the selec-
tion of key parameters. An example of this is the solubi-
lity limits used. There is no reference detailing where
they obtained the data or the test conditions. Before
accepting the quantitative results of this study a thorough
evaluation of the key variables in the model is needed.
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AUTHOR: Anderson, W. J., PNL

TITLE: Conceptual Design Requirements for Spent Fuel, High-Level Waste
and Transuranic Waste Packages

REFERENCE: RHO-BW-ST-25P, 1982

AVAILABILITY: Published

KEY WORDS: commercial waste, spent fuel, basalt, waste package

DATA SUMMARY:
Property and Form of Data:

Data form given is mostly "number presently used in design" (NPUD)-
heat generation rates of CHLW, DHLW and SF vs. time-temperature limits
for waste package components C - physical properties of basalt.

Materials and Specimen Geometry:
See the references and appendices given in the report.

Test Conditions:
Information compiled for the storage of spent fuel, CHLW, DHLW andC TRU waste in a basalt repository.

COMMENTS ON DATA VALIDITY:

This report is a compendium summarizing the available data that is
presently being used for waste package design. It could serve as a useful
reference to the BWIP program, but only up to the publication date.
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AUTHOR: Barney, G. S.

TITLE: Radionuclide Sorption and Desorption Mechanisms in Interbed/
Groundwater Systems of the Columbia River Basalt Formation

REFERENCE: RHO-EW-SA-276P, October 1982

AVAILABILITY: NTIS

KEY WORDS: sorption, desorption, basalt, interbed, hysteresis

DATA SUMMARY:
Property and Form of Data:

Sorption, isotherms.

Materials and Specimen Geometry:
Sandstone and tuff interbed materials, crushed.

Test Conditions:
< 850C.
Reducing and oxidizing.
(-0.8 V).

COMMENTS ON DATA VALIDITY:

Desorption isotherms for Se, Tc, Np, U, and Ra have much smaller slopes
than for corresponding sorption isotherms (except for Se and Tc under oxi-
dizing conditions). These nuclides are apparently irreversibly sorbed on the
interbed solids. This is applicable only to the waste package in the sense
that criteria for containment of the waste in the package can be viewed in
terms of the containment provided by the site. Perhaps some of the data on
the tuff interbed material would be applicable to a tuff repository.
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Thm sorption nd dosorption mchanisms of ky rdlonuol[dos (To, Np,

Pu, Am, Cs, Sr, and R) In roundwator-Interbod systems of a Columbia

nivar bsalt frmation wore Invostigatod. Sndstono and tuft ntorbod

materials from selected sdlmentary nturbods were used In thoso

exparlacnts. The ff ects of roundwator composition and Eh an rdionuclido

sorption nnd dsorption n the selectod googic solid wore studied.

Sodlum, potassium, and calclum In the groundwater decrease srption of Cs,

Sr. and R by on oxchango reactions. Groundwator Eh strongly atfcts

sorption of T, Np, Pu, and U sinco chemical species of thoso elements

_..|oainI the lower xidatlon statoe are more extensively sorbod by

chomisorptlon. Effocts of radlonuclid caplixation by roundwetor anlons

on sorption wore not obser-ed excopt for noptunium carbonate (or

bIcrbonato) complexes and plutonium sulfate complexos.

Sorption and doosrptlon Isothorms were obtalned for sorption of key

rodlonuclidos undor oxidizing and rducing condtions The Froundlich

equation ccurately describes most of those isothorms. Most radionuci des

are apparently rrovarsibly sorbod on ach of the geologic solids sinco the

slopes of rption and dosorption sothorms for a givon radionulcid are

different. This hystorosis offoct 1 Very largo and will causo a

signiftcant doloy In rdlonucilda transport. It, thereforo, should be

Includod n modeling rdionuclido transport to accurately assess the

Isolation cpabilitios of a repository In basalt.
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AUTHOR: Barney, G. S.

TITLE: Radionuclide Sorption of Columbia River Basalt Interbed Materials

REFERENCE: RHO-BW-SA-198P, May 1982

AVAILABILITY: NTIS

KEY WORDS: sorption, isotherms, basalt, interbed, KD

DATA SUMMARY:
Property and Form of Data:

Sorption, isotherms, KD values.

Materials and Specimen Geometry:
Sandstone, tuff, crushed materials.

Test Conditions:
230, 600, 850C.
Oxidizing, reducing.

COMMENTS ON DATA VALIDITY:

This material is not directly applicable to the package. However, some
of the testing techniques are. The use of hydrazine to lower the Eh of the
system interfered with the sorption of Cs+, Sr2+, and Ra2+ because the
protonated form of hydrazine, NH 5+, competes with Cs+, Sr2+, and
Ra2+ for sorption sites. The use of hydrazine may also interfere with the
sorption of Np, Pu, and Tc.
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Sorption and precipitation of key radionuclides n the groundwater-
rock system expected in Columbia River nterbed zones were investigated.
Sorption isothers were defined for sorption of C, Sr, S, tc, a, U. Np,
and Am an an ntarbed sandstone standard from the Rattlesnake Ridge
intorbod. In addition, the effect of groundwater composition and redox
potential on sorption and precipitation of those radionuclides on intorbed
sandstone and tuff ware studied. Isotherms wre measured at 230, 600,
and 6SC. e Freundlid equation accurately fits the isotherm data
whcn precipitation does not occur. Solubility limits wre obtained for Tc
and Se using the isothorms. Sorption of Cs, So, Tc, U, and An is strongly
affected by temperature over the 230 to SOC range.

The majQr chemical comnonents of Grandq Rondo groundwater (Na4,
Ca2*, K+, Mg+, Cl, F-, C , HC03, and S04) wero studied for their
influenco on sorption and precipitation. Statistically designed
experiments identified significant groundwater components and measured
thair effects. The resilts gave evidence for selecting sorption
machanisms for each radionuclide (ion exchange, chonisorption, redox
reations, complex fomation, or precipitation). Strontium, Ra, and Cs
are sorbed by ion exchange and compete for exchange sitas with ions of
similar si2e. The p, Pu, and Tc are reduced by hydrazine to thcir (IV)
oxidation states and are sorbed by chemisorption. Slenium is not rduced
to the metal by hydrazino, but appears to be prceipiated as a calcium C
compound. The groundwater variables had little effect on Am sorption. A
slightly soluble Am compound appears to form whid is more soluble at low
pl.
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AUTHOR: Early, T. O., Jacobs, A. K., Drewes, D. R.

TITLE: Geochemical Controls on Radionuclides Releases From a Nuclear Waste
Repository in Basalt, Estimated Solubilities for Selected Elements

REFERENCE: RHO-BW-SA-282P, 1982

AVAILABILITY: Pub li shed

KEY WORDS: solubilities, speciation in groundwater, thermodynamic data,
actinides, fission products

DATA SUMMARY:
Property and Form of Data:

Calculated maximum concentration of (m/L) of dissolved radionuclides
in equil. with stable solid phase. Reference Grande Ronde water
composition, dominant solution species.

Materials and Specimen Geometry:
Basaltic groundwater, Ni, Sc, Np, Zr, Pu, Pd, Sn, Sm, Eu, Pb, Th,

U, Am.

Test Conditions:
Data only applicable at 250C, pH range -9, Eh - -0.6V -> OV.

COMMENTS ON DATA VALIDITY:

Analyses limited by uncertainties in thermodynamic data base, assumptions
used (e.g. reducing conditions, pH, low temperature, no radiolysis effects for
very near field). No estimate of data uncertainties on results of the
calculation.
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Two basalt flows within the Grande Ronda Basalt at the Hanford Site

in southeastern Washington are candidates for a high-level nuclear waste

repository. In order to determine the anticipated rats of release and

migration of key radionuclides from the repository, solubility controls

must be determined. Solubilities, solids controlling solubility, and

aqueous speciation in groundwater have been determined from available

thermodynamic data for a variety of actinides and fission products.

Groundwater compositions used include all available analyses from the

selected radionuclides nclude hydroxides and hydrous oxides (Pd, Sb, Sm,

Eu, Pb, Am), oxides (NI, Sn, Th, Np, Pu), elements (Se, Pd, Sb), and

silicates (Zr, U). Dominant soluble species nclude hydroxy complexes (Zr,

Pd, Sn, Sb, Sm, Eu, Th, U, p) and carbonate species (i, Sm. Eu, Pb, U, Np,

Pu, Am). In addition to limitations in completeness and accuracy of thermo- c
dynamic data, solubility estimates of the radionuclides are sensitive to

the following: () Eh and the degree of redox equilibrium, (2) temperature,

(3) formation of metastable solid phases, and (4) coprecipitation. Eh

effects have been evaluated for each radionuclide and are significant for

Se, Pd, Sn, and possibly U and Np. Solubility estimates also have been

calculated at ambient temperature (55 t 5C) for Grande Rondo basalts for

those nuclides for which sufficient data exist. Effects of metastability

and coprecipitation cannot be treated quantitatively but their contribu-

tions have been estimated in reference to available experimental data.
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AUTHOR: Hodges, F. N., et al. (PNL)

TITLE: Development of a Backfill for Containment of High Level Nuclear
Waste

REFERENCE: Scientific Basis for Nuclear Waste Management V, Vol. 11,
Elsevier, N.Y., 1982, pp. 641-648

AVAILABILITY: Published

KEY WORDS: bentonite, water migration, swelling, sorption, controlled
releases, Rd

DATA SUMMARY:
Property and Form of Data:

Rd values for selected radionuclides, hydraulic conductivities
for bentonites and bentonite/sand mixtures, thermal conductivities
of bentonites.

Materials and Specimen Geometry:
Na- and Ca-bentonites, sand-bentonite mixtures. Disk samples

of bentonite are compacted to a density of 2.1 g/cc for permeability
tests.

Test Conditions:
For permeability tests the water pressure used is 2200 psi; tests

were at RT for times up to 28 days.

COMMENTS ON DATA VALIDITY:

The paper specifies the attributes of a well designed backfill including
retardation of water flow and radionuclide migration, retardation of orrosive
species to the container, control of Eh/pH, and provision of mechanical sup-
port for the container and waste. Work was focussed on bentonite for non-salt
repositories.

Water migration rates through compacted bentonite (2.1 g/cm3 density)
show that water will migrate through thin samples quickly.but that the rate of
migration is slower in terms of breakthrough times for thicker specimens.
Slow water diffusion through the swellable clay is postulated to explain this
behavior.

It was found that Cs, Sr and Am are strongly sorbed to bentonite and Np
and U are moderately sorbed.

These data are of scientific interest but should be used with caution in
the design of a waste package. This is especially true for the water permea-
bility studies since in BWIP, for example, the bentonite is blown into the
borehole and compacted clay will not be present unless the borehole collapses
around the waste package.

Al-51



DOCUMIET ASTRACT

N udsui o a1d u.Lcium huntuiaLtux, larunnad to dtanlition otw n 1.9 a'd 2.
ca/c, have hydraulio conduativition a the rnqe of 10I to IO cim/a.

Batch orption dtribution ratios (t,%j indicate that 8r Cae and An are
1struwltly 1;urlxx on aonsito s aaad uulitunet tust 1D and U e oturtly
isurxd tl us IunLtai tus .-Ad ult I #un, uii Llat A, M, U. le aual sIf ru
etC0aqly urtuald ua crcoaL. SorptiUn CoAulta ith basalt and tutf ground
watera are similars however# iodine In tuft qround water orba more
ntronqly on hontonteax Thsarmat diffUniVitY maalauromnt for 4ry,
ovaqeatud ( - 2.1 os ) odium buestonito insicato that the thormal
conthlutivity of a high dnsity bulitonito Ickfill ishould bo roughly ulmilar
tu tt ur n u.stu ut rls (sslt, qrauLstu. ufC). lTuuu russulta
Indicate that a bontonite backfill can sgqnificantly delay the first
rolonoto of many rdlonuaildan nto the Nst rock and that by forming a
dittuia arrior bontosaito aackfilL case salqnifftinatly docroase te ong-
tur. rloansu ratu o rdonuolidos ru te waute hilcka.o
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AUTHOR: Palmer, R. A., et al.

TITLE: Characterization of Reference Materials for the Barrier Materials
Test Program

REFERENCE: RHO-BW-ST-27P, June 1982

AVAILABILITY: NTIS

KEY WORDS: basalt, metals, alloys, clay, waste form, examination, analyses,
waste package

DATA SUMMARY:
Property and Form of Data:

Physical and chemical properties characterization.

Materials and Specimen Geometry:
Engineered barrier reference materials as received.

Test Conditions:
Ambient.

COMMENTS ON DATA VALIDITY:

The RUE-1 basalt was found to be a siliceous mass consisting of a glassy
mesostasis, plagioclase, pyroxene, titaniferous magnetite and clay. Qualita-
tive SEM/EDS examination of the reference bentonite confirmed the presence of
calcium plagioclase, iron oxides, gypsum, and nontronite as well as the pri-
mary phase, sodium-moutmorillonite. Also present are small amounts of quartz,
illite, and possibly calcite. Metal characterization by SEM/EDS of the candi-
date canister materials are reported. The chemical composition of a variety
of waste forms is also detailed.

This report details the procedure for preparing standard sieved basalt
from basalt monoliths. It states that all weathered basalt should be removed
by hand from the unweathered basalt before final processing because weathered
basalt may interfere. It is identified by a yellow exterior surface. Tests
should be run with basalt as received.
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Reference basalt entablature, colonnade, and flow top specimens have (
been selected from the Umtanum flow, which is the primary basalt flow

under consideration Cor repository siting. Material from the Mabton

Interbed Stratum, Pomona low basalt, smectite clay from the Pomona Flow,

a potassium cinoptilolite, Beverly sandstone and uft, and Grande Ronde

groundwater are also included in the suite of reference geologic materials.

Reference engineered barrier materials include sodium bentonite and

canister metals such as carbon steel, cupronIckel, astelloy and nconel

alloys. Spent fuel, borosilicate glass, and supercalcine ceramic comprise

the reference waste forms.

Characterization of these materials has ranged from simple

macroscopic examination of the bulk material to sophisticated analyses

with analytical electron microscopes. Chemical compositions of the

materials were determined by X-ray flourescence spectroscopy, electron C
microprobe, and energy dspersive X-ray spectrometry in combination with

scanning and analytical scanning transmission eectron microscopy SEM,

AUS'EWJ. Particle morphologies were determined by optical microscopy,

SEM, and ANSTEM. Petrographic analyses of thin sections, X-ray powder

d.ffractometrcj, and electron diffraction in the MS.EM were all utilized

to dentify the cystalline phases present in these materials.

Analyses of the elemental and phase chemistries for most of the

reference materials have been conpleted on typical samples. Determinations

of material homogeneity re currently 4eing performed. These analyses

provide the asis for the nterpretation of later experiments designed to

define the behavior of host rock components, engineered barriers, the

wasto forM under conditions expected n a repository in basalt.

The data ncluded in this document reflect the work completed through

Nag of 1982.
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AUTHOR: Salter, P. F., et al. (RHO)

TITLE: Application of Systems Analysis to Develop Engineered System
Performance Requirements for a Hard Rock Nuclear Waste Repository

REFERENCE: RHO-BW-SA-210P, 1982 (?)

AVAILABILITY: Obtained as preprint from author.

KEY WORDS: basalt, engineered barriers, natural barriers, controlled
release, system analysis

DATA SUMMARY:
Property and Form of Data:

System analysis data addressing the performance of BWIP system
with respect to regulatory criteria.

Materials and Specimen Geometry:
As per BWIP.

Test Conditions:
As per BWIP.

COMMENTS ON DATA VALIDITY:

The paper describes a general analysis to evaluate the roles of
engineered and natural barriers in meeting NRC/EPA criteria. Two release
scenarios were postulated for the calculations: Case I - Non-disruptive
phenomena: transport through a basalt flow-top to the accessible environment;
and Case II - Disruptive phenomenon: transport through an interbed to the
accessible environment. If radionuclide release is assumed to be not con-
trolled by solubility effects then, for Case I, 4C, 79Se, 9 9Tc, 23 7Np
and U isotopes and their daughters were the only potential problems. For Case
IIf additional elements were 13 5 Cs, 1 2 6Sn, 10 7Pd, 24 3Am, 2 4 Pu and
23 1Pu. If solubilities are estimated from experiments and calculation as-
suming solubility limits then it is found that all radionuclide releases to
the accessible environment are within EPA criteria. Also, releases meet the
NRC controlled release criterion.

The main potential problems with this analysis center on the use of valid
solubility data. There is currently little information on solubilities mea-
sured from the supersaturated solution condition (see Fullam's paper), the
effects of colloidal material transport, irradiation effects which could still
prevent reducing conditions from being present, etc. More representative
analytical data are needed before the findings of this paper can be verified.
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Tho Basalt Waste Isolation Project has developed a systems-analysis approach to establishing performance requirements forthe engineered system of a geologic nuclear waste repository.These requirements assure that the engineered system is designedto complement the natural system. This approach results in theoptimal design for the engineered system by reducing the func-tional requirements of that system. While applied only to thebasalt system at this time, this approach is applicable to anygeologic system. As an example, the systems-analysis approachhas been applied to the problem of establishing performance requirements for a waste package n basalt and has resulted inthe.design of a less-complex, more cost-efficient waste packagefor a nuclear waste repository in basalt. This paper pointsout the importance of developing site specific rather thangeneric waste packages.
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DOCUMENT REVIEW-FORM

AUTHOR: Salter, P. F. and G. K. Jacobs

TITLE: Evaluation of Radionuclide Transport: Effect of Radionuclide
Sorption and Solubility

REFERENCE: Scientific Basis for High-Level Waste Management V, Vol. 11,
Elsevier, N.Y., 1982, pp. 801-810

AVAILABILITY: Published

KEY WORDS: BWIP, controlled release, sorption, solubility, groundwater
travel times, Eh/pH

DATA SUMHARY:
Property and Form of Data:

Calculated radionuclide release rates at the accessible
environment to selected radionuclides.

Materials and Specimen Geometry:
Not specifically given.

Test Conditions:
Specified for the anticipated BWIP repository system: 59-3000C,

1-114 bar, Eh + 0.5 to -0.61V, pH, 6.0-9.6.

COMMENTS ON DATA VALIDITY:

The work is a preliminary assessment of radionuclide release using
available data on sorption and solubility of key radionuclides for the BWIP
system. Using estimated conditions within BWIP it is concluded that the
release of the following radionuclides can be controlled to values within
those specified by the EPA at the accessible environment.

One potential problem is that sorption of radionuclides for the reducing
conditions anticipated over the long term were estimated in tests in which
hydrazine was used to obtain the highly reducing conditions. This procedure
has been questioned by NRC in the SCA report. Also it is not clear whether
soLubility data were selected for the appropriate radionuclide species. Much
more work is needed to obtain a more solid data base on sorption/solubility
effects before an accurate analysis can be made. The NRC 10-5/y controlled
release rate has not been addressed.
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AUTHOR: Westerman, R. E., et al. (PNL)

TITLE: Development of Engineered Structural Barriers for Nuclear Waste
Packages

REFERENCE: Scientific Basis for Nuclear Waste Management, Vol. 6,
North-Holland, N.Y., 1982, pp. 363-370

AVAILABILITY: Published

KEY WORDS: uniform corrosion, crack growth tests, stress-corrosion
cracking, basaltic water, gamma radiation, cast iron,
cast steel, titanium grade 2, titanium grade 12

DATA SUMMARY:
Property and Form of Data:

Uniform corrosion rates, fast crack propagation rates, slow
strain rate tests.

Materials and Specimen Geometry:
Titanium grades 2 and 12, ASTM A536 grade 60-40-18 ductile cast

iron and ASTM A217 grades WC6 and WC9 cast steel coupons and tensile
specimens.

Test Conditions:
Slow strain rate tests at displacement rate of 2x10-7 to 10-4

in/sec.; corrosion tests at 2500C in basaltic water, crack growth
tests were done at 900C in Hanford groundwater.

COMMENTS ON DATA VALIDITY:

This study conducts screening tests on Titanium grades 2 and 12, ductile
cast iron, and two cast steels in the presence and absence of y irradiation in
basaltic groundwater. Slow strain rate tests on the titanium based metals
show some degradation of ductility at 2500 C which may be partly due to
internal effects not associated with aqueous corrosion. At 90 0 C there was
no environmental effect on fast crack growth rates. General corrosion of the
iron/steel samples was conservatively estimated to be about "/1000 years at
250 0 C. No stress-corrosion cracking was detected in U bend specimens.
Basaltic water chemistry was not altered by 105 rad/h y-irradiation at
400C. However, oxygen levels were not apparently measured.

The tests are adequate for preliminary screening purposes to identify
corrosion failure modes. However, very long term exposures of several years
may be needed to fully determine the likelihood of a particular failure
mechanism occurring.
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I)OCJMUII AXIItACT

C

fM devninhannt o tnicturnl brriers for nuclear waste
packages iavoLves saoLction of cndidate matOriLs, their
screening by mechanical and corrosion tosting, rigorous
accelerated tsting, and Ovaluation nd Comparison vith
other package elements. This document presents rsults
tiom work conducted on titanium and cast stoels.

C
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AUTHOR: Wood, M. I. (RHO)

TITLE: Evaluation of Sodium Bentonite and Crushed Basalt as Waste Package
Backfill Materials

REFERENCE: RHO-BW-ST-21P, 1982

AVAILABILITY: Published

KEY WORDS: bentonite, basalt, groundwater, pH, Eh, ionic strength,
hydrothermal tests, sorption, alteration, swelling pressure

DATA SUMMARY:
Property and Form of Data:

Solubilities of selection of ions at 200, 300 0C. Swelling
pressure of bentonite, pH changes with time for groundwater in
presence of packing.

Materials and Specimen Geometry:
Compacted bentonite for swelling tests, 75%/25% by weight of

basalt/bentonite for solubility tests.

Test Conditions:
Solubility and pH tests at 2000 C/300 bars, 3000 C/300 bars.

COMMENTS ON DATA VALIDITY:

The report described results of studies to quantify the aqueous condi-
tions in BWIP waste package packing material and the identification of alter-
ation products in the packing. The data show that at 3000C/300 bars and
2000C/300 bars the basalt glassy phase alters to illite and a smectite clay
and quartz; reducing conditions were stated to be present and the pH of the
water fell to a stable value of -6. No significant changes in F, C-,
S04-2 were detected.

An issue is raised in this work since similar studies at BNL (NUREG/CR-
3091, Vol. 3, Appendix D, 1984) show that the F level decreases, Cl-
remains unchanged but S 2 concentrations are raised by a factor of about 4.
Si and Fe are also greatly increased. The major difference in the RHO and BNL
studies was the presence of a gamma field in the BNL work. Ths increased
sulfate may alter the corrosion behavior of the container and should be
further studied by RHO.

Data were also given on sorption for various radionuclides.

In the BNL work, CH4 was found to be present after testing. No such
observation was made in the RHO study. More work will be needed to assess
CH4 effects since these have been identified in groundwater samples taken at
the BWIP repository horizion.
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Hydrot~haxaerl xPerlatS t basalt/roundwatcr and the bntonits/
gxun2watez systems ware conducted as part of n overall pog:=a designed
to csvaJuata the suitabi1lty of cruslwd basalt and bezto41t as waste
pi.-:ago bksfi.l materials n a basalt eionment, ?2% maJor p=Pos of
the Xp jeats W4S to est1 Wat t chencal (e.g. long terM) Sabilty
of tase materia.Ls.

iP=olminary y2dothersmal xpesZment wex cowpleted t 300'C, 300
bars ard.L2 00C, 300 bars n to bsalt/groundwater system to determine te
cheical stability of cushed basalt. Analysis of solutio data froM the
300cC xprl~ents as a funct>on of time 4W eacti= products Indicated

tj t priaary roaction was the alteration of t basalt glass phaz to
1l11ta ad/or sMcOtICe clays and quartz. 7be estab .stbeat of steady
state pS values of 6, the appazent rapid CC zrewe of a igh.ly roducing
QnVfronzaant n the system, and 4a Isigalfcant I=Zease n ho solution
concentration of potesatially coroalve aqueous peles fluorlde,
clZride, and sulfatea) were observed. ?whe data JiIate that a waste
pacitage backfIll contaInIng a sgnIfIcant aunt of oxushed basalt will
provide a nea-field g=henmcal environment avorable o t ch cal
stabilty of mctal canlster mterlas. Aso, suc-an e Iroment will
p=omote te low solubility of atnldes.

A. preliminary experiment was also coMpeted In the sodJum bto.it/
groundwater sste a 300°C, 300 bacs. AJVses o t reacted solutions
and solJd sw that bencit remains essentially stable with =y mino
alterations to albita. Sorption data were generated on cushed bsalt,
secondary mjneals Iz basalt, and sodWum betonite at 60 to 659C =der
oxiC and anoxic cordltios* hese dta ladicate tat cesiu and stontiu
wfill be completely contained In a waste package bckfjl de to te
formaton of nsoluble secondary alnerals, Ion exchange, and specific
adsorptIon. Under reducing condItIons, neptuniuw will be retained beyond
1,000 y ad uranwu ad lutonum will be retained under educing
conditlos ver 300 yr. An izIeaze In eteat9o tw a be expected to
occur with an Irease Ia temperature. TheoreticaLly, calculations and a
limited data base hav been ud to propose a refarenco waste cJkage .-
backflc2. component Wiich will (1J dtuslonaJ.1y contsol ass transport,
(2J exert a swelling pressare less than ydrostata Zressure ('.Q 4Pft),
and (3) efactivey conduct at away trw the waste package such that
Maxizum allawabla waste package teigperatures are not exceeded, he
rferece baccfIll componan consists of 25 sodium ttotead 754
crushed basalt with a nitial density of 34l g/cm and a tcAes e
0.152 .
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AUTHOR: Smith, M. J., et al. (RHO)

TITLE: Repository and Waste Package Designs for High-Level Nuclear
Disposal in Basalt

REFERENCE: RHO-BW-SA-303P, 1983

AVAILABILITY: Available as preprint for paper to be presented at the
International Conference on Radioactive Waste Management,
Seattle, WA, May 1983.

KEY WORDS: repository design, waste package design, container corrosion,
bentonite, thermal conditions, groundwater

DATA SUMMARY:
Property and Form of Data:

General description of waste package and repository designs,
including anticipated repository conditions.

Materials and Specimen Geometry:
Varies depending on type of waste package.

Test Conditions:
Not applicable.

COMMENTS ON DATA VALIDITY:

The paper describes in general detail the efforts of BWIP and subcon-
tractors in defining waste package designs for CHLW, DHLW and spent fuels.
Included are descriptions of the pristine geology, geochemistry, temperature
and pressure at the repository horizon and what changes are anticipated from
waste emplacement.

For spent fuel the borehole surface temperature will be a maximum of
2350C after 5-10 years of emplacement. At closure the temperature will fall
to 170-2000C. Hydrothermal tests at BWIP show that dissolved oxygen in the
groundwater will fall to levels of <10-3 mg/L in 600 h at 1500C due to a
basalt/H20 interaction. However, tests at BNL indicate that radiolysis ef-
fects may not give these highly reducing conditions. This, then, is an open
issue. Nevertheless, BWIP is specifying a 1 cm corrosion allowance on the
carbon steel container to give 1000 y containment. BUIP also assumes that
pneumatic injection of dry bentonite around a container will be sufficiently
dense (50% theoretical density) to inhibit groundwater travel. No actual
tests have been run to confirm this. It seems that long distance pneumatic
injection could allow voids to form in the packing which would allow easy
access of water to the container.
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D)OCUMEITI4 ABSTRACT

The Basalt Waste Isolation Project is part of the U.S. Department of

Energxl's National aste erminal Storage Program. An important feature of

the Basalt Waste Isolation Project's mission is to develop compatible

waste package and repository designs for spent fuel and processed hgh-

level waste disposal n basalt. This paper will report the results of a

joint effort among the Basalt Waste Isolation Project, Westinghouse-Waste

Technology Services Division, and Raymond aiser Engineers nc./Parsons

BrInckerhoff Quade Douglas, Inc. to develop a repository conceptual

design and compatible waste package conceptual designs for basalt. During

fiscal year 1982, waste package and repository designs o: the permanent

disposal of ccmmercial and defense hgh-level waste and circular bundles

of spent fuel rods from three pressurized water reactor assemblies or

seven boiling water reactor assemblies were developed on the basis of cost

effectiveness. Each of the designs s based on environmental and regula- C
tory perfozmance factors that were used In the development of waste pack-

age and repositorx design criteria. me Basalt Waste Isolation Project
reference waste package conceptual design, based on site-specific environ-

mental conditions, consists of a waste form contained by a low-cambon

steel canister, which is then surrounded by a backfill mixture of benton-

ite clay and crushed basalt. he waste package designs have been ully

Integrated into the remainder of the engineered repository structure.
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AUTHOR: Smith, M. J., et al. (RHO)

TITLE: Waste Packages for a Repository Located in Basalt

REFERENCE: RHO-BW-SA-330P, 1983

AVAILABILITY: Preprint of paper to be presented in Civilian Radioactive
Waste Management Information Meeting, Washington, D.C.,
December 1983

KEY WORDS: waste package, corrosion, bentonite, stability, gamma
irradiation, basalt, design, performance evaluation,
hydraulic conductivity, sorption

DATA SUMMARY:
Property and Form of Data:

Variety of corrosion, sorption, hydraulic conductivity and
bentonite stability data are given.

Materials and Specimen Geometry:
Carbon steel, bentonite, basalt.

Test Conditions:
High temperature tests up to 3700C for the various package

components.

COMMENTS ON DATA VALIDITY:

Paper describes progress towards an advanced waste package conceptual de-
sign. Included are general descriptions of procedures for pneumatic injection
of package, an ASME code case for structural design and alternate package con-
figurations. In hydrothermal tests at 2000C the solubility of many radionu-
clides from CHLW are decreased due to establishment of reducing conditions.
Sr and Sm, however, have elevated solubilities. Low carbon steel corrosion
rates in anoxic groundwater decrease with time and increasing temperature.
Corrosion products in the presence of bentonite are either Fe-rich clay or Fe
silicates. Corrosion tests at PNL under oxic conditions in the presence of
basalt gave pitting with the deepest pit measuring 11.5 mils after exposure at
1500C for >5 months. A linear extrapolation will give a pit depth of 8.3
inches after 300 years. For a corrosion test under a gamma flux of 3x105

rad/h for 13 months the uniform corrosion rate increase by a factor of 2-3
compared with non-irradiation conditions. In bentonite rehydration tests it
was stated that experiments showed that heating to temperatures up to 370 0 C
did not destroy the clays ability to reswell upon contact with water so that
its water retardation behavior would not be compromised.

Issues arising from the paper center on the fact that gamma radiolysis
will not allow the establishment of reducing conditions so that accelerated
corrosion and pitting are quite possible. More long term irradiation-
corrosion tests are required for whole package configurations.

An outline of waste package performance evaluation is also given.
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IoWCUEIKII ASTILACT C
This paper presents the status of the WIP wasts
package materials testing, modeling, and design
activities and plans for continuing these activi-
ties through FY 1984. The first in a series of
design activities leading to the final design of
waste packages that wil reliably meet Federal
performance criteria has been completed. These
activities have led to the development of waste
package conceptual designs for commercial and
defense hi9h-level waste (borosilicate glass) and
spent fuel rods. Planned engineering studies,
together with an improved materials data base,
will proyide the necessary information or the
preparation of waste package advanced conceptual
design requirements during FY 1984.

Tests of hydrothermal reactions between basalt and
simulated Grande Ronde Basalt groundwater showed
that Eh conditions that were initially oxidizing
became progressively more reducing as oxygen was
consumed by the oxidation of ferrous iron released
by the dissolving (glass) mesostasis. The pH of
samples periodically withdrawn from the autoclaves
decreased rapidly from a value of 9.8 and then
rose to stable values of 7.5 and 7.6 at 2000 and
3O0oC, respectively. ydrothermal tests show that
basalt will reduce radionuclide releases from waste
forms under conditions simulating those expected
in an N4R3. As an example, n testing of Tc-doped
borosilicate glass, steady-state concentrations of
Tc n solution were fnd to be about three orders
of magnitude lower when basalt was present. Hot
calls have been prepared and hydrothermal testing
using fully radioactive waste forms was initiated
by the WIP on November , 1983. An etensive
program to test waste package components in the
presence of radioactive waste forms and to assess
the effect of basalt and barrier materials on
releases of key radionuclides from waste packages
under repository conditions has been developed for
the hot-cell facility.

Corrosion testing of the SWIP reference canister
material, LCS, and the two backup materials,
fe9CrIMo alloy steel, and 90-10 Cupronlckol are
being conducted to develop a reliable data base
for waste package design and modeling activities.
Exposure of LCSs with varying carbon content at
temperatures from 1000 to 3000C in the presence of
the basalt/bentonite backfill showed that, under
the conditions of the test, corrosion rate was
independent of carbon content. Also, corrosion
rates generally decreased with ncreasing tempera-
ture. This feature was attributed to the tenacity
and degree of development of an Iron-rich clay
surface corrosion product that became more protec-
tive as the temperature increased. Testing to
date also shows that under oxic conditions and at
high flow rates (35 m/hr) the corrosion rates of
iron-base materials increased two to three times
In the presence of gamma radiation. Preliminary
SSR testing of LCS in repository-specific ground-
water showed a slight susceptibility to stress-
corrosion-cracking, whereas early results of static
crack growth testing under equivalent conditions
revealed no tendency toward stress-corrosion-
cracking.

Studies of the effects of radiation on corrosion
and mechanical behavior will continue In FY 1984.
Studies to develop pitting kinetics will be initi-
ated. In addition, long-term corrosion tests will
be started to improve the corrosion data base for
waste package perormance modeling.

Irreversible dehydration of the crushed basalt/
bentonite reference packing material s not
expected to occur at temperatures below 3700C as
demonstrated n thermal testing. At 3000C exposure
It was found that bentonite reactions were rela-
tively minor and chemical stability was little
affected. Thus, the reference packing material
(751 crushed basalt/251 bentonite) may remain
stable over long periods of time. Measured
hydraulic conductivity of packing material was
found to be significantly less than that requitred
to maintain diffusional control of radionuclide
releases, an expected means of controlling radio-
nuclide mass transport through the packing mate-
rial. Sorption hysteresis effects observed in
recent radionuclide sorption studies are expected
to decrease the mobility of radionuclides in the
packing material. During FT 1984, hydrothermal
long-term (up to 5 yr) packing material stability
tests at SOC will be Initiated. The measurement
of thermal conductivity of saturated packing mate-
rials will be Initiated. Measurement of packing

material physical properties (',wellinq, hydraulic f
conductivity. etc.) will continue.

Models are buing developed to allow prediction of
waste package reliability, degradation, and radio-
nuclide release. n addition, two engineering
test plans have been comploted for tests that
employ 'ull-scale waste packages to measure the
rate of packing material saturation under a thermal'rIaint and the degradation of waste package can-
ister and packing material using canister heaters
to simulate radloqenic heat.

\K
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AUTHOR: M. I. Wood

TITLE: Experimental Investigation of Sodium Bentonite Stability in
Hanford Basalt

REFERENCE: RHO-BW-SA-219P, February 1983

AVAILABILITY: NTIS

KEY WORDS: bentonite, basalt, hydrothermal

DATA SUMMARY:
Property and Form of Data:

Ionic concentrations.

Materials and Specimen Geometry:
Umtanum basalt powder (fines washed off), bentonite powder,

synthetic groundwater.

Test Conditions:
T - 3000C, P - 300 bars, 616 hrs, 2130 hrs.

COMMENTS ON DATA VALIDITY:

The change in concentration of the following were monitored with time in
a sstem containing basalt and bentonite: Si, Na, Al, K, Ca, Mg, Fe, B.
S04 , F, C. Potassium showed an increase followed by a decrease
in concentration in the basalt-containing system. Data is shown in document
abstract. The sulfate species decreased with time, which is the opposite of
what occurred in FIN A-3167, Task 4 Phase I and Phase II experiments (whole
package). The data presented in this report do not support the conclusion
that bentonite will be hydrothermally stable and will continue to swell to
the same degree. Experiments should have subjected mixture to dry heat, to
simulate repository condition before water ingress, before testing packing
material in the autoclave.
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DOCUM114'T ABSTRACT

Sodiun bentonite is a candidate mnterial for the waste acCagQ C
backfill c=ponent in a repository in basalt at the Hanford Site.
Prelis:nary hydrtheral rinents have been conducted under
near-field ecc arical conditions expected to occur in the reference
repository location in tWe GMande onde Basalt. Exper ts have
been conducted in the b1aalt/grownwater, bentonita/qroundwater,
and basalt/bantcaite/groundwatar yst=. The xperia~tz have
b= conducted at 300C using a simulated Grande Ponde goudwater,
reference Umtan~u basalt, and wdium bantcnite. Key data generated
by the excparimnts include expeimntai solution analyses as a
function of tine and preliminry solids analysis by scanning
traniission electron microscopy and X-ray diffraction. oluticn
trends of the major aquus species re sinlar in the three
systf3 and am characterized by: (1) the agradual reduction of
the pt value fr %9.75 to a steady-state value of 6, (2) an
initial rapid increase followed by a gradual dcrease n silica
concentration, and (3) a slight or negligible increase in sodium,
sulfate ad chlorida concentrations. In the bentonite/round-
wacer exparimt, ll azounts (t'l) of an abite eaction
product er observed. Conversely. the formation of illite, a
comron bantcnite alteration product. as not observed. These
results indicatao that. odin bentonite will rmin sufficiently
stable at 3000 C under hydrtherma conditions in basalt to
permit its use as a backfill material.

The data discussed aova indicate that montorillonito will
remain sufficiently stable at 300°C under hydrothermal conditions to permit its
use as a bactfiU1 material. Umited experiamtal data in the literature which
might be alicable to the basalt geochanical environment also suggest that 
scdium =ntnrorillonite is stable at 300C. Other cxperimnt3 involving hydro-
thermally reacted ontmorillonites at hgh termnatures [4) show that saturated
nontmrillonita did not rct to mixd-layer clay in a potassiumfree system at
300iC for 1 nruth. Howex, noticeable raction did occur at 4001C in a 17-day
rua whore the reaction prodts rectorite (mixed-layer paraqonite and ontmcr-
illonita), albita, ic=inite, and cuart2 wara observed. .orc mxrprimants and
longer run tim3 are required to dterine the behavior of sodium bentonito
under sitespecic gochmnical conditions. In particular, the validity of the
albite alteration and the degree of alteration st be addressed in future

Uttanun basalt (UE-2) + bentonit + 5ynthetic Gnde Ronde groundwater, 300°C
300 bars: initial water:solids 10:1: baraltsbntonite - 1:1: basalt sh
size -1154250, 3 nthe

concentration Ti ()

(rc'/L) 0 1 20 18 334 672 1337 2130

Si 34 333 551 632 661 632 537 479
Nla 375 361 314 295 290 302 238 213
Al 0.08 15.9 1.1 7.4 6.0 4.5 3.6 3.0.
K 4.00 27.2 37.4 36.9 29.0 24.9 18.1 14.3
Ca 3.01 2.60 1.59 1.63 1.92 2.35 1.12 0.70
mg 0.31 '0.0 <0.10 '0.10 '0.10 '0.10 '0.10 '0.1
Fe 40.006 0.13 0.05 0.04 0.04 0.08 0.03 0.05
B 0.27 1.35 2.49 2.45 2.54 2.89 2.60 2.48
S02- 168 150 170 170 180 90 50
r"i4 30 21.5 16 10 7 6.5 5.5
C1 276 320 320 320 350 345 285
Pli 9.78 6.67 5.94 5.79 5.78 5.42 S.38 5.33
(25C)

Zero tur solution sapplo = starting synthetic grcunhJatcr
Al-68
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AUTHOR: Wood, M. I. (RHO)

TITLE: Experimental Investigation of Sodium Bentonite Stability in
Hanford Basalt

REFERENCE: Scientific Basis for Nuclear Waste Management VI, Vol. 15,
North-Holland, N.Y., 1983, pp. 727-734

AVAILABILITY: Published

KEY WORDS: sodium bentonite, Umtanum basalt, Grande Ronde groundwater,
pH, solution chemistry, hydrothermal testing, alteration,
stability

DATA SUMMARY:
Property and Form of Data:

Solution pH and chemistry, examination of alteration products.

Materials and Specimen Geometry:
Bentonite powder, and crushed Umtanum basalt (-115 to +250 mesh)

from an outcropping, synthetic Grande Ronde water.

Test Conditions:
3001C, 300 bar autoclave tests for up to 2000 h.

COMMENTS ON DATA VALIDITY:

The study evaluated a-bentonite chemical stability with and without the
presence of Umtanum basalt at 3000 C and 300 bars. Synthetic Grande Ronde
groundwater present in the autoclave was periodically analyzed for changes in
dissolved species. The results show that the pH falls from an initial value
of -9.75 to about 6. Si concentration initially increases and then slowly
decreases, whereas Na+, S042-, and C show small or negligible in-
creases. In the presence of bentonite an albite product was detected but
illite, a common bentonite alteration product was not found. It was, there-
fore, concluded that bentonite would be stable enough at 3000C to be useful
as a WIP packing material.

The results presented are useful for determining initial fast changes
in groundwater pH and chemistry, and bentonite alteration over a period of
2000 h. However, stability of bentonite can only be assured if much longer
hydrothermal tests are conducted.
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DlOCUMElT ABSTRACT

Sodium bentcts i a cdidato mtorial for the wat ackage
ckril I awriwnt In i rxsi tory ii, Iswal ;tL the lmurci Jl siW.

Prul ittitry hryruthurnul eR isu*Its luwv Ixx=n xxluctaI wc
ncar-Cia.ol chanical conaitia cxpccto. to axcur n the roforoc
rcpository location in the Grnd rnds nasat. Inets have
ben uctdt in the baaat/groundwatar, btw groumbater,
and alt/ tt eqm atar . The eirinits h
ben ucZI at 300C usi A siuuatcd Crand Wtxcie qcowbaor,
roIoroco UWaflum b1lt, wx xtit antttni. Ky ta *nrtd
by. tho c rqiunts ncludo cra lta.lutia nalysos as a
function of t and prelminary solda anayss by wang
trwnamissian electro mcropy and X-ray fnn. Solution
troixs of the cojor aq:u sics wro smilar in the thro
nyato nti arc 3mcarntorizW by. (1) th grudw rwktitz of
WKS 1l WI.Lwj Cum %9.l5 to ; Ut"Alystata VLuQ UC '6, (2) an
initial rapid incroase follow1 by a gradual decreas in silica
oncentration, and (3) a slight or negligible increase in sodium,
sulCato, cuxI uiorid concantrations. Tn the LntonitJqncxw-
wtor oxparint, soll aounts (l) of an albit rotion
prouct wor oboorvod. Convorsoly, the 'ornmtion of lito. 
xunitKin WltLitu altoration pxhxt, ww not bsorvod. Itso

results indcats that sodiu bentonita will recain sufficiently
stable at 300C undlr hydrotherl conditions in b-salt to
pFvit its us a a lf ill imtrial.
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AUTHOR: Wood, M. I., et al. (RHO)

TITLE: The Near Field Waste Package Environment in Basalt and Its Effect
on Waste Form Releases

REFERENCE: RHO-BW-SA-331P, 1983

AVAILABILITY: Preprint of paper to be published in Civilian Radioactive
Waste Management Information Meeting, Washington, D.C.,
December 1983

KEY WORDS: solubility, hydraulic conductivity, controlled release,
modeling, Eh

DATA SUMMARY:
Property and Form of Data:

General data on solubilities, hydraulic conductivities, gives
simple ID mass transfer calculation to estimate controlled release.

Materials and Specimen Geometry:
Not usually specified.

Test Conditions:
Generally pertinent to BWIP conditions.

COMMENTS ON DATA VALIDITY:

Wood gives data on the kinetics of dissolved oxygen depletion in Grande
Ronde water at 1000 and 1500C with and without basalt present. Basalt
quickly decreases the oxygen level to a value <1 mg/L at 1500C over a period
of only 200 h. A measured Eh value of between 0 to -O.lV was obtained. RHO
cite this evidence for reducing conditions as being highly beneficial since it
will decrease container corrosion and the solubility of radionuclides in
water. However, they have done little if any work to measure dissolved oxygen
levels and Eh in the presence of gamma radiolysis effects. Testing at BNL
indicates that for a simulated waste package at -150 0C in the presence of
gamma radiolysis, oxidizing conditions prevail after 60 days of reaction.

In calculating controlled release values to assess compliance with
1OCFR60 and 40CFR191 Wood assumes (a) solubility constraints apply- with the
low Eh value defining the solubility levels, (b) mass transport through
package is diffusion controlled. Assumption (a) is questionable since gamma
or alpha radiolysis may still be significant in the post-containment period.
Also,solubility levels used in Wood's calculations could be in error if they
are estimated from isothermal tests since work at PNL (Fullam, 1982) show
solubilities are greatly elevated when approached from the "supersaturated"
direction. Also the assumption of diffusion-controlled transport through
packing is not adequately supported.
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A llcniable waste pckage for a nuclear waste
repository In basalt must control lons-tern radio-
nuclide release to the host rock withI; approved
limits as defined by regulatory criteria. eamon-
stration of satisfactory long. term performance
requires experimental data that characterize radio.
nuclide behavior in the expected geochemical waste
package environment. Also, an accepted model Is
required to predict the long-term release of radio-
nuclides from the waste package into the host rock.
Experimental data are suamarized that pertain to
radionuclide behavior n the nuclear waste repost-
tory In basalt waste package (e.g., oxygen consump-
tion hydrothermal reactions, hydraulic conduc.
tivity). A simple, one-dimensional, composite
media transport model s described that provides
calculations of maximum radionuclide release rates
and cumulative releases (over 1OOO yr) at the
waste package packing material/host rock Interface
on a rdiloucildo-by-radionuclide basils. The model
demonstrats that radionualide release from the
waste package s linearly dependent on the solubi-
lity values chosen for the radionuclides of
interest. The calculated releases are compared
with Nuclear Regulatory Clission and Environ-
mental Protection Agency criteria as well as the
available experimental data. The experimental
data indicate that the maximum release rates and _
cumulative releases of the radionuclides techne-
tium, neptunium, and plutonium from the waste
package should satisfy Environmental Protection
Agency and Nuclear Regulatory Commission
requirements.

.~~~~~
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REVIEW OF WASTE PACKAGE DATA FOR SALT REPOSITORY PROGRAM
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DOCUMENT REVIEW FORM

AUTHOR: Jenks, G. H.

TITLE: Radiolysis and Hydrolysis in Salt-Mine Brines

REFERENCE: ORNL-TM-3717, March 1972

AVAILABILITY: Published

KEY WORDS: salt, temperature, migration, brine

DATA SUMMARY:
Property and Form of Data:

Radiation levels (rad/hr) and temperature (C) around waste cans as
a function of time (yrs)-brine composition (molarity) and G-value of
H2-reaction for thermal and radiation chemistries.

Materials and Specimen Geometry:
Buried waste can in a salt-mine, high level waste repository.

Test Conditions:
Literature review.

COMMENTS ON DATA VALIDITY:

The information presented is based on data compiled during a test in
which a pilot waste container with 10 year old waste was emplaced in crushed
salt. Interpretation of the data with respect to brine migration by high
temperature fracture of the salt and radiolytic hydrogen generation are dis-
cussed. Estimation of hydrogen diffusion through the salt beds with the
potential hazard for ignition are considered. Although the work is dated, it
is a multi-component test and has data which could be applicable.
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D0CUMEN4T ABSTRACT

We made a detailed review and aalysis of literature nformatioa
bearing on the radiation and thermal cheistries of the salt and brinas
within the vicinity of a buried waste can in a salt-mine, igh-level,
waste repository. The. objectives were to identify the final radiolysis-
and thermal reaction-products and to estimate the aounts formed and
released into the spaces around a can.

Important adiolysis products include H2, 02 and possibly Cl3,
and ILr03 . ost of the C103 and BrO3 wll decompose to halides and
02 at the high temperatures around a can; NgS(B3) 2 if present may give
rise to some r 2 . Nearly all of the Hai and the accompanying oxidized
spec'es, are formed within the migratin3 brine inclusions by the radia-
tions absorbed within the brine and by dissolution of the interstitial
chlorine and trapped electrons from the irradiated solid salt. The brine
i8 rich in 4g01 (2.3 to 3M), and hydrolysis of the Mg1la around a ca=
will produce HCl.

No possibly-aerious problems arising from radiolytic or thermal
effects in the repository were recognized which couldn't be counteracted

by acme odification of the design or operation of the rpository. -

Uowever, the possible atl'ects hav4 not- een completely evaluated. The

repository project i pumingA or ia presently conducting additional

work in a number of additional areaa including work in brine migration

and radiolysis and radiation damage in the salt. The results of this
Work will help in evaluating the amounts and the effects of radiolyuis,
blydrolysis und corrosion roducts.
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DOCUMENT REVIEW FORM

C
AUTHOR: B. . Davis

Preliminary Assessment of the Thermal Effects of An Annular Air
Space Surrounding An Emplaced Nuclear Waste Canister

TITLE:

REFERENCE: UCRL 15014

AVAILABILITY: Published, April 1979

KEY WORDS: Thermal, Canister, Salt

GENERAL COMMENTS: This report presents the results of a study of the effect
that an annular air space around a horizontally emplaced
canister may have on the heat transfer from the spent fuel
canister to a surrounding salt environment. Their results
showed (1) the air gap could lead to canister surface
temperatures significantly lower than would be obtained if a
crushed salt backfill was used; (2) radiation heat transfer
is more important than convection and; (3) the air ap did
not greatly alter the temperature distribution in the far
field, defined as distances greater than 5 ft. from the
canister.

The analysis is limited in that (1) the calculation was
performed for only one set of values for the physical para-
meters and only one geometry; (2) the possibility of salt
creep diminishing and eventually closing the air gap was not
considered; and (3) the effects of saturated air or steam on
convective and radiative heat transfer was neglected.
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UCRL 15014

DOCUMENT ABSTRACT

C

Modeling results have previously shown hat the presence of a large

air space (e.g., a repoSit0ry room) within a nuclear waste repository is

expected to cause a waste canister's temperature to remain cooler than it 

would otherwise be. flesulto presented herein show that an annular air

space surrounding the waste canisters can have similar cooling effedts

under certain rescribabl cnditions; for a 6' x 1' diameter canister

containing 650 PR rods which initially generate a total of 4.61 kw,

analysis will show that annular air spaces greater than II" will pcrmit.

the canister surface to attain pemk temperatures lower than that which

would result from a zero-gap/perfect thermal contact.* It was determined

that the peak radial temperature gradient In the salt varies in pro-

portion to the inverse of the drill hole radius. Thermal radiation 3

shown to be the dominant mode of heat transfer across an annular air

space during the. first two years after emplacement. Finally, a method-

ology i presented which will allow investigators to easily model radia-

tion and convection heat transfer through air spaces by treating the space

as conduction element that possesses non-linear temperature dependent

conductivity.

.- ,Only thi8 one set of power lvel (4.61 kw) and canis tr geometry as .
studied n numerical detail. It should be noted that a ifferent power level
and/or a difforent canister geometry will result in an air space size different _

______frm 11" (for tcond±tiom yldis:t paturesuijlenttorfect hermal,
cbontaciy.

. %

I' ' /
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DOCUMENT REVIEW FORM

AUTHOR: Claiborne, H. C., et al.

TITLE: Expected Environments in High-Level Nuclear Waste and
Spent Fuel Repositories in Salt

REFERENCE: ORNL/TM-7201, August 1980

AVAILABILITY: Published

KEY WORDS: salt, brine, canister, temperature, spent fuel

DATA SUMMARY:
Property and Form of Data:

Heat generation HLW and SF (relative value vs. years), thermal
conductivity of salt (C,W/mk), density (kg/m3), heat capacity
(J/g-k), conductivity (W/mek) for HLW, SF and salt, salt stratigraphy
(m), corrosion (mil/year)

Materials and Specimen Geometry:
Steel, zirconium.

Test Conditions:
Literature review.

COMMENTS ON DATA VALIDITY:

The purpose of this report is to describe the expected environments as-
sociated with HLW and SF repositories in salt formations. These environments
include the thermal, fluid, pressure, brine chemistry and radiation fields
predicted for the repository conceptual designs. The authors state that "at
this time, design parameters for a HLW or SF repository in salt are suffi-
ciently well defined that it is possible to predict with some confidence many
of the conditions that will be encountered in the vicinity of the waste canis-
ters in the repository." Generally, the results are based on calculations
using single component tests. Interactive tests would provide more complete
data.
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DOCUMINT ABSTRACT

EXPECTED ENVIRONMENT IN HIGH-LEVEL NUCLEAR WASTE AND
SPENT FUEL REPOSITORIES IN SALT

H. C. Clai'borne, L. . Rickertsen,* and R. F. Graham*

ABSTRACT (J- b1 (L X i AViLu)

The purpose of this report is to describe the expected environments
associated with high-level waste (HLW) and spent fuel (SF) repositories
in salt formations. These environments include the thermal, fluid,
pressure, brine chemistry, and radiation fields predicted for the
repository conceptual designs.

Initial themal loadings, distributed over the room and pillar
areas, are assumed to be 216 kW/canister and 150 kW/acre (37.1 W/M2)
for HLW and 0.55 kW/canister and 60 kW/acre (14.8 W/M2) for SF in a
baseline repository. Thermal envirorwionts are calculated in terms of
near-field and far-field models. The salt temperature for HLW peaks at
412°F 211C) ".15 yr after emplacement of 10-yr-old waste. The peak for C
SF is broader, occurring ".50 yr after emplacement at a temperature of
211OF (99.40C). At the canister surface, with a 4-in. (10.2-cm) barrier
[2 in. (I cm) of crushed salt and a 2-in. (5.1-cm) air gap], the maximum
HLW temperature is 5871F 3080C) and peaks 4,10 yr after emplacement.
For SF, the maximum canister temperature is 237°F (1140C) and occurs
*%25 yr ator em lacamicnt. The maximun HLW waste centerline temperature
of 6701F (3540C) is reached "'3 yr after emplacement. The maximum temper-
ature of the SF pin assembly is 2800F (138%C), occurring ".5 yr after
emplacement.

Sensitivity studies are presented to show the effect of changing
thu areal heat load, the canister heat load, the barrier material and
thickness, ventilation of the storage room, and adding a second row to
the emplacement configuration. Decreasing either the areal heat load or
the canister heat load reduces the canister surface temperature. For
decreasing areal heat load, the effect becomes more pronounced as the
years after emplacement Increase; however, the ffect for a decreasinj
canister heat load is most dramatic during the early years after emplace-
ment. The effect on canister surface temperature of a change in the
barrier is presented in the forn of graphs which will permit the designer

The calculated thermal environment is used as input for brine
nigration calculations. The brine inclusions can be considered in terms
of a particle density that obeys the time-dependent continuity equation.
A computer code (MIGRAIN) was developed, and predictions compared favorably k
with experimental data of the Waste Isolation Pilot Plant (WIPP) Salt
Block II. The total flow for HLW is ".12 after 1500 yr, and the corres-
ponding flow for SF is 6 .
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DOCUMENT REVIEW FORM

AUTHOR: Jenks, G.

TITLE: Review of Information on the Radiation Chemistry of Materials
Around Waste Canisters in Salt and Assessment of the Need for
Additional Experimental Information

REFERENCE: ORNL-5607, March 1980

AVAILABILITY: Available

KEY WORDS: brine, radiation, salt repository, radiolysis

DATA SUMMARY:
Property and Form of Data:

Dose rates; temperatures; brine compositions; brine radiolysis;
gas formation.

Materials and Specimen Geometry:
Reference HLW package in salt; generic effects of radiation on

brine and salt.

Test Conditions:
Overview document.

COMMENTS ON DATA VALIDITY:

Useful review monograph on radiation effects in a salt-brine environment,
including radiation damage to salt, gas generation and changes in brine chem-
lstry. Work applicable to both spent fuel and HLW. Emphasis is given to the
radiolytic formation of oxidants (02 or C103- or both) under certain
conditions. The pH conditions likely to be encountered over the period of
interest are not addressed. Recent BNL work on irradiation of salt and brine
has indicated a wide range of pH conditions are likely to exist at any par-
ticular point in time throughout the operational and post-emplacement time
period. Changes in brine-salt chemistry over time require experimental
verification not offered in this report.
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The brines, vapors, and salts prucipitatod from the brines
will be exposed to amma rays and to elevated tmporaturos in
the regions close to a waste packago n the salt. Accordingly,
they will be subject to changos in composition broughit about by
reactions induced by the radiations and heat.

The objectives of the work discussed i this report wre
to review the status of nformation on the radiation chemistry
of brines, gasos, nd solids which might be present around a
waste pckage in salt and to assess the need for dditional
laboratory nvestigations on th radiation chemistry of those
matcoriall.

The basic aspects of the radiation chemistry of water and
aqueous solutions, including concentrated salt solutions, wre
ravicwud biufly ad found to b substantially unchanged froam
those presented n Jonks's 1972 review of rdiolysis and hydro-
lysis in salt-mina brines. Some additional information per-
taiunlai to t rdiolytic yields nd runctionu i brine olu-
tiOII has buccuto available sincu the previous rview, and this
information will be useful in the eventual, complete elucidation
of the radiation chemistry of the s31t-min brines.

A2-10



DOCUMENT REVIEW FORM

AUTHOR: Lowry, W. E., B. W. Davis and H. Cheung (LLL)

TITLE: The Effects of Annular Air Gaps Surrounding an Emplaced
Nuclear Waste Canister in Deep Geologic Storage

REFERENCE: UCRL-84152, June 1980

AVAILABILITY: Available

KEY WORDS: annular air gaps, waste package, temperature, bedded salt,
basalt, spent fuel

DATA SUMMARY:
Property and Form of Data:

Three-dimensional numeric modeling results:
temperatures.

Materials and Specimen Geometry:
Modeling efforts.

gap sizes;

Test Conditions:
Spent fuel (aged 3-10 yrs); canister size:

air gaps of 3, 6, 18, and 42 inches used.
1' diam x 16' length;

COMMENTS ON DATA VALIDITY:

Approach useful in design-configuration aspects of emplacement. The
temperature of the waste canister is determined in response to variations in
(1) surface properties of the gap, (2) the size of the annular air gap,
(3) the presence/absence of a sleeve, and (4) canister and areal initial
thermal power levels. As gap size increases from zero gap, the temperature
rapidly approaches peak at a critical width; beyond this width gaps produce
lower temperatures. Results of such efforts should be investigated in the
field.
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THE EFFECTS O ANNULAR AIR GAPS
SURROUNDING AN PLACED NUCLEAR

WASTE CANISTER IN DEEP GEO1LOIC STORAGE

William E. Wivry
Ungversity of California, Lawrence Livermore National Laboratory

Livermore, California

3111 W. Davis
Northern Arizona University

Henry Cheung
University of California, T.awrence Livermore National Laboratory

Livermore, California -

AJISTRACT

Annular air spaces surrounding an emplaced nuclear waste canister ia. eeo.
geologic storage will have significant effects on the long-term performance of
the waste form. Addressed specifically In this analysis is the nfluence of a
gdp on the thermal response of the waste package. Three dimensional numerical
modeling predicts temperature ffects for a series of parameter variations,
including the influence of gap ize, surface emissivities, initial thermal
power generation rate of the canister, and the prosonce/absenca of a sleeve.
Particular emphasis is placed on determining the effects these variables have
on the canister surface temperature. We have identified critical gap sizes at
which the peak transient temperature occurs when gap widths are varied for a
range of power levels. t i also shown that high emissivities for the heat
exchanging surfaces are desirable, while that of the canister surface has the
greatest influence. ap offects are more prorounced, and therefore more
effort should be devoted to optimal design, in situations where the absolute
temperature of the near field medium i high. This occurs for hgher power
level mplacoments and in geomedia wth low thermal conductivities. Finally,
loosely insertinq a sleeve in te borehole effectively creates to gaps and
drastically raises the canister peak temperature. It is possible to use these
results n the design of an optimum package configuration which will maiitzin
the canister at acceptable temperature leveln. A discussion is provided which
relates these findings to NC regulatory considerations.



DOCUMENT REVIEW FORM

AUTHOR: Magnami, N. J., and Braithwaite, J. W. (SNL)

TITLE: Corrosion Resistant Metallic Canisters for Nuclear Waste Isolation

REFERENCE: Scientific Basis for Nuclear aste Management, Vol. 2,
Plenum Press, N.Y., 1980, pp. 377-384.

AVAILABILITY: Published

KEY WORDS: T304 SS, TiCode 12, IPP Brine A, seawater, uniform corrosion,
stress-corrosion, slow-strain-rate testing

DATA SUMMARY:
Property and Form of Data:

Uniform corrosion rates in m/y and reduction-in-area values from
slow-strain-rate tensile tests to evaluate stress-corrosion cracking.

Materials and Specimen Geometry:
Ticode-12 and T304 SS metal coupons for uniform corrosion tests

and tensile specimens for stress-corrosion tests.

Test Conditions:
Seawater and Brine A for uniform corrosion at 2500C; seawater,

Brine A, air, dry salt and wet salt for slow-strain-rate tests at
2500C.

COMMENTS ON DATA VALIDITY:

The program is designed to give basic data on corrosion of containers for
the WIPP and the subseabed disposal program. The data show that in deoxy-
genated solutions the uniform corrosion rates for both materials are higher in
Brine A. For both solutions the uniform corrosion rate for TiCode-12 is 6
times lower in seawater.

In the slow-strain-rate tests the T304 SS is embrittled in wet salt and
Brine A but not in dry salt (0.7% H20). TiCode-12 is not embrittled in dry
salt or Brine A. Dissolved 02 is a major factor in susceptibility of
T304 SS to embrittlement.

The test temperature is possibly high for commercial waste disposal in
salt but is a useful accelerated test to show that stress corrosion is a
possible failure mode for stainless steel. No data are given for irradiation
corrosion or the effects of adjacent waste package components.
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A pograu with tlo GuaL of uatiag the potuntial of a Mato-
rial to aurvivo 300 yusca ui a uclaur wast canistur i underway at
Sandia Laboratories. The corrosion and stress corrosion cracking be-
havior of thc leading candidate, TiCode-12***, is contrasted to that
of a commonly ud ngiaeoring alloy1 304 stainless steel. Experi-
mental vidence is presented which shows the inadequacy of 304 stainr-
lass stool in potential rpository environments and shows that Ti-
Code-12 could endure the desired 300 years. Further work required to
qualify TiCode-L2 ia outlined.
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DOCUMENT REVIEW FORM

AUTHOR: Rankin, W. N. (SRL)

TITLE: Canister Compatibility with Carlsbad Salt

REFERENCE: Scientific Basis for Nuclear Waste Management, Vol. 2,
Plenum Press, N.Y., 1980, pp. 395-402.

AVAILABILITY: Published

KEY WORDS: rock salt, Cor-Ten carbon steel, T304 SS, uniform corrosion,
container

DATA SUMMARY:
Property and Form of Data:

Uniform corrosion depth in mils. Some characterization of metal
oxides formed.

Materials and Specimen Geometry:
Cor-Ten carbon steel and T304L SS cylindrical specimens embedded

to crushed rock salt.

Test Conditions:
Sealed capsules exposed for 5000 h at 80 and 2250C and unsealed

capsules exposed for 10,000 h at 80, 225 and 6000C.

COMMENTS ON DATA VALIDITY:

The study addresses the corrosion of Cor-Ten carbon steel and T304L SS
as candidate materials for HLW containers to be emplaced in bedded salt. For
samples heated for 10,000 h the materials exposed at 800C showed no visible
corrosion. At 2250C the T304L SS showed only small patches of attack 1 mil
in thickness after 10,000 h. In the same period the carbon steel was attacked
and contained corrosion products to a thickness of 0.6 mil. Samples of
T304 SS exposed in sealed capsules for 5000 h at 80 and 2250C showed no oxi-
dation. Carbon steel samples, however, were covered with a black oxide. At
6000C the stainless steel was covered with a thin black oxide and the carbon
steel showed a much thicker oxide scale.

The data are valid for predicting general oxidation behavior in the
presence of rock salt. However, much longer term tests will be needed to
determine the uniform corrosion rates which can be used in design, and to
ascertain if new corrosion failure modes are likely.
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No significant reaction was found when candidate canister alloys
were heated with salt from Carlsbad, Now Mexico, for up to 5000 hours
in sealed capsules and for up to 10,000 hours in unsealed capsules at
tenpOaCturos (80 to 225'C) that bracket the mxirum temperature cal-
culated for reference Savannah River Plant (3RP) waste containers at
20-foot sp4cings in salt (2). Additional tests wuru UmadO at 600 in
sealed capsulos to haracterize reactions that may occur between
candidato canister alloys and ny component of the slt hat is
roleasod won docropittion occurs. Under thuse utrscu conditions
there wa n uiailficaut attack u Typu 3U4L stainloss steal. But,
there was up to 20-ils attack of the low-carbon stol.
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DOCUMENT REVIEW FORM

AUTHOR: Glass, Robert S.

TITLE: Effects of Radiation on the Chemical Environment Surrounding Waste
Canisters in Proposed Repository Sites and Possible Effects of the
Corrosion Process

REFERENCE: SAND81-1677, December 1981

AVAILABILITY: Published

KEY WORDS: canister, groundwater, corrosion, radiation damage

DATA SUMMARY:
Property and Form of Data:

Tuff groundwater composition mg/L, seawater, Brines A and B ppm,
chemical reactions produced in H20, seawater and brines by gamma
radiation (rads/hr).

Materials and Specimen Geometry:
Titanium alloys, stainless steel, Fe, Cu, Ni.

Test Conditions:
Literature Review.

COMMENTS ON DATA VALIDITY:

This report provides several of the chemical reactions that will occur
during irradiation of the environment surrounding the canisters. The cor-
rosion effects caused by this irradiated environment to possible canister
materials such as stainless steel and Fe, Cu, Ni and Ti alloys are given.
This information is useful for supplementing data taken from other component
tests. Irradiated interactive tests that include backfill and host rock are
not provided in this report.
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DOCUMENT ABSTRACT

SANDB1-1677
Unlimited Release

EFFECTS OF RADIATION ON THE CHICAL ENVIRONMENT SURROUNDING
WASTE CANISTERS N PROPOSED REPO6ITORY SITES AND POSSIBLE

ElFECTS ON THE CORROSION PROCESS*

Robert S. Glass
Sandia National Laboratories

Albuquerque, M 87185

ABSTRACT

This report explores the interaction of ionizing radiation with various
environmentz. n particular, worst case (aqueous) environments for the
proposed nuclear waste repository sites are considered. Emphasis is on
the fundamental chemical and physical processes involved. The
identities of possible radiolysis products (both transient and stable)
have been sought through a literature search. The effect of radiation
on corrosion processes is discussed.

The radiation-induced chemical environment in the worst case repository
sites is not well defined. Attention should therefore be given to
fundamental studies exploring the interaction of such nvironmants with
components of the nuclear waste package, including the canister
materials and backfills. Idontification and quantification of
radiolysis products would be helpful in this regard.

*This work supported by the U.S. Department of Energy.
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DOCUMENT REVIEW FORM

AUTHOR: G. H. Jenks and J. R. Walton

TITLE: Radiation Chemistry of Salt-Mine Brines and Hydrates

REFERENCE: ORNL-5726, July 1981

AVAILABILITY: Available

KEY WORDS: radiation, salt, brines, hydrates

DATA SUMMARY:
Property and Form of Data:

Analysis for C103-, H2 0 2 , C12 and other gas components
(H 2 , 02, CH4 , C0 2 , N2 , Ar, He).

Materials and Specimen Geometry:
NaCl-saturated MgC12-containing solutions; MgC12 hydrates.

Test Conditions:
Temperatures in the range of 30-1800C; aerated and deaerated

solutions used; irradiation time, 20-210 minutes; cobalt source used
(Shepherd 89-TBq).

COMMENTS ON DATA VALIDITY:

Document useful in documenting experimental work undertaken to establish
the values for the yield of H2 [G(H 2 )] in the gamma-ray radiolysis of con-
centrated brines that might occur in waste repositories in salt. However,
gas liberation and generation will also take place from the irradiation and
heating of the rock salt and contribute to the overall gas production process.
The availability of hydrogen formation may contribute to hydrogen-assisted
failure of titanium. Brines also tend to be acidic at elevated temperatures
and could yield HC1. Also, the interaction of sodium with brine may lead to
the formation of sodium hydroxide (NaOH). These factors will contribute to
the deterioration of the container and packing material.
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ID(OCUMEI'IT ABS'I'ItACI'

Certain aspects of the radiation chemistry of NaCi-saturated
MgCl2 solutions and MgCl 2 hydrates at temperatures in the rnnae
of 30 to 180°C were investigated through experiments. A principal
objective was to establish the values for te yields of 112 [(11?)]
and accompanying oxidants in the gamma-ray radiolysis of con-
centrated rincli that might occur in wnst rpositoricea In nsalt.

We concluded that G(112) from gamma-irradiate4 brine solution
into a simultaneously irradiated, deaerated atmosphere above
the solution is between 0.48 and 0.49 over most of the range 30
to 143°C. The yield is probably somewhat lower at te lower nd
of this range, averaging 0.44 at 30 to 45C. Changes in the
relative amounts of MgC1 2 and NaCl in the NaCl-saturated solu-
tions have negligible effects on the yield.

The yield of 2 into the same atmosphere averages 0.13,
independent of the temperature and brine composition, showing that
only 'v50% of the radiolytic oxidant that was formed along with
the H2 was present as 02. We did not identify the species that
compose the remainder of the oxidant.

We concluded that the yield of H2 from a gamma-irradiated
brine solution into a simultaneously irradiated atmosphere con-
taining 5 to 8 air in He may be greater thAn the yield in
deaerated systems by amounts ranging fom 0% for temperatures
of 73 to 85°C, to about 30 and 40X for temperatures in the ranges
100 to 143°C and 30 to 4C, respectively. We did not establish
the mechanism wereby the air afrected the yields of H2 and 02.

The values found in this work for G(l12) in deaerated systems
are in approximate agreement with the value of 0.44 for the gamma-
irradiation yield of H2 in pure H20 at room temperature. They
are also in agreement with the values predicted by xtrapolation C
from the findings of previous rsearchers or the value for

( 2 ) in 2 M NaC1 solutions at room temperature. They are in
poorer agreement with the value of G(H)2 0.42 for NaCl-
saturated solutions in the range 0 to 85°C stated by Spitsyn
et al.1 The higher values for 0(12) in brine (2) inferred by
Jenks2 from results with KC1 solutions reported by previous
Russian workers are completely discounted.

Our conclusions regarding the effects of 5 to 8% air on the
values for G(H2) apparently do not agree with the stated findings

of Spitsyn et.al. that the value for G(H2) in salt solutions
is independent of °2-

Additionally, we concluded that deaerated solutions containing
10 to 12 MC12 and irradiated at 150 to 180°C exhibit ( 2)
values greater than those for solutions of lower gC12 concen-
trations at lower temperatures by factors ranging from 1.0-1.25
at 150-160°C to 1.6-2.0 at 170-1809C. Presumably, the increased
hydrolysis of ?IgC12 at higher temperatures and concentrations is
responsible for some or all of the increase in G(112). A, we
found that radiolytic decomposition of the water of ydration in
crystals of MgCl2'6H20 takes place, but that the ffective values
for 0(H2) are much lss than those in a liquefied solution with
the same ratio of XgC12 to H20. Most of the H2 is not released
from the crystals until the irradiated material is heated above
the liquefaction temperature.

Soue suggestions for additional experimental work are
presented wich would hlp (1) in the identification of the
several oxidized species that are apparently formed in the radi-
olysis of brine solutions and (2) in the further clarification of
radiolysis in the brines. I In
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AUTHOR: G. H. Jenks, H. C. Claiborne

TITLE: Brine Migration in Salt and Its Implications in the Geologic
Disposal of Nuclear Waste

REFERENCE: ORNL-5818, December 1981

AVAILABILITY: Available

KEY WORDS: brine, salt repository, migration, HLW

DATA SUMMARY:
Property and Form of Data:

Theoretical and experimental; brine migration data; thermal
gradient-induced brine migration.

Materials and Specimen Geometry:
Bedded salt; various geometries, single crystal and crushed

salt.

Test Conditions:
Overview document includes data on migration rates of brine in

single crystals at temperatures up to -250 0C; thermal gradient-
induced brine migration at temperatures from 50-2001C.

COMMENTS ON DATA VALIDITY:

Useful overview on rock salt characteristics affecting brine migration;
theoretical aspects of liquid brine migration within crystals of NaCl; migra-
tion rate data for bedded salt; migration of gas-liquid inclusions in NaCl;
experimental and theoretical information on migration of fluids within rock
salt walls of waste emplacement hole; brine flow estimates based on MIGRAIN
code. Such aspects as decrepitation and consolidation not taken into account
with regards to enhancing brine inflow rates. Radiation effects, such as
weakening of salt structure and lowering temperature at which decrepitation
occurs, not considered in this report.
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Bedded and domal salt deposits within the United States tat are

being considered or use in the dispocal of spent llght-wator reactor

(LWR) fuel and/or sol:Ldified high-level wastes contatn a small volume

fraction o brine nclusions, which re located within alt crystals

and/or at crystal boundaries. These inclusions can migrate through the

salt to the waste package when sufficiently large gradients (primarily

temperature gradients) exist in the chemical potential of the satt

around the inclusions. The fluids could also move hydraulically if suf-

ficiently large microcracks are formed in the salt.

Information concerning the rates and total amounts of brine

m.lgrating to a waste package within a salt repository are noeded in eva-

ltiating the suitabiltity of a given isposal concept. Brine migration in

salt has been studied extensively during the past tS years, and the

objective of the present report is to provide a comprehensive review and C
analysis of this available information for use in the preparation of a

licensing topical report (LTR) on brine migration. The objectives of

the licensing raport are discussed elsewhere.

The topics covered in this report relate to three general areas:

(1) the characteristics of salt formations and waste packages germane to

considerations of rates, amounts, and effects of brine migration, (2)

experimental and theoretical information on brine migrations, and (3)

means of designing to minimize any adverse effects of brine migration.

71?oding, brine pockets, or other factors wilL presumahly be precluded

by appropriate site selectton and repository design.
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AUTHOR: Krause, W. B., and P. F. Gnirk

TITLE: Domal Salt Brine Migration Experiments at Avery Island

REFERENCE: The Technology of High-Level Waste Disposals, Technical
Information Center, DOE, 1981, pp. 110-135

AVAILABILITY: Published

KEY WORDS: brine migration, thermal gradient, Avery Island, heaters

DATA SUMMARY:
Property and Form of Data:

Moisture collection rates in gs for given thermal gradients
in domal salt.

Materials and Specimen Geometry:
Avery Island salt dome.

Test Conditions:
Maximum salt temperatures between 30-530C, and thermal

gradients up to 1.42 C/cm. Test times up to 325 d.

COMMENTS ON DATA VALIDITY:

The paper reviews prior work on brine migration in salt and gives a
detailed account of the Avery Island heater experiments. Measurements were
made of brine migration rates in thermal gradients imposed on the salt by
the heaters. A model is proposed for the migration mechanism which is in
agreement with measured values.

This paper is of value in defining the anticipated influx of brine into a
package borehole. It will be useful with respect to quantifying the amount of
brine available for container corrosion and glass leaching and also will help
to understand the importance of brine migration in assessing the controlled
release rates for radionuclides.
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C
Conclusion

The concept of the migration of
brine inclusions surrounding a heater
borehole can be studied on both a
macroscopic and microscopic scale.
The macroscopic scale considers the
gross influences of thermal conditions
(gradient and temperature) on the
moisture moving toward the heater
borehole. Microscopic studies consider
the change in inclusion shape, possible
movement of tagged synthetic brine
through grain boundaries, and related
petrographic examinations.

These brine migration experiments
had three primary objectives. The
first was to conduct scoping and
exploratory experiments in domal salt
to examine brine movement. This
objective has been achieved. The
second objective was to examine tech-
niques for more sophisticated future
follow-on experiments. A more sophis-
ticated moisture collection system
should include a closed-loop cold-trap
system" and der-point sensing
methods to determine the relative
iumidity in the heated borehole
environment. The third objective was
:o determine the in situ permeability
of salt at different temperatures; it
was also achieved. The measurements
indicate that permeabilit- changes

significantly during rapid cool down
of a heater borehole.

Because of the low moisture con-
tent of domal salt and the relatively
moderate salt temperatures and ther-
mal gradients in these experiments.
we expected only 4 small inflow of
moisture to the heater borehole. The
moisture collection rates were indeed
quite small, but they were still within
a reasonable measurement range for
the long-term test. The measured
moisture inflow showed reasonable
agreement with analytical predictions
based on present brine inclusion
migration theory.

Although the heater power levels
at sites SB and NB were moderate,
the heat fluxes produced by the
heaters are significantly greater than
those of certain types of nuclear fuel.
This information was originally dis-
cussed by Krause (1979) in the experi-
mental plan for the brine migration
experiments at Avery Island. These
comparisons are summarized in
Table 5.

C
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AUTHOR: Levy, P. W., et al. (BNL)

TITLE: Radiation Damage Studies on Synthetic and Natural Rock Salt
for Radioactive Waste Disposal Applications

REFERENCE: The Technology of High Level Waste Disposal, Technical
Information Center, DOE, 1981, pp. 136-167

AVAILABILITY: Published

KEY WORDS: natural salt, pure salt, electron irradiation, colloidal
sodium, F-centers, dose rate, hydrogen

DATA SUMMARY:
Property and Form of Data:

F-center and colloidal Na generation rates as a function of
irradiation time, dose rate, and temperature.

Materials and Specimen Geometry:
Salt samples from Asse, Avery Island, WIPP, Lyons, Retsof (NY)

and Saskatchewan; melt-grown NaCl from Harshaw Chemical Co.

to Test Conditions:
1.5 MeV electron irradiation between 00-2000C, doses 30-340

Mrads/h, irradiation times up to 1.6x104 sec.

COMMENTS ON DATA VALIDITY:

The paper describes a basic study to evaluate damage to synthetic and
natural salt caused by 1.5 MeV electrons at temperatures between 100 and
3001C. Production rates for F-centers and Na colloids were measured by
optical absorption techniques for different dose rates and shown to increase
monatomically. For Na colloid formation the Jain-Lidraid theory was shown to
be capable of predicting much of the observed concentrations.

Results of this work are valuable for defining the amounts of F-center
and colloidal sodium formed during irradiation. This will enable calculations
to be made regarding the anticipated change in pH and alkalinity, and in
hydrogen release caused by brine interaction with colloidal sodium. Waste
form and container corrosion are closely connected with these parameters.
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Radiation damage, particularly
F-center and sodium metal colloid
particle formation, was-studled at
100 to 300eC in synthetic melt-
grown NaCI crystals and natural
rock salt rom different geological
localities. Optical absorption meS-
surements were made at controlled
temperatures during Irradiation
with 1.5.-MeV electrons in a unique
facility for making optical absorp-
tion and other measurements dur.
ing irradiation. The electron irradi-
ations produced the same damage as
do gamma rays of similar energy.
Phenomenologically, damage forma-
tion was simila In pristine natural
and unstrained synthetic rock salt.
At temperatures where colloids are
formed readily, F-center concentra-
tion vs. dose curves increased mono-
tonically at a decreasing rate to a
well-defted plateau. Concomi-
tantly, colloid formation was
described by classical nucleation
and growth curves, with the onset
of rapid growth (Le, the end of the
induction period) occurring at doses
of roughly rads, where th F-
centers reach a plateau. The F-
center lateau levels were highest
at 100C, decreased monotonically
with increasing temperature, and
were negligible at 300C. In cOn-
trast, the colloid formation rate was
low or zero near 1600C, increased
with increasing temperature to a
broad maximum at 150 to 1759C,
and decreased to a negligible level
at high temperatures (275 to 300eC).
The high-dose part of the colloid
growth curves was well approxi-
mated by (irradiation time)" or
(dose)" relations. In natural rock
salt not strained tn the laboratory
the average a value for 14 samples
was 185 ±t 18 at 150°C and at a
dose rate of 1.2 X 108 rats/. in
unstrained synthetic MaCI. a values
were In the 4 to 6 region below and
in the 2 to 3 region above 190C. At

all temperatures the u values in
both types of salt were reduced to
1.5 to 1.6 by plastic deformation
before idation. In both natural
and synthetic salt, the induction
period was altered by straining
before Irradiation, diminishing as
the strain increased to 10% and
becoming neg ble for larger
strains. Preliminary measurements
showed that, on a unit dose basis,
the colloid formation rate Increases
as the dose rate decrease The
Jain-Lidiard theory for radiation-
induced colloid formation in NaCI
accounts for some but not all of the
observations Overall the theory
appears to apply better to natural
than to synthetic rock salt. The
measurements made to date have
been confined to total doses of 2 to
4 X 10 rads. Extrapolating the
(irradiation time)" or (dose)" rela-
tions to doses expected at the sur-
face of the waste form in a radioac-
tive waste repository indicated that
doses of 1,01 rads will convert 0.1 to
10% and I X 1011 rads will con-
vert I to 50% of the adjacent rock
salt to sodium metal colloid parti-
cles. The salt adjacent to the canis-
ters will reach these doses in 50 to
400 yr. Since this large variation in
damage formation results from
differences in the radiation-induced
colloid formation rates between
samples from different locations,
radioactive waste repositories are
best placed in localities and/or ho-
rizons where the damage rates are
low. Also, the properties of rock salt
subjected to doses of 10* to l0l rads
differ markedly from those of unir-
radiated salt. Irradiated salt is brit-
tle and friable, contains chlorine,
and reacts with water to form H2
gas and other products Thus waste
form canisters, which wilt be sub-
ject to heat, radiation, and pressure,
must be designed to withstand a
variety of physical and chemical
interactions with irradiatedrock salt.

C
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AUTHOR: olecke, M. (Sandia), Bradley, D. J., and Shade, J. W. (PNL)

TITLE: PNL Sandia HLW Package Interactions Test: Phase One

REFERENCE: SAND81-1442C, November 1981

AVAILABILITY: Paper

KEY WORDS: corrosion, backfill, interaction, waste package, salt

DATA SUMMARY:
Property and Form of Data:

Brine composition in ppm before and after test.

Materials and Specimen Geometry:
1.0 mm TiCode-12, PNL 76-68 glass, brine, 304L SS canister

1.3 mm thick.

Test Conditions:
Interactive test in autoclave 3.3 MPa, 2500C, 95 days.

COMMENTS ON DATA VALIDITY:

This test is composed of a 3" dia x 15" HLW form in a SS 304L canister
inside a TiCode-12 overpack surrounded by brine saturated 30w/o bentonite in
sand, enveloped in rock salt and placed in an autoclave lined with Inconel-
600. The results of this test indicate that the glass leach rate is not
linear, e.g. the reaction rate was similar to static leach rates of a
shorter duration. Post-test mechanical testing of TiCode-12 did not yield
any significant degradation of properties. Extensive general corrosion was
observed on the SS 304L canister particularly around the welds. The Inconel-
600 liner clearly showed evidence of pitting corrosion. Relative weight
percents of Al, Si, and Fe in the backfill were analyzed before and after the
test. It was observed that the ratios of S/Fe and Si/Al had increased during
the test. This appears to be a worthwhile interactive test but the effects of
radiation are not included.
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ABlSTRACT

Tho first phase of A complex high-loval wsto (CILW)
pac}ago intractions tout in a alt nvironmont has boon
cOtrplgtud. 'J.sho tout systum conaistod ' PlL 76-6U IILW
gjlass loadcd with inactive iasi poducts an 2 U)
surrounded by a stainlusa tool Waste canistur, iCody-
12 ovarpack., a bntonito/sand backtille excova bin
iticWEatnci a bddod rocik salt cuntcino:, all hld
wiln a 19-litor autaclavo. All owpononts wuru physi-
cally oumpxroniuad in Irdu r to forau awtotcr-baurior-Ualt
Jntuructioni* to occur durinj tlu 'i5-daiy, 250C ovurtaut.
AMb tlYLUS t lciant, WAtufi:m, and a barriov urfacus
woro perforutad. Tout dt iludud t synurgjiutlu

ruc*ts k.4twoun barriors and onfirmed provious aalyses
of simnplur yotorns. Thu jl*aus W4tefeolm OxIIiitJitd UQUIwl

~UIe~ iu. lturation Wlu was aot dicssa~ vud tu ny icjnil-
cait dugjroou. Thu TiCoduo-12 ovrtrpdck showud ini;niml unj-
zt .ar vurrnicJn and n lu.si I -I att Lauh*. Olinr.rvot) minerhl -
ucJu4ci dLurator o to bXkL1l w; iinruil .
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AUTHOR: Molecke, M. A., et al.

TITLE: Sandia HLW Canister/Overpack Studies Applicable for a
Salt Repository

REFERENCE: SAND81-1585, October 1981

AVAILABILITY: Published

KEY WORDS: salt, corrosion, canister, brine, commercial waste

DATA SUMMARY:
Property and Form of Data:

Corrosion rate (mm/yr) for seawater, Brine A, Brine B, Brine A
with 600 PPm 02 - corrosion rate (mm/yr) in test solutions above
as a function of gamma radiation (rads/hr).

Materials and Specimen Geometry:
1018 steel, SS-304L, 316L, Nitronic 50, Ebrite, Monel, Inconel,

Zr, Ti alloys.

Test Conditions:
Temperature 2500 C, 28 days and 901C, 49-87 days for

irradiated tests.

COMMENTS ON DATA VALIDITY:

This report gives corrosion data for approximately 20 HLW candidate
alloys under irradiated and non-irradiated conditions. TiCode-12 was shown
to be the least corrosive of all the materials tested. Other materials such
as Inconel, Incoloy, 1018 steel and some cast irons are still being evaluated
as alternates. The data appears significant and could be used in conjunction
with other information.
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ABSTRACT

An experimental program to develop candidate materials or
use as high-level waste (LW) ovevpacks or canisters in a
salt repository has been in progress at Sandia National
Laboratories since 1976. The main objective of this pro-
gram has been to provide a waste package barrier having a
long lifetime in the chemical and physical environment of
a repository. This paper summarizes the recent corrosion
and metallurgical results for the prime overpack material
TiCode-12 in the areas of uniform corrosion (extremely low
rate and extent),.local attack, e.g. pits and crevices
(none found), stress corrosion cracking susceptibility (no
significant changes in macroscopic tensile properties
detected) and hydrogen sorption/embrittlement effects
(testing still in process), effects of gamma irradiation
in solution (still in process), and sensitization effects C
(still in process). Previous candidate screening analyzes
on other alloys and recent work on alternate overpack
alloys are reviewed. All phases of these interrelated
laboratory, hot-cell, and field experimental studies are
described.

A2-30



DOCUMENT REVIEW FORM

AUTHOR: Shor, A. J., C. F. Baes, Jr., and C. M. Canonico

TITLE: Consolidation and Permeability of Salt in Brine

REFERENCE: ORNL-5774, July 1981

AVAILABILITY: Available

KEY WORDS: salt repositories, consolidation, permeability, brine

DATA SUMMARY:
Property and Form of Data:

Consolidation: void fraction/time with temperature.

Materials and Specimen Geometry:
Beads of NaC1 crystals sized in the ranges of 75-150, 150-177,

177-250, 250-420 m in Monel tubes (1.27 or 2.54 cm ID used) and
stressed by piston-driven ram.

Test Conditions:
Temperatures: 200C; 500C; 850C
Time: 100 to 104 minutes
Stress: to 155 bars (range: 20-155 bars)

COMMENTS ON DATA VALIDITY:

Salt crystals in brine subjected to constant stress consolidated in an
approximately linear fashion with the logarithm of time. The rate of con-
solidation was found to decrease with additions to the brine of MgC12
(resulting in decreased NaCl solubility). The approach is useful, however
radiolysis effects will alter solubilities and affect consolidation. This
type of experimentation should be undertaken to include the presence of a
radiation field.
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CONSOLIDATION AND PERMEABILITY OF SALT IN BRINE

A. J. Shor, C. F. Bags, Jr., and C. M. Canonico

ABSTRACT

The consolidation and loss of permeability of salt crystal aggregates, Important In C
assessing the effects of water In salt repositories, has been studied as a function of
several variables. The Icinetl behavior was similar to that often observed In sinter-
Ing and suggested the following expression for the time dependence of the void
fractions

* (t) () - (A/8)ln(1 + t(0)3)

where A and 3 are rate constants and 7(O) Is Initial average particle size. With brine
present, A and (0) varied linearly with stress. The initial void fraction was also
dependent to some extent on the particle size distribution. The rate of consolidation
was most rapid In brine and least rapid In the presence of only air as the fluid. A
brine containing 8 m MgCI 2 showed an Intermediate rate, presumably because of the
greatly reduced solubility of NaC. A substantial wall effect was Indicated by an
observed Increase In the void fraction of consolidated columns with distance from
the top where the stress was applied and by a dependence of consolidation rate on
the column height and radius. The distance through which the stress fell by a factor
of a was estimated to change Inversely as the fourth power of the column diameter.
With Increasing temperature (to 8C), consolidation proceeded somewhat more
rapidly and the wall effect was reduced. The permeability of the columns dropped
rapidly with consolidation, decreasing with about the sixth power of the void fraction.
in general, extrapolation of the results to repository conditions confirms the self-
sealing properties of bedded salt as a storage medium for radioactive waste.
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AUTHOR: Biggers, J. V. and G. 0. Dayton (Penn State)

TITLE: Brine Migration in Hot-Pressed Polycrystalline Sodium Chloride

REFERENCE: ONWI-415, December 1982

AVAILABILITY: Available

KEY WORDS: brine migration, salt

DATA SUMMARY:
Property and Form of Data:

Microstructural analysis of hot-pressed samples; brine migration.

Materials and Specimen Geometry:
Polycrystalline NaCl (hot-pressed); pressed into circular cylinders:

4.7 cm in diam., 5 cm long.

Test Conditions:
3 migration cells used: one using thermal gradient of 1200C/cm;

a second using 10-15OC/cm; a third using 4-80C/cm.

C COMMENTS ON DATA VALIDITY:

The attempt was made to provide an assessment of the effects of grain
boundaries in polycrystalline salt on the mechanisms and rates of brine migra-
tion. Experimental difficulties resulted in the attempt to produce defect-
free specimens (i.e. to adequately control microstructure) and in the assembly
of experimental equipment capable of maintaining a linear thermal gradient.
Microstructural changes occurring in the polycrystalline salt were difficult
to observe. There is indirect evidence to suggest that migration rates are
enhanced along paths that follow grain boundaries and other similar crystal
defects.

Continued efforts in this area are needed and should involve the use of
natural salt and radiation-induced damaged salt. Attempts should be made to
provide quantitative data on migration velocities.
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This report describes experiments designed to provide data on brine migra-

tion in polycrystallina salt. Polycrystalline samples of various grain sizes,

density, and purity were prepared from several commercial grade salts by hot-

pressing. Three distinct experimental set-ups were used to place salt billets

in an induced thermal gradient in contact with a brine source. The test designs

varied primarily in the way in the thermal gradient was applied and monitored

and the way in which brine migration was determined. All migration was in

euclosed vessels which precluded visual observation of brine movement through

Lho microstructura.

Migration velocities were estimated either by the timed appearance of brine

at the hot face of the sample, or by determination of the penetration distance

of migration artifacts in the microstructure after tests of fixed duration. 

For various reasons both of these methods were subject to a large degree of

error. Our results suggest, however, that the migration velocity in dense

polycrystallina salt may be at least an order of magnitude greater than that

suggested by single crystal experiments.

Microstructural analysis shows that brine prefers to migrate along patlhs of

high crystalline activity such as grain and subgrain boundaries and isdispersed

rather quickly in the microstructure. A series of tests were performed using

various types of tracers in brine in order to flag migration paths and locate

brine in the microstructure more decisively. These attempts failed and It

appears that only the aqueous portion of the brine moves through the nlc(rotruC-

ture with the dissolved ions being lost and replaced rather quickly. This

suggests the usa of duterium as a tracer in future work. /
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AUTHOR: Griess, J. C. (ORNL)

TITLE: Evaluation of Corrosion Damage to Materials After Three Years
in the Avery Island Salt Mine

REFERENCE: ORNL/TM-8351, August 1982

AVAILABILITY: Available

KEY WORDS: corrosion, salt, metals, alloys, carbon steel, hastelloy
titanium, zircaloy

DATA SUMMARY:
Property and Form of Data:

Corrosion: descaled weight loss (mg/cm2).
Average corrosion rate (m/year).
Corrosion with depth (m).

Materials and Specimen Geometry:
Specimens: carbon steel; titanium; E-Brite 26-1; Hastelloy C-276;

304L SS; and Zircaloy-2 coupons (4 cm long x 1 cm wide) mounted onc sleeves.

Test Conditions:
Electric heaters used to simulate decay heat in mine floor,

152 m below sea level; specimen coupons and thermocouples attached
to sleeves and lowered into borehole; time, -3 years; temperature
range, 25-28 00C.

COMMENTS ON DATA VALIDITY:

This type of field testing extremely useful in assessing corrosion damage
of candidate materials. No backfill was used for these studies (experiments
with crushed salt backfill underway); the presence of radiation in studies of
this type will more closely resemble actual repository conditions and effects
on corrosion rates will be more realistic and thus more useful.

A2-35



- -

DOCUMENT ABSTRACT

EVALUATION O CORRlOSILON DAMAC TO MATHICIALS AFTLR
THREE YEARS IN THE AVERY ISLAND SALT MINE

J. C. Griess

ABSTRACT

The corrosion results obtained from two heated steel pipes
that had beon buried in a snlt mine at Avery Island, Louisiana,
for about throe years are reported, 14 addition, wight losses
of corrosion specimens of several alloys ttached to the outer
surfaces of the pipes were also obtained, and the maximum depths
of penetration were masured. ho r4Otest attack was noted on
carbon steel, particularly wa the water content of the salt
was hiah. The maximum pnotrat.on rate observed was about
1 mm/year. All other materials tsted underwent much lss
attack than did carbon stel; titanium and lastalloy C-276 were
totally unaffected on both pipes. Minimal attack was also noted
on Zircaloy-2 and type 304L stainless sel, whereas -Brits
26-1 xporiunced pittina, snd, at ial vamlIporaturos, a more
general attack on 01m aras. c
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AUTHOR: D. Holcomb and D. Hannum

TITLE: Consolidation of Crushed Salt Backfill Under Conditions
Appropriate to the WIPP Facility

REFERENCE: SAND-82-0630, November 1982

AVAILABILITY: Available

KEY WORDS: salt, backfill, consolidation, WIPP, creep tests

DATA SUMMARY:
Property and Form of Data:

Time-dependent compaction of crushed salt; changes in sample
volume due to compaction (quasistatic tests and creep tests conducted).

Materials and Specimen Geometry:
Crushed rock salt -1 cm particle size.

Test Conditions:
Temperature Range: 21-1000C.
Pressure: 1.72 MPa-21 MPa
Duration: Quasistatic, 8000 see; Creep, 300,000 sec.

COMMENTS ON DATA VALIDITY:

The tests were conducted assuming dry conditions. The presence of brine
will enhance the rate and extent of consolidation and should be included in
experiments of this type. The test durations were limited to 3x105 seconds
and although the creep consolidation rate was seen to decelerate (under dry
conditions), it is not known whether the deceleration will continue and at
what rate. Also consolidation is known to result in the expulsion of brine;
this report does not address whether or not brine was released from the salt
during consolidation. Although consolidation under dry conditions was seen
not to be very temperature dependent in the range of 210C to 1000C this
situation may differ in the presence of brine.
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Mechanical propertic o granuilated rock slt are or interest to the WIPP
project because native salt rom the excavations will probably be used as
backill around te waste package.s and as void Iller In storage rooms,
shafls and other openings. IBackfil properties will ho n Important ractor
In controlling room closuro rates and local permoability. To fill the need
ror data on time dependent compaction of crushed salt, we have clone 
series or test l measure tho cornpa-ton a runction of Limo, tomip)rAturo
and pressure. Tests were dono f'or a rango or tmperatures lron 21 to 1(
°C and pressures rom 1.72 Ml'a to 21 MNa, under quasistatlc and creep
conditions. All tsts wore done under pure hydrostatic conditions. A rock
crusher was scd to produce crushied sIt with a maximum prticlo size or
1 cm. All exts were clone under nominally dry conditions which mean to
only water present was the Pt .5% water content o the slt. Tho major
condusions are: () Creep consolidation under hydrostatic stresses proceeds
at a rate or aproxlmately , where t is the imo n econds. Total creep
ransolidation Is a unction or og(t) nd Is very slow. (2) ConsolIdation
Is not very temperature dependent In the range 21°C to 1000. These
counlusionx are tested oly or Unics up 3 X 04' cc)nds.Th i io mtjor
question s whether tse creep consolidation rate will continuo to decelerate
rapidly. rapid deceicration continues, then for te time periods of ntcrcst,
creop consolidation will le small compared to the conaolidlation prtiuced

"' '''I ' ';@l I;'' [8*I f -A --k If lt
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AUTHOR: Magnami, N. J. (SNL)

TITLE: Corrosion Resistant Canisters for Nuclear Waste Isolation

REFERENCE: Scientific Basis for Nuclear Waste Management, VI, Vol. 15,
1983, pp. 669-676

AVAILABILITY: Published

KEY WORDS: Ti, TiCode-12, Inconel 600, Inconel 625, Incoloy 825,
Hastelloy C-276, Cu, Cupronickel 90-10, Monel 400,
uniform corrosion, container, brine, basaltic water, SCC

DATA SUMMARY:
Property and Form of Data:

Uniform corrosion, crevice corrosion, H2 embrittlement, SCC
data for temperatures between 70-2500C.

Materials and Specimen Geometry:
As above.

Test Conditions:
Varied for different corrosion mechanisms. Temperatures between

70-2500C, dissolved oxygen between 30 ppb to 450 ppm. Brine A and
seawater.

COMMENTS ON DATA VALIDITY:

Brief review of 9 metals and alloys in order to select a reference HLW
canister material for the SNL waste container program. At 2500C, tests in
Brine A and seawater for a period of 28 d shows that TiCode-12 has a uniform
corrosion rate of 3 m/g in Brine A and 1 pm/g in seawater. This was the
lowest of the range of alloys tested. Electrochemical tests show that tita-
nium based materials have a high resistance to passivity breakdown. TiCode-12
shows less corrosion at 2500C in 450 ppm 02 brine when compared to 30 ppb
02 brine.

The SNL studies state that no crevice attack has been seen to date and
that very acidic conditions will not destroy passivity. Work at BNL refutes
both these statements. In the area of SCC in brine and basaltic water SNL
believes that it is not a likely problem with TiCode-12 unless it is associ-
ated with hydrogen embrittlement. Detailed work on such embrittlement is
under way.

Magnami also discusses iron/steel corrosion failure modes. He concludes
that pitting and SCC are not likely in basaltic water or brines. Recent un-
published BNL work shows pitting in 1500C basaltic water, however. The data
review is preliminary and does not recognize new important corrosion data at
BNL.
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AUTHOR: Molecke, M. A., et al. (SNL)

TITLE: Materials for High Level Waste Canister/Overpacks in Salt Formations

REFERENCE: SAND-0429, 1982

AVAILABILITY: Published

KEY WORDS: TiCode-12, iron/steel, corrosion, gamma irradiation, salt, brine,
seawater, pH, gamma irradiation

DATA SUMMARY:
Property and Form of Data:

Uniform and localized corrosion data for temperatures up to 3000C.
Slow strain rate tensile tests at 900C.

Materials and Specimen Geometry:
Mainly TiCode-12 and cast iron.

Test. Conditions:
Brine A, Brine B, seawater corrosion data for temperatures up to

3000C.

COMMENTS ON DATA VALIDITY:

The paper is a detailed account of much of the available work in DOE on
HLW container material selection and evaluation for salt repositories. After
initial screening tests the 2 main materials studied were cast iron and
TiCode-12. In some tests, heating of Brine A to 250 0 C in the presence of
bentonite gave a solution pH of 3.4. This was thought to be due to the
formation of Mg oxysulfates and HC1.

SNL did not at any time observe crevice corrosion in TiCode-12 in high
temperature brine but stated that BNL studies had shown it to be present in
1500 C Brine A.

Gamma irradiation tests indicated that radiation accelerated uniform
corrosion, possibly by the action of radiolytic H2 in partially reducing the
passive film.

Test data were also given to show that TiCode-12 is susceptible to H2
embrittlement for H2 levels 200 wppm. BNL work confirms this.

Other data described were from the PNL/SNL whole package test program,
reviewed elsewhere in the current study.

SNL does not address the potential formation of NaOH in brine due to
gamma radiation of rock salt. High-pH levels could enhance the uniform cor-
rosion of TiCode-12 and increase H2 pickup rates according to BNL work.
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Studies on the corrosion and mechanical behavior of TiCodo-12
and other titanium alloys, for use as candidate canister or overpack
barriers in a high-level waste repository or test facility in salt,
are reported herein. These studies have been in progress at Sandia
National Laboratories since 1976. Titanium alloys were selected as
the primary materials for detailed testing based on candidate sernen-
ing analyses (goneral corrosion and cconomic assessments) of about 20
different alloys. Recent material rsults on titanium alloys arm
describeri and related to the long-term physical integrity of wsta
package barriers in salt; results on other candidate alloys arm
roviewed.

The corrosion behavior of TiCoda-12 has been evaluated as a
function of: brine composition, temperature, time, pH, oxygen con-
centration, and gamma radiolysis. Uniform corrosion rates are in thn
range of 0.1 to 10 zm/yri pitting or crevice corrosion has not yt
bon obscrvod. The highly adherent, passivating titanium xirin film
that provides the corrosion protection is being evaluated via
electro-chemical polarization and surface analytical tchnique tn
enable modeling of the corrosion mechanism(s). An increase in the
corrosion rate by a factor of about 2 was obsarvod for nnnihizirl
TiCode-12, changes in the alloy microstructure are being analyzed in
order to model this phenomenon. Alterations in the chemistry and
processing proceduro of TiCode-12 are being evaluated to optimize
corrosion, mechanical, and mill-producibility proportion for
high-level waste package applications.

Slow strain rate testing of TiCodo-12 revealed no apnarent
susceptibility to stress corrosion cracking; no significant chnngan
in tensile properties wro observed, but alterations in fracture mode
were determined to be caused by internal hydrogen content. Hydrogen
effects on titanium alloy mechanical proporties and crack suscnpti-
bility are being studiule. Soma* hylrnqon mhriti-enmnt oetnrn n.
hydrogen concentrations in the range of 200 to 300 ppm by wight, but
the strength of TiCode-12 is not affected at concentrations up to
1100 wppm. Further research on slow crack rowth throhold ntrnsn
intensity as a function of I content is required.

3ased on the analysis of available corrosion and metallurgical
results, we are proposing a TiCode-12 T.W canister-package for use in
a repository or test facility in salt. Such n. nimplifind ITIW
canister could provide long-term containment integrty and nLgnifti-
cantly minimize total H isolation system costs when comnared to
other waste package design concepts.

A2-42



( DOCUMENT REVIEW FORM

AUTHOR: Holecke, M. (SNL), D. J. Bradley, J. W. Shade (PNL)

TITLE: PNL-Sandia HLW Package Interactions Test, Phase One

REFERENCE: Scientific Basis for Nuclear Waste Management, Vol. 6,
North-Holland, N.Y., 1982, pp. 337-345

AVAILABILITY: Published

KEY WORDS: waste package test, 76-68 glass, T304L SS, TiCode-12, rock salt,
bentonite, Brine A, corrosion, glass leaching

DATA SUMMARY:
Property and Form of Data:

Summary of waste package component interaction tests under
hydrothermal brine conditions.

Materials and Specimen Geometry:
76-68 glass, T304L SS, TiCode-12, Inconel 600, rock salt, Brine A.

Test Conditions:
KOMMENTS 91 d hydrothermal tests on simulated salt waste packages at 2500C.

t COMMENTS ON DATA VALIDITY:

Evaluation performed on a borosilicate glass waste form doped with
fission products and U, surrounded by a T304L SS/TiCode-12 container/overpack
system, a bentonite/sand backfill, excess brine and a salt host rock. The
components were all breached prior to test to determine synergistic effects in
a 95 d, 2500C test in an autoclave.

The brine pH decreased from 6.8 to 3.8 after test which is stated to be a
result of reactions between MgC12 and S 2 and aluminosilicates. It could
also be due to release of HC1 from the salt during heating. An analysis of
the glass surface showed the presence of SiO2, MgO2, Fe2O3, N, and
ZrO2 plus small amounts of Zn, U, Nd, Ni and Cr. The TiCode-12 container
contained TH 2 platelets, throughout the thickness, omega phase in the beta
phase, and Ti2Ni on a/B interfaces. The H2 content increased from 50 to
600-700 ppm. At this level embrittlement effects are likely as shown by other
SNL and BL work. The 304L SS container suffered extensive general corrosion
particularly at welds. Brine interaction caused significant changes in the
bentonite clay.

These data are of significant value in assessing synergistic interactions
between W.P. components and address mainly early waste package failure at high
temperature. It has been shown that many of the effects are similar to single
component tests and thus helps validate the latter.
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AUTHOR: Baes, Jr., C. F., et al. (ORNL)

TITLE: The Effect of Water in Salt Repositories, Final Report

REFERENCE: ORNL-5950, September 1983

AVAILABILITY: Available

KEY WORDS: salt, brine, migration, consolidation, permeability

DATA SUMMARY:
Property and Form of Data:

Permeability as brine flow in gmin through an area of 1 cm2

under hydrostatic pressure grad. 1 bar/cm.
Stress (bars): 155
Temperature (range): 20-850C
Brine expelled from salt, in grams.

Materials and Specimen Geometry:
Columns with diameters of 1.27 and 2.54 cm of monel; cylindrical

specimens of salt and brine; hydraulic ram used to apply stress
consolidation (void fraction) of 250- to 420 m salt crystals.

Test Conditions:
Crystal interface permeability measured at 200C.

COMMENTS ON DATA VALIDITY:

Consolidation results in brine loss or expulsion within stressed salt
specimens. No evidence of significant amounts of brine being trapped. Con-
solidation occurs readily in the presence of brine with fairly predictable
kinetics. The effects of radiolysis (changes in solubility; radiation damage)
are not considered in this study. Gas formation as a result of radiolysis
will also affect pressure gradients and should be included in future efforts
of this type.
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THE EFFECT OF WATER IN SALT REPOSITORIEM
FINAL REPORT

C. F. Bacs, Jr., L 0. Gilpatrick, F. G. Kits,
H. R. Bronstein, and A. I Shor

ABSTRACT

AddiLional rsults confirm that during most of the consolidation of polycrystalline salt in brine,
the previously proposed rate expression applies. The final consolidation, however, proceeds at a C
lower rate than predicted. Thc presence or clay hastens the consolidation process but does not
greatly affect the previously observcd rclationship between permeability and void fraction. Studies
of the migration of brine within polycrystalline salt specimens under stress indicate that the princi-
pal effect is the exclusion of brine as a result of consolidation, a process that evidently can proceed
to completion. No clear effcct of a temperature gradient could be idenlified. A previously reported
linear increase with time or the reciprocal permcability of-salt-crystal interfaces to brine was con-
firmed, though the rate of increase appears more nearly proportional to the product of &P rather
than YAP (a is the uniaxial stress normal to the interface and AP is the hydraulic pressure drop).
Tn nw rsults suggest that a limiting permeability may be reached. A model for the permeability
of salt-crystal interfaces to brine is developed that is reasonably consistcent with the present results
and may bo used' to predict thC permeabilify of Udded sIlt lioi? e mcasurements are needed, how-
ever, to choose between two' llinili 1rnsodf tc" Mridt|
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AUTHOR: Canfield, T. R.

TITLE: Stresses Near Waste Canisters Buried in Salt

REFERENCE: SAND-82-0525, March 1983

AVAILABILITY: Published

KEY WORDS: salt, modeling, canister, temperature

DATA SUMMARY:
Property and Form of Data:

Canister thermal loads C vs. meters. Canister pressure loads -

MPa as a function of time (years) and distance in meters.

Materials and Specimen Geometry:
Codes - COYOTE, SANCHO, MERLIN(3).

Test Conditions:
Based on calculations.

C COMMENTS ON DATA VALIDITY:

Borehole closure is dependent on the overburden pressure distribution and
relative geometry. The presence of backfill material in place of the air gap
would also hasten borehole closure. Radial stress on canisters (without an
air gap) reached a maximum after about one year and gradually decreased for a
period of up to 80 years and thereafter remained constant. The calculation
indicates that the peak pressure would not persist and that pressure driven
brine migration is possible.
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Conclusion (hezvviw, ,

lJiilk pressurc distribution sowed a peak near te borehole in te early
12e(riod or calculationi. This peak was aiso observed in stress calculations or tle
Salt Block 11 experiments (9,10). Il was hoped that this peak in pressure might
pe-rsisL tlroughiotL, tho 1000 year period or tle calculation because it would servc
I; ; l)Lrrier to any rine migration that was driven by prosure gradicats. Tnis
WAS 11oL thC cse hlut the availability of these ulk pressure distributions would
make cstimi4tes of pressure driven brine migration possible.

'Tlhe crcp Inuclhaiism was responsible ror the slow inward displacement of
material ad closure of tlle orelole in tle irst calculation. Tho magnitude of
lhe el:stic r.spomse is seen to be negligible by observing the initial displacement

distrilbutiou i liguros 13, 15 and 17. Tlermoolastic strain was also relittively
snall. 'L'emperatures reached their naximums in the first few years of calculation
while iwLrl iolioi cemilhited unabated or 0 years.

it vvs evideiL that borehole losure wms dependent on both tile natulre 
.r ww uverhitrdeti pr ssure distribution and the relative geometry. If te air gaij
wa sl lIaller, hole closure would have occurred sooner and in addition hole closure
could occur if the ;acess drift was left open. Tle prosence of backlill material in
place or tile air gap would also have hwtened borehole closure and encapsulation
or the c:anister. The results shown in figure 10 indicate that the rate of hole
closure decreases with ile and hoIlc closure is nearly complete within 60 years.
Froumu curves or this type hole closure times could b predicted. Borehole sixe
cuu1ld be seleectd to tine encapsulation nd achieve rtrievability goals.

While a borehole were closing, it would be expected that te radial stress
wold( follow IL path similar to that traced y te upper curve in figures 8 and U1.
AL tle imc of contact te stress wuuld then increase in magnitude and approach
the valu o the lower curve. It can be seen that dlaying hole closure would
reduce tle muagnitul of contact presure when conlact occurs. This could have
; signilicani efect on canister design.
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AUTHOR: Krause, W. B.

TITLE: Avery Island Brine Migration Tests: Installation, Operation,
Data Collection, and Analysis

REFERENCE: ONWI-190(4), December 1983

AVAILABILITY: Available

KEY WORDS: brine migration, domal salt, Avery Island

DATA SUMMARY:
Property and Form of Data:

Temperature profiles; moisture collection (grams); atomic absorption
used to determine Mg concentration in synthetic brine used to monitor
brine movement in the salt around the heater borehole.

Materials and Specimen Geometry:
Domal salt; in-situ brine migration tests using heaters emplaced

on the floor of the Avery Island Salt Mine at a depth of 169 m.

Test Conditions:
Thermocouples and tagged synthetic brine used to evaluate the

movement of brine under elevated temperatures. Maximum salt
temperature, -520C; Heating period, 325 days after which heating
was terminated with a stepped power reduction.

COMMENTS ON DATA VALIDITY:

Temperature lower than anticipated; study useful in that it addresses
gross thermal influences and stress conditions effecting moisture movement
toward the heater borehole; considers changes in brine inclusion shape and
movement of tagged synthetic brine along grain boundaries. An increase in
moisture collection and permeability was observed during the cool-down period
(i.e., the stepped power reduction period).
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Three brine migration tests were performed in domal salt at the Avery

Island salt mine. The primary measurements included temperature, moisture
collection, and pre- and post-test permeability. This report presents the
data for the brine migration tests, an analysis of these data, comparison

of the data with a brine migration theory, and related discussion and

recommendations for future brine migration experiments. (
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AUTHOR: Moody, N., and S. Robinson (SNL)

TITLE: Internal Hydrogen Effects in TiCode-12 Overpack/Canister Material

REFERENCE: Scientific Basis for Nuclear Waste Management VI, Vol. 15,
North Holland, N.Y., 1983, pp. 753-760

AVAILABILITY: Published

KEY WORDS: hydrogen embrittlement, tensile tests, TiCode-12, microstructure,
secondary cracking

DATA SUMMARY:
Property and Form of Data:

Ductility, yield and fracture strengths as a function of hydrogen
level.

Materials and Specimen Geometry:
TiCode-12 round bar tensile specimen, 3.2 mm dia. and 15.2 mm gage

length.

Test Conditions:C Room temperature tensile tests.

COMMENTS ON DATA VALIDITY:

The tests carried out were on TiCode-12 specimens which were charged in
a hydrogen furnace at 7500C to give dissolved H2 levels of 160-1100 ppm.
Tensile tests were carried out at RT to measure reduction-in-cross-sectional
area, fracture stress and yield strength.

There was a slight decrease in elongation and reduction-in-area as the
hydrogen concentration increased from 16 to 1100 ppm. The fracture strength
showed a large decrease, however, as the H2 level increased to 200 ppm but
it remained constant at higher levels. The embrittlement was characterized by
the appearance of secondary cracking.

These data are valid for licensing since they quantify an important
mechanical failure mode for TiCode-12. More work will be needed to measure
H2 uptake rates as a function of gamma radiolysis of groundwater and uniform
corrosion rates since these are an important source of H2 .
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The effects of internal hydrogen on the mechanical
properties of T Code 12 were studied by gas phase charging
smooth bar tensile samples. Tensile tests showed no change
in Yield strength with ncreasing hydrogen concentration.
A sight decrease in ductility and fracture stress at
hydrogen concentrations above 200-wppa accompanied by
secondary cracking along grain boundaries indicated
embrittlement. At hydrogen concentrations near and above
400 wppm, cleavage fracture associated with strain-induced
hydrides was also observed.

C
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AUTHOR: Pfeifle, T. W., et al. (RE/SPEC)

TITLE: Preliminary Constitutive Properties for Salt and Nonsalt Rocks
From Four Potential Repository Sites

REFERENCE: ONWI-450, July 1983

AVAILABILITY: Available

KEY WORDS: HLW, repositories, salt, strength, creep

DATA SUMMARY:
Property and Form of Data:

Creep strain vs. a function of time; elastic parameters; strength;
elastic moduli.

Materials and Specimen Geometry:
Salt from various localities; core samples used.

Test Conditions:
Creep experiments: 5 MPa/100 0C; 10 MPa/1001C; 5 Pa/2000C;

confining pressure of 15 MPa. Quasi-static experiments: 240C;
confining pressure of 0, 5, 10, and 15 MPa.

COMMENTS ON DATA VALIDITY:

The usefulness of this report is in illustrating the variations in
physical/mechanical behavior that can exist from site to site. Generic data
or modeling efforts will require critical evaluation and field validation
given the variations that exist in salt formations. In addition, generic data
should not be used in assessing waste package behavior since the effects of
emplacement on the near-field environment will be a function of site-specific
parameters (i.e., site-specific creep behavior).

In other respects, the usefulness of this document is limited to
site-selection concerns and not relevant to the waste package.
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Results are presented from laboratory strength and creep tests per-

formed on salt and nonsalt specimens from the Richton ome in Mississippi,

the Vacherie Dome in Louisiana, the Permian Basin in Texas, and the Paradox

Basin in Utah. The constitutive properties obtained for salt are the

elastic moduli and the failure envelope at 240C and parameter values for

the exponential-time creep law. Some additional data are presented to

indicate how the elastic moduli and strength change with temperature. The
nonsalt constitutive properties reported are the elastic moduli, the uncon-

fined compressive strength and the tensile strength at 241C. The proper-

ties given in this report will be used in subsequent numerical simulations

that will provide information to assist in the screening and selection of

site locations for a nuclear waste repository and to assist in the reposi-

tory design at the selected site.

The matrix of tests performed is the minimum effort required to obtain (
these constitutive properties. The preliminary values obtained will be

supplemented by additional testing for sites that are selected for further

investigation.
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AUTHOR: Reference Repository Conditions Interface Working Group

TITLE: Results of Repository Conditions Studies for Commercial and
Defense High Level Nuclear Wastes and Spent Fuel Repositories
in Salt

REFERENCE: ONWI-483, July 1983

AVAILABILITY: Published

KEY WORDS: repository conditions, salt repository, CHLW, DLW and
spent fuel

DATA SUMMARY:
Property and Form of Data:

Temperature, pressure, fluid, chemical radiation environments
anticipated in salt repository. Not site specific.

Materials and Specimen Geometry:
Waste: U02 and glass.
Canister: carbon steel (SF), stainless steel for CHLW and DHLW.
Overpack: carbon steel.
Backfill: crushed salt.

Test Conditions:

COMMENTS ON DATA VALIDITY:

Calculations were performed to scope the range of conditions that might
be present in a salt repository. The intent of the report is to provide a
guide for materials test performance. The authors note that some reference
conditions (e.g. brine composition) will be site dependent. In addition, no
attempt is made to address the combined effects of heat and radiation on the
waste package environment and therefore the package performance.
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This report summarizes activities to determine repository conditions for

temperatures. pressure, fluid, chemical, and radiation environments that are

expected to exist in commercial and defense high-level nuclear waste and spent

fuel repositories in salt. These conditions were generated by the Reference

Repository Conditions Interface Working Group (RRC-IWG), an ad hoc IWG estab-

lished by the National Waste Terminal Storage Program's (11WTS) Isolation

Interface Control Board (1-ICB). These repository conditions are based on the

standard room-and-pillar mined repository cncent with waste emplaced in vr-
Lical holes drilled In the room floor.

Some important results obtained are given below for selected local areal
thermal loadings of 25, 25, and 11.5 W/m2 for spent fuel (SF), commercial

high-level waste (CHUI) and defense high-level waste (HLW), respectively. In

all cases, the results below are given In order for SF, CIILW, and DIILW. So-c

thermal results are: maximum waste temperature - 90, 320, and 100 C; maxrijm

canister surface temperature - 160, 260, and 90 C; and maximum rock tempera-
ture - 150. 160, and 0 C. The Iength of significant thermal exposure s
greater for SF than the other wastes. Thermal histories are given in the
report. Vapor phase pressures are not expected to rise significantly above

atmospheric pressure until the repository is sealed. After sealing, the pres-
sure will gradually increase to approach 11thostatic equilibrium. Estimated
volumes of accumulation of brine from thermal -1gration for l.000 years are

3 to 4 liters, liters, and 0.5 liter. Reference brine compositions are

given, although actual brine compositions are strongly site dependent. The

maximum absorbed gamma radiation dose delivered to the salt after 104 year Is

1.5 x 1010 rads, and 9.6 x 108 rads for the CHLW and SF canisters,

respectively.
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AUTHOR: Ruppen, J. A., et al. (SNL)

TITLE: Some Effects of Microstructure and Chemistry on Corrosion and
Hydrogen Embrittlement of TiCode-12

REFERENCE: Scientific Basis for Nuclear Waste Management VI, Vol. 15,
North Holland, N.Y., 1983, pp. 685-693

AVAILABILITY: Published

KEY WORDS: TiCode-12, sensitization, heat treatment, microstructure,
hydrogen embrittlement, slow-strain-rate tests, air, Brine A

DATA SUMMARY:
Property and Form of Data:

Uniform corrosion rates and ductility and fractographic measurements.

Materials and Specimen Geometry:
TiCode-12 tensile specimens and corrosion coupons.

Test Conditions:
Room temperature tensile tests and corrosion tests in 700C and

boiling HC1 and 2000 C Brine A.

COMMENTS ON DATA VALIDITY:

The research described in the paper was undertaken to determine whether
annealing effects associated with welding could lead to sensitization and
accelerated corrosion and also to assess hydrogen embrittlement effects. It
was found that annealing 6 heats of TiCode-12 between 575-6750C for periods
between 0.25-128 h gave a maximum increase in uniform corrosion rate in
boiling N HC1 of only 100 percent.

Hydrogen embrittlement as measured by slow strain rate tests showed that
for H levels up to 130 ppm no embrittlement was detected. For 220 ppm
H2, and higher, loss in ductility and cleavage effects were noted. It is
believed that H embrittlement effects may be avoided if the concentration
of hydrogen is kept below 200 ppm, but additional work is needed on the
effects of H2 level on the threshold stress intensity for crack growth.

This work is of importance to licensing since it evaluates failure modes
for TiCode-12 and attempts to define procedures for mitigating them.
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Ufact o microstructure and chesiatry n corroslon and
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AUTHOR: Westinghouse Electric Corporation, Advanced Energy Systems Division

TITLE: Engineered Waste Package Conceptual Design: Defense High-Level Waste
(Form 1), Commercial High Level Waste (Form 1), and Spent Fuel (Form
2) Disposal in Salt

REFERENCE: ONWI-438, April 1983

AVAILABILITY: Published

KEY WORDS: waste package, conceptual design, salt repository, spent fuel,
CHLW, DHLW

DATA SUMMARY:
Property and Form of Data:

Corrosion data for Ti (Grade 12) and cast steel. Compilation of
backfill data and leaching data for spent fuel and glass. Thermal
models, brine migration models; cost projections.

Materials and Specimen Geometry:

Test Conditions:
C Data presented ranges over the conditions anticipated in the

reference designs (e.g., corrosion data up to 2500C, as function of
02 concentration, in brines and seawater).

COMMENTS ON DATA VALIDITY:

All data reported is taken from published work of other researchers.
Data is used to assess potential of certain materials for use in HLW package
and to justify choice of reference package design and alternative designs.
The authors recognize the need for more testing of these materials under
conditions anticipated in a salt repository. Various aspects of the data and
assumptions used in this report have been reviewed and commented on by BNL
previously.
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ABSTRACT

This report provides conceptual vast. package designs for use by the

Office of Nuclear Waste Isolation (ONWI) in preparing a repository concep-

tual design in salt. Included are designs for the current reference waste

form configurations of Defense High Level Waste, which consists of Savannah

River Laboratory vastas imobilized in borosilicate glass. Comerical High

Level Waste, which is a borosilicate glass waste form that results from the

iumobilization of comercial spent fuel reprocessing wastes, nd Spent

Fuel - Form 2, which consists of consolidated spent fuel rods from PWA or

BWR assemblies. Reference designs are presented which are used as a

baseline to evaluate design alcernativas resulting from variations in the

vast, form configuration, the design approach, and the design data base.

This broad spectrum of conceptual designs for salt has been included to

provide ONVI a basis for concept comparison, an indication as to which of

several package and repository design approaches are more cost ffective,

and guidance as to which approaches should be pursued in future design

efforts.

Based on available data and the analyses performed, ll the concepts in

this report offer technically viable approaches to the containment of the

waste fors for at least 1,000 years and for adequate isolation of radio-

nuclides thereafter. The reference borehole-type design is one which -

provides containment through the use of a titanium alloy corrosion resistant

overpack, bcked with a carbon teel structural reinforcing member. An

alternate borehole design is one which provides containment ith an

all-steel overpack which Is sufficiently thick to ithstand expected

crushing loads and to accommodate expected corrosion. The self-shielded

package approach provides containment through use of a thick section of

moderately corrosion resistant ferrous alloy material.

Development programs are identified that vill be required to support

designs during licensing.
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AUTHOR: RRC/IWG, Raines, G. E., Chairman

TITLE: Interim Reference Repository Conditions for Spent Fuel and
Commercial High Level Nuclear Repositories in Tuff

REFERENCE: DOE/NWTS-12, 1981

AVAILABILITY: Published

KEY WORDS: tuff, commercial waste, spent fuel, canister, groundwater

DATA SUMMARY:
Property and Form of Data:

Waste and canister temperature (C) as a function of time (year),
physical description of waste, canisters mm 3, thermal loading KW,
pressure MPa, radiation level (rads/hr), tuff composition wt%.

Materials and Specimen Geometry:

Test Conditions:
Literature review and compliation.

COMMENTS ON DATA VALIDITY:

This report is a summary of conditions expected in a tuff repository.
Maximum waste temperatures, canister temperatures, radiation levels, pressure
and physical dimensions are given. The data appears significant and should
have relevancy.
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This report summarizes activities to determine interim reference condi- C
tions for temperatures, pressure, fluid, chemical, and radiation environments
that are expected to exist in commercial high-level nuclear waste and spent
fuel repositories in tuff. Similar reports will be issued for salt, basalt,
and granite. These interim conditions are being generated by the Reference
Iepository Conditions Interface Working Group (RRC-IWG), an ad hoc IWC
established by the National Waste Terminal Storage Program's (NWTS) Isolation
Interface Control Board (I-ICB).

Present plans call for the completion of generic reference repository
conditions for salt, basalt, tuff and granite by December 1981. Shale has
boen assigned a lower priority and RPC work on that rock type has been
discontinued. -

Reference repository conditions are based on the standard room-and-pillar
mined repository concept with waste emplaced iA vertical holes drilled in the
room floor.

Some important results obtained are given below for selected reference
local areal thermal loadings of 25 W/m2 for spent fuel (7) and commercial
high-level waste (CHLW) rspectively. In all cases, the results below are
given first for 37. Some thermal results are: maximum waste temperature -
230 and 295 C; maximum canister surface temperature - 190 and 260 C; and
maximum rock temperature - 185 and 225 C. These temperatures are upper bounds
based on evaporating water from inside the 100 C isotherm in the turf. Lo(
bounds were calculated based on no evaporation of water, The length of '

uIgnificant thermal exposure is greater for S than the other wastes. Thermal
histories are given ln the report. Vapor phase pressures are not expected to
rise significantly above atmospheric until the repository is sealed. After
sealing, the pressure will gradually increase to the regional hydrostatic
head. A reference tuff ground-water composition and expected gamma radiation
doses arq also provided in the report.
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AUTHOR: Wolfsberg, et al. (LASL)

TITLE: Sorption-Desorption Studies on Tuff. III. A Continuation of Studies
With Samples From Jackass Flats and Yucca Mountain, Nevada

REFERENCE: LA-8747-MS, 1981

AVAILABILITY: Published

KEY WORDS: sorption ratio, desorption ratio, tuff, Cs, Sr, Pu, U, Ba, Am,
Eu, batch tests, column test

DATA SUMMARY:
Property and Form of Data:

Sorption and desorption ratio for various radionuclides in
tuff/water systems.

Materials and Specimen Geometry:
Crushed tuff samples.

Test Conditions:
Tuff samples exposed to static and column type conditions at room

temperature.

COMMENTS ON DATA VALIDITY:

The report describes the most recent sorption-desorption work on previ-
ously unstudied tuff samples (from Jackass Flats and Yucca Mountain). Dif-
ferences were found for the two types of material. For example, the sorption
ratios for Am and Pu were somewhat higher for tuff from Jackass Flats. Also,
sorption and desorption values for U(VI) were small for Yucca Mountain tuff
and the desorption values were higher than the sorption values. Sorption
ratios were smaller when measured by column techniques compared to batch
procedures.

For Sr, Cs, Ba and Eu at concentrations between -10-8 to 10-3M the
higher concentrations gave the largest deviations from ideal behavior. This
may be due to saturation of sorption sites and precipitation.

Anions when compared to cations had poorer sorptive behavior for tuff.

The studies described are very valuable in establishing a data base for
sorption-desorption processes in tuff and are necessary for quantifying the
behavior of radionuclide migration in tuff systems. The solution-to-solid
ratios used (5:1 and 30:1), however, may be too high since the amount of water
in the unsaturated zone is expected to be very small.
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This report is the third in a series of
reports describing studies of sorption and mi-
gration of radionuclides in tuff. The investi-
gations were extended to lithologies of tuff not
previously studied. Continuing experiments with
uranium, plutonium, and americium are described.
The dependence of sorption on the concentration
of the sorbing element and on the solution-to-
solid ratio was investigated for a number of
nuclides and two lithologies. A circulating
system was designed for measuring sorption
ratios. Values obtained from this system, batch
measurements, and column elutions are compared.
l'rogrcLsa ol oeasurisg and controlling Sl is des-
cribed.

C
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AUTHOR: Burns, P. .

TITLE: TAC02D - A Finite Element Heat Transfer Code

REFERENCE: UCID - 17980 Rev. 2 (January 1982)

AVAILABILITY: National Technical Information Service, Springfield, VA 22161

KEY WORDS: Heat, Thermal, Code

GENERAL COMMENTS: TAC02D is a nonlinear, two-dimensional, implicit, finite
element code designed for single-phase heat conduction ana-
lysis of both transient and steady-state cases in plane and
axisymmetric geometry. With appropriate zoning the code can
handle a wide variety of nonlinearities including space-,
time-, and temperature-dependent materials properties, heat
generation rates and boundary conditions.

TAC02D has little mesh generation capability. Only rows of
evenly spaced nodes and rows of sequential elements may be
generated. For complex zoning TAC02D relies on separate,
2-D mesh generation codes. In particular, in the interior
region, TAC02D utilizes a four-node isoparametric element
which can be made to degenerate into a three node triangle.
The Galerkin principle is then utilized to obtain the ele-
ment heat capacity and conductivity matrices and the element
thermal load vector. The problem is thus reduced to a sys-
tem of ODE's in terms of the nodal temperatures, through
which one can later interpolate with the original element
interpolating functions.

TAC02D transient analysis rests on an implicit scheme of
userps choice. The user also selects the time step, which
does not need to be constant during the calculations. The
user, however, is cautioned to make more than one run using
different time steps to insure convergence. Overall the
document reads well. I did not detect any incongruity, ex-
cept on page 4 Equation (7), where the same symbol is used
for the space- and time-dependent temperature and the nodal
temperature.

TAC02D is presently used at LLNL for waste package thermal
analysis in a tuff repository.
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AUTHOR: Ballou, L. B. (LLNL)

TITLE: Waste Package for a Repository Located in Tuff

REFERENCE: UCRL-90044, 1983

AVAILABILITY: Available as preprint for Civilian Radioactive Waste
Management Information Meeting, Washington, D.C.,
December 1983

KEY WORDS: tuff, waste package, design, T304L SS, T316L SS, T321 SS,
Incoloy-825, 76-68 glass, spent fuel, leaching, uniform
corrosion, localized corrosion

DATA SUMMARY:
Property and Form of Data:

None.

Materials and Specimen Geometry:
See above.

Test Conditions:
None specifically given.

COMMENTS ON DATA VALIDITY:

The paper is a general description of the waste package and the environ-
ment it will be placed in. Initial tests with Topopah Spring tuff in contact
with J-13 well water indicate that water chemistry changes around the package
will be small. However, it seems possible that in the unsaturated zone local
boiling of water may leave behind salt deposits which when contacted later by
cooler groundwater will redissolve to give concentrated water which could
affect canister corrosion and waste form leaching. This should be evaluated
further.

Very preliminary outlines are given regarding the leaching of 76-68 glass
and bare spent fuel and fuel with failed cladding around it.

Screening evaluations were performed on 17 metallic materials using data
from the literature. Four metals (T304L, T316L, T321 stainless steels and
Incoloy 825) were selected for experimental evaluation for use as container
materials. It was noted on the Dublin meeting between NNWSI/NRC that the 300
series of SS are susceptible to stress corrosion cracking in 02/Cl/gamma
irradiation environments and it is stated in the paper that such effects will
be investigated.

Details of the package design were outlined.
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The development of waste packages for emplaceinent in a tuff repository as Cbeen proceeding during tne past year on a broad front. .Experimental work hs
been focused on determination or important package environment parameters and
testing the response of waste forms and package materials to the anticiliated
environment. Conceptual designs have been selected.with alternatives to
accommodata present uncertainties in the environment and material
performance. Computational capabilities are being adapted to provide analyses
of anticipated package performance and plans are being devtloped for in-situ
testing. The waste package activities nave been integrated into the-ofirall
NNWSI project to assure timely completion consistent with the statutory and
regulatory requirements leading to repository-site selection around the end of
the decade.
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AUTHOR: U.S. Department of Energy

TITLE: Nevada Nuclear Waste Storage Investigations

REFERENCE: NVO-196-33, 1983

AVAILABILITY: NTIS

KEY WORDS: tuff, carbon steel, corrosion, unsaturated

DATA SUMMARY:
Property and Form of Data:

General corrosion, mils/year.

Materials and Specimen Geometry:
AISI 1020.

Test Conditions:
1000C, I atm.

COMMENTS ON DATA VALIDITY:

While the data from this experiment show maximum corrosion rates at 70 to
800C, the repository-relevant condition where irons and steels may attain
their highest corrosion rates could be at the boiling point of water where the
boiling heat transfer occurring at the metal/environment interface could maxi-
mize the concurrent effects of convection, presence of an electrolyte, and
oxygen mass transport.
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HIGHLIGHTS

-- A preliminary evaluation of site characterization data on Yucca Mountain
indicated that the Topopah Spring tuff in the unsaturated zone is an
appropriate rock unit on which to focus initial detailed site characteri-
zation studies.

-- Documentation of the unsaturated groundwater flow code SAGUARO was com-
pleted and development of a conceptual vapor transport model to be
included in SAGUARO was completed.

-- An experiment was conducted in the laboratory to measure the corrosion
rates of irons and steels in aerated, tuff-conditioned waters in the
temperature range of 50 to 1000C at atmospheric pressure. In most cases,
the crevice corrosion penetration was greater than the pitting penetra-
tion. The data also show that, in a system open to the atmosphere, the
general corrosion rate maximum occurs at 70 to 80 0C.

-- Thermal analyses were begun on the candidate conceptual designs to model
the maximum temperatures which would rsult from waste heat loading for
specific waste package dimensions and spacings.

-- A file (WAPLIB) has been created on the LLNL Cray computer system to pro-
vide users with the most recent version of the WAPPA waste package per-
formance assessment code and its associated data bases.

General Corrosion ate--The highest average corrosion rate occurred on to
mild steel (AISI 1020) at 800C (20.9 mils/year). The gray cast iron suffered
somewhat less corrosion, its maximum average rate (16.7 mpy) occurring at
700C. Similarly, the 2 1/4 Cr - I Mo alloy steel exhibited its highesc
average corrosion rate (18.5 mpy) at 700C. The 9 Cr - I Mo alloy steal sowed
much less general corrosion than the other metals with a maximum rate
(0.84 mupy) at 70°C. Under oarated -umbiant prussure conditions in nar-leutral.
waters, irons and stols typically sow a corrosion rate maximum at 70-800C.
Dissolved oxygen in the water is the dominant corroding specie so that to
corrosion rate of the iron or steel is governed by the accessibility (ass
transport) of oxygen to the surface. The mass transport is the product of the
concentration of oxygen and the diffusivity of oxygen. Convection effects are
also important in determining the accessibility of oxygen to the urface. Li
this particular experiment, air sparging served to agitate the solutions and
Was the primary mechanism for oxygen transport to the metal surfaces; thermnal
convection was also operating in all of the experimental calls (a well s
boiling in the 1000C cll). In a system open to the atmosphere, tl oxygen
solubility decreases as the temperature increases and the diffusivity and
chemical reaction rate both increase with temperature; the data indicate that
these affacts result in a corrosion maximum at 70 to 800C.

metal/steam/air (or mtal/watar vapor/air), which is expected to
prevail over an extended period of time for a repository in the vdose zone at
Yucca Mountain, will also be addressed in upcoming experiments.
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AUTHOR: Gregg, D. W. and W. C. O'Neal (LLNL)

TITLE: Initial Specifications for Nuclear Waste Package External
Dimensions and Materials

REFERENCE: UCID-19926, September 1983

AVAILABILITY: Available as an informal report with limited external
dis tribution

KEY WORDS: CHLW, DHLW, spent fuel, waste package, design, materials,
corrosion, weldability, cost effectiveness

DATA SUMMARY:
Property and Form of Data:

Design drawings for waste packages and philosophy of materials
selection.

Materials and Specimen Geometry:
Various, depending on package component.

Test Conditions:
Not applicable.

COMMENTS ON DATA VALIDITY:

The report describes preliminary work to specify designs, dimensions and
materials for tuff repository waste packages for DHLW, CHLW, and SF. Current
designs include vertical and horizontal emplacement. For the latter, a carbon
steel borehole liner will be used to facilitate retrieval. Canister material
selection considered literature reviews of 17 different metals and alloys with
equal weight being given to corrosion resistance, mechanical properties,
weldability, and material and fabrication costs. Four materials selected for
full evaluation: T304L SS, T316L SS, T321 SS, Incoloy 825. This reviewer
believes that much higher weighting be assigned to corrosion resistance since
all other factors can be accommodated by suitable design procedures.

Maximum glass waste form temperatures are based on devitrification
effects and for spent fuel the temperature is determined by the rupture prob-
ability for the Zircaloy cladding. Based on these assumptions the maximum
allowable temperatures are specified to be 350, 400 and 5000C for SF, CHLW
and DHLW, respectively. More supporting data are needed to validate these
design temperatures. Other aspects of the paper address criticality and
retrieval.

The work is a reasonable attempt towards focusing on a final design but
much more data will be required before such a design can be specified. This
reviewer is concerned about the choice of T304L as the prime container
material because of its known susceptibility to stress corrosion cracking.
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Initial specifications of external dimensions and materials for waste

package conceptual designs are given for Defense High Level Waste (HLW),

Conunercial High Level Waste (CHLW) and Spent Fuel (SF). The designs have been

developed for use in a high-level waste repository sited n a tuff media in

the unsaturated zone. Drawings for reference and alternative package

conceptual designs are presented for eacn waste form for both vertical and

horizontal emplacement configurations. Four metal alloys: 304L SS, 321 SS,

316L SS and Incoloy 825 are considered for the canister or overpack; 1020

carbon steel was selected for horizontal borenole liners, and a preliminary

packing material selection s either compressed tuff or compressed tuff

containing iron bearing smectite clay as a binder.
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C
AUTHOR: Hockman, . N. and O'Neal, . C.

TITLE: Thermal Modeling of Nuclear Waste Package Designs
for Disposal in Tff

REFEENCE: UCRL-80820/Preprint (September, 1983)

AVAILABILITY: Lawrence Livermore National Laboratory, Livermore, CA 94550

KEY WORDS: Thermal, odel, Package, Tuff, Heat

GENERAL COMMENTS: The document reports results of thermal analyses of various,
conceptual waste package designs and emplacement options for
a tuff repository. The reference code was TAC02D, a finite-
element two-dimensional heat transfer code. In order to
adapt a 2-D code to a 3-D problem, the authors had to make
several assumptions based on engineering judgement. These
should be checked in final calculations.

The document suggests that (1) the use of packing materials
may cause thermal limits to be exceeded for the proposed
waste forms. The problem is particularly serious for spent
fuel with a maximum allowable temperature of 350C; (2) the
use of fins within canisters containing spent fuel pins may
lower peak temperatures by up to 70°C for 6 fins and 86°C
for 12 fins. A third result, which the report does not docu-
ment. is that APPA's calculations compare favorably with
those based on TAC02D.

The paper is important in that it outlines DOE's rationale
for proposing to drop the packing materials. Although this
paper is preliminary in nature, the results are reasonable.
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Lawrence Livermore National Laboratory is involved in the design and

testing of high level nuclear waste packages. Many of the aspects of waste

package design and testing (e.g., corrosion and leaching) depend in part on

the temperature history of the emplaced packages. This paper discusses

tnermal modeling and analysis of various emplaced waste package conceptual
designs including the models used, the assumptions and approximations made,

and the results obtained.
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AUTHOR: McCright, R. D., et al. (LLNL)

TITLE: Selection of Candidate Canister Materials for High-Level Nuclear
Waste Containment in a Tuff Repository

REFERENCE: UCRL-89988, November 1983

AVAILABILITY: Available as preprint for NACE Annual Meeting, New Orleans,
April 1, 1984

KEY WORDS: uniform corrosion, crevice corrosion, stress-corrosion cracking,
gamma irradiation, tuffaceous groundwater, T304L, T316L, T321,
I-825, carbon steel

DATA SUMMARY:
Property and Form of Data:

Uniform and crevice corrosion data and slow strain rate tests.

Materials and Specimen Geometry:
Mainly T304L, T304, T316L, I-825 corrosion coupons and tensile

specimens. Some specimens were sensitized.

Test Conditions:
Uniform and crevice corrosion tests at 1000C for 1000 h; radiation

corrosion at 1050C (3x105 rad/h) and 1500C (6xlO5 rad/h) for 2
months; slow strain rate tests at strain rates of 2xlO-7 to 10-4/sec.

COMMENTS ON DATA VALIDITY:

Evaluates the corrosion behavior of T304L, T304, T321 stainless steels
and Incoloy 825 in tuff aqueous and steam environments. Other additional
materials were also evaluated in support of the 4 main candidate steels. At
1000C in tuff conditioned water several carbon steels suffered crevice at-
tack but T304L and T316L show no crevice or local attack after 1000 h. Slow
strain rate tests in 1500C tuff-conditioned water revealed no evidence for
embrittlement compared to air tests. Carbon steel corrosion rates appear to
be unaffected by y-irradiation but T304L SS showed an increase.

It is felt that these data are very preliminary since the test times are
very short (1000 h). Since mechanisms such as stress-corrosion may take years
to appear, the work performed at LLNL does not significantly reduce the poten-
tial for this failure mode in the light of data in the literature which shows
that the 300 series of stainless steels are susceptible to stress corrosion
under conditions similar to those expected in tuff repositories.
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A repository located at Yucca Mountain at te Nevada Test Site is a
potential site for permanent geological disposal of high level nuclear waste.
Tne repository can be located in a horizon in welded tuff,.a volcanic rock,
which is above the static water level at this site. The environmental -
conditions in this unsaturated zone are expected to be air and water vapor
dominated for much of the containment period. Type 304L stainless steel is
tte reference material for fabricating canisters to contain the solid

nigh-level wastes. Alternative stainless alloys are considered because of

possible susceptibility of 304L to localized and stress forms of corrosion.

For the reprocessed glass wastes, the canisters serve as the recipient for

pouring the glass with the result that a sensitized microstructure may develop
because of the times at elevated temperatures. Corrosion testing of the

reference and alternative materials has begun in tuff-conditioned water and

steam environments.
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AUTHOR: Oversby, V. H.

TITLE: Performance Testing of Waste Forms in a Tuff Environment

REFERENCE: UCRL-90045, November 1983

AVAILABILITY: Available

KEY WORDS: HLW, tuff, waste forms, groundwater chemistry, spent fuel,
borosilicate glass

DATA SUMMARY:
Property and Form of Data:

Water chemistry determinations solution analyses; SEM surface
analysis studies.

Materials and Specimen Geometry:
Crushed tuff; borosilicate glass; groundwater

Test Conditions:
Hydrothermal experiments: 900C and 1500C.
Autoclaves; duration 70 days; longer testing to 4 months at

1500C; MCC-1-76-68 glass with and without crushed tuff in tuff
groundwater, duration - -180 days at 900C.

COMMENTS ON DATA VALIDITY:

Groundwater used in the experiments was obtained from the saturated zone;
current plans will place the repository in the unsaturated zone.

304L corrosion estimates -0.1 cm per 1000 years by uniform corrosion.
Stress corrosion cracking is viewed as most likely mechanism to result in a
breached container.

Test conditions appear adequate for initial testing. Additional testing
should incorporate radiation effects. The report concludes that emplacement
of wastes should cause only small changes in water chemistry, however
radiolysis effects were not taken into account.
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The Nevada Nuclear Waste Storage Investigations Project (NNWSI) is studying C

the tuffaceous rock units located at Yucca Mountain on the western boundary of

the Nevada Test Site. The objective of these studies is to allow an
evaluation to be made of the suitability of the Yucca Mountain tuff units as a
potential location for a high level radioactive waste repository. As part of

the NNSWI Project, Lawrence Livermore National Laboratory is responsible for
the design of te waste package and for determining tne expected performance

of te waste package in the repository environment.

The reference norizon for a potential repository at Yucca Mountain is the
densely welded, devitrifled portion of the Topopah Spring Member of the

Paintbrush Tuff (Vieth 1982; Dudley and rdal 1982). The water table at Yucca
Mlountain s more than 500 m deep beneath the central portion of tne mountain;

as a result, the Topopah Spring Member lies entirely within the unsaturated
zone (Dudley and Erdal 1982). Te ineralogy of the reference horizon is an

assemblage of very fine grained alkali feldspar, quartz and cristobalite, with
minor amounts of smectite clay. Glass and zolites are generally absent

within the densely welded, devitrified portion of the Topopah Spring (lso ett

al. 1981; Caporuscio et al. 1982). The matrix porosity of the welded tuff is
approximately 13 percent, and the rock has a fracture density of 0.8 to 3.9
fractures per meter (Dudley and Erdal 1982).
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AUTHOR: Russell, E. W., et al. (LLNL)

TITLE: Selection of Barrier Metals for a Waste Package in Tuff

REFERENCE: UCRL-89404 Rev. 1, 1983

AVAILABILITY: Available as preprint for Materials Research Society Meeting,
November 1983, Boston, MA

KEY WORDS: T304L SS, T316L SS, T321 SS, Incoloy 825, materials selection,
container, weldability, cost, corrosion, mechanical properties

DATA SUMMARY:
Property and Form of Data:

General engineering data from the literature.

Materials and Specimen Geometry:
17 metals and alloys considered; the above 4 were selected for

detailed tests.

Test Conditions:
Various.

C COMMENTS ON DATA VALIDITY:

General description of the selection of 4 out of 17 candidate materials
for study. Final selection was based on consideration of corrosion resis-
tance, weldability, cost, and mechanical strength. T304L, T316L, T321 stain-
less steels and Incoloy 825 were selected as prospective canister materials
and low carbon steel was selected for borehole liners.

This reviewer believes, as was stated at the NNWSI/NRC meeting in Dublin,
CA, October 1983, that equal weighting of the above 4 selection criteria was
inappropriate. Corrosion resistance is obviously the most important and
should be heavily emphasized. If it were, then in all likelihood most of the
current 4 reference materials would be eliminated.
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We have selected a few candidate metals og conceptual design of
caniaters and overpacks. and for use n corrosion tosts under rpository
conditions. mportant materials properties data. reflecting engineering
design requirementa for potential candidate materials were developed. The
metals that wore initially considered fall into the following categories
stainless stoela-austenitic, forritie. and duplex hgh-nickel alloys.
titanium alloys, zirconium alloys, coppec-nickel alloys, low-carbon
steels, and cast ions. Those metals are all commercially available.

Our pocedure was to dtermine and evalvjte the engineering properties
considered to be important ln meeting design equirements
coat-effectLvely--cocrolaon resistance, tensile strength. weldbillty,
etc. Four general categories wre considered,

* Coneal and local corrosion resistance
* Fabrication costs
* Required mechanical properties
* Weldabillty
From this analysis we slocted four metals for canister and overpack

aterials, and one or hole lineras
l. AIS! 3041. atainless teel.
2. A3IS 321 stainless stool.
3. Ar8 316. stainless stool.
4. Incoloy P25 nckel-base alloy.
S. AIS8 1020 carbon stool ftr horizontal borehole lners?.
The reference canister and overpack metal is A81 3041. stainless

utuul, but altornativu metals will also be considered for two ruasonis (I) (
to provide a replacement material until the reference material e
confirmed by testing under ite specific conditions, (2) to frovide
comparative data to support the choice of A181 30416 stainless stool as the
reference material during the regulatory review.
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AUTHOR: Dukes, M. D., et al. (SRL)

TITLE: Multibarrier Storage of Savannah River Plant Waste

REFERENCE: Scientific Basis for Nuclear Waste Management, Vol. 2,
Plenum Press, N.Y., 1980, pp. 231-238

AVAILABILITY: Published

KEY WORDS:

DATA SUMMARY:
Property and Form of Data:

Overview of waste package component functions and anticipated
performance.

Materials and Specimen Geometry:
Borosilicate glass, Cor-Ten, T304L SS containers, bentonite

packing and salt host rock.

Test Conditions:
General conditions were for a salt repository with a maximum

anticipated container temperature of 1000C and the presence of WIPP
Brine B.

COMMENTS ON DATA VALIDITY:

The paper is a short overview of barriers which could be used for defense
waste emplaced in a salt repository. Glass leach data obtained at 20-250C,
900C, and 1200C are presented. The tests were conducted on crushed glass
containing a 137Cs tracer. The tests up to and including the 900C temp-
erature were performed under static conditions with periodic water changes,
whereas the 1200C were conducted in an autoclave.

After 60 d the leach rate of the glass decreased from 8.4x10-6 to
5.6x10-8 g/cm2-d at 900C for WIPP-Brine B. These rates are 3-5 times
greater than those at room temperature.

10,000 h tests on container materials in contact with dry salt indicated
little reaction.

There is a brief discussion of the use of other barriers such as
bentonite to sort radionuclides and retard water migration.

The data given are preliminary but useful. No data on synergistic
effects are given and "decayed" glass composition is not addressed.
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Borosilicata lasa will perform well as part of a multibarriar
system for S high level waste. Storage temperatures can be kept to
1I00C wth appropriate spacing of the rference canisters. Under
dry conditions, thu wastu packago hould ria Intact for very ilaq
puriods of iao. Kvun i te packago i bruachud und water contacts
the lass, tho rdionuclido release ratu will bo very low.
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AUTHOR: Flynn, K. F., et al. (ANL)

TITLE: Resistance of High-Level Waste Materials to Dissolution in Aqueous
Media

REFERENCE: Scientific Basis for Nuclear Waste Management, Vol. 2,
Plenum Press, N.Y., 1980

AVAILABILITY: Published

KEY WORDS: glass, leaching, distilled water, Co, Zn, Zr, Ru, Ag, I, Cs,
Ba, Ce, U, Eu, Np, neutron activation

DATA SUMMARY:
Property and Form of Data:

Leach rates given in units of g/cm2 -d.

Materials and Specimen Geometry:
76-68 borosilicate glass wafers doped with U, and 76-68 borosilicate

glass spheres doped with Pu-Np. Latter samples have S/V ratios between
14 to 1200 m-l.

Test Conditions:
7-day leach tests at 250, 1000, and 2860C for the U-doped

samples and 250, 1000, and 2540C for the Pu-Np-doped samples.
Some sequential leach tests were run. All tests in distilled water.

COMMENTS ON DATA VALIDITY:

Uses neutron activation to produce a variety of radionuclides whose leach
rates are then determined under tests conditions. Radionuclides evaluated
include 60Co, 65Zn, 95Zr, 103RU, lpOmAg, 1311, 134Cs, 140Ba,
l4lCe, 152Eu, 237U, 239Np. The Eu and Cs leach rates obey an
arrhenius relationship. All leach rates decrease with time because of
diffusion in the matrix, but were not solubility controlled.

Data are of general interest but not very applicable since the neutron
activation process may alter glass conditions. Synergistic effects with other
barrier materials not addressed. Nor were the effects of leaching "decayed"
glass compositions.

A4-5



DOCUMBUT ABSTRACT

(CONCLUSIONS)

Practical experiments that can help produce answers to specific
questions have been invoked in this work. While it is desirable to
minimize tho surface area subject to potential leaching, it is prob-
ably unrealistic to expect to achiev9 a surface to volume ratio
significantly lower than about 100m'.

Among the variables associated with the leaching of glass
matrices, the ffect of temperature i, by far, the most sovere.
Cesium (and iodine) were found to leach, from the glass matrices
studid, three orders of magnitude faster than europium at 290C,
whereas the difference in lach ratB at 25C was significantly loss
than one order of magnitude. Ten other elements studied wre found
to behave intermediately between those extremes. If the leach rates
at the higher temperatures are considered unacceptable, then addi-
tional barrier material would be necessary for as long as the
temperature remains high.
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AUTHOR: Katayama, Y. B., and Bradley, D. J. (PNL)

TITLE: Long-Term Leaching of Irradiated Spent Fuel

REFERENCE: Scientific Basis for Nuclear Waste Management, Vol. 2,
Plenum Press, N.Y., 1980, pp. 323-374

AVAILABILITY: Published

KEY WORDS: leach, spent fuel, 137Cs, 239+24 0pu, 244Cm, DIW, WIPP,
Brine B, NaHCO3, CaCl2, NaCl

DATA SUMMARY:
Property and Form of Data:

Leach rate of irradiated spent fuel in g/cm2-d. Radionuclides
include 37Cs, 2 3 9+2 4 0pu and 244 Cm.

Materials and Specimen Geometry:
Unclad fuel fragments of LWR spent fuel with burnups of 9, 28 and

54 MWd/kgU.

Test Conditions:
Fuel with the 3 different burnups tested at 250C in DIW in a Paige

apparatus. Also, the 28 MWd/kgU fuel was IAEA leach tested in DIW,
0.03 M NaC1, 0.015 M CaC1 2 , 0.03 M NaHCO 3 , and WIPP Brine B. Test
times were up to about 3.3 years.

COMMENTS ON DATA VALIDITY:

The fuel leach rate was essentially independent of burnup. DIW gave the
largest release rate and 0.015 M CaCI 2 the lowest. Usually, the spent fuel
has a leach rate which is 2-3 times as large as that for borosilicate glass,
except for NaHCO 3 some where the rates are similar. There was found to be a
period of accelerated leaching after about 600 days which necessitates very
long term testing to observe and characterize.

The data give some information on the corrosiveness of 5 relevant
groundwater formulations but serve only to give data of general scientific
interest. The 250 C test temperature and fresh spent fuel composition are
not relevant to addressing the controlled release rate.
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Speut luli-watur reactoc (LWIM) uul with burnups of 9, 28 and
54 MWd/kUU wru lach tooted at 25*C in dionizod water in a Pnlgo
apparatus. No discerniblo difforuncos La long tora lach rates woru
observed relative to burnup. An accelerated laching period was ob-
served during the algo lach tst of the 54 MWdlSU spent fuel. Ad-
ditlonally, the 28 MWd/kgU fuel was UAZA lach-testod in ive differ-
ent leach solutions. DeIonized water gavo the highest leech rates,
and calcium chloride solution gave the lowest.

Comparisons between spent fuel and borosilicate waste glass
lunch raLus saru ade. ln uodlu bsarbonawLu MOUiUs10, L lunch
rates are nearly equal and the glass becomes increasingly more reuis-
tant n calcium chloride solution, followed in order by sodium chlo-
ride solution, WIP " brine and donized water-in which the glass
La two tu threu ordutr u magialtidu sore IusIcIP-uuIaLUL41t Lhall l
spent fuel.
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AUTHOR: Weed, H. C., et al. (LLL, PNL)

TITLE: Leaching Characteristics of Actinides From Simulated Reactor Waste

REFERENCE: Scientific Basis for Nuclear Waste Management, Vol. 2,
Plenum Press, N.Y., 1980, pp. 167-173

AVAILABILITY: Published

KEY WORDS: glass, 23 7Np, 2 3 9Pu, flow rate, leaching, WIPP brine,
distilled water, bicarbonate water

DATA SUMMARY:
Property and Form of Data:

Leach rates for 3 7Np and 2 39 pu given in units of g/cm2-d.

Materials and Specimen Geometry:
8 mm diameter glass beads with the 76-68 composition doped with

23 7Np and 2 39Pu.

Test Conditions:
Single-pass leaching at 25 and 750C using WIPP brine, NaHC03-rich

water, and distilled water. Some modified IAEA leach tests run for
comparison. Water flow rates were 10, 43, 300 cm3/d with leaching
times to 420 d.

COMMENTS ON DATA VALIDITY:

The leach rates vary from 2x10-4 to 2x10'7g/cm2-d for 2 37Np and
from 2x10-5 to 2x10-9 g/cm2-d for Pu. At 750C the Np release rates
are essentially independent of time but the rates for Pu show a decrease.
All leach rates increase as the water flow rate increases. For the various
solutions there are no large differences in the leach rates. Temperature
increases enhance leaching.

The data are not very relevant to licensing since the temperatures are
too low, the release rates are for fresh glass compositions, and synergistic
effects with adjacent components are not. addressed.
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(CONCLUSIONS)

The following general treads can be sn in the results:

1. Lach rates increase with flow rate at high temperature but
are approXiMately independent of it at room temperatue.

2. Agreement between the rsults from the one-pass method and
those rum the LAIKA ethod is fair in the case of WI' brine olution
and good in te case of the others.

3. The 237Np lach rates increase with temperature, but the
239PUiulach rtua uithur dcruas with tumpurature or du not changu.
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AUTHOR: Merz, M. D., et al.

TITLE: Materials Characterization Center Workshop on Corrosion of
Engineered Barriers

REFERENCE: PNL-3720, March 1981

AVAILABILITY: Published

KEY WORDS: corrosion, canister, waste package

DATA SUMMARY:
Property and Form of Data:

Not applicable.

Materials and Specimen Geometry:
Not applicable.

Test Conditions:

COMMENTS ON DATA VALIDITY:

This publication presents the findings of a workshop held for the purpose
of determining corrosion tests of the engineered barriers. The types of cor-
rosion mechanisms are described along with hydrogen effects and proposed MCC
test procedures. Emphasis is placed on the need for techniques for accel-
erated corrosion testing. The report ranks the types of tests that should be
undertaken with the most important being a system test, incorporating as many
features of the near-field storage environment as is practicable, including
contact by proposed filler and buffer materials and full-scale duplication of
the component array for a single emplacement hole.
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MATERIALS CHARACTERIZATION CENTER WORKSHOP ON

CORROSION OF ENGINEERED BARRIERS

1.0 SUMMARY

A workshop on corrosion test procedures for materials to be used as bar-

riers in nuclear waste repositories was conducted August 19 and 20, 1980, at

the Battelle Seattle Research Center. The purpose of the meeting was to obtain

guidance for the Materials Characterization Center (MCC) in preparing test pro-

cedures to be approved by the Materials Review Board. The workshop identified

test procedures that address failure modes of uniform corrosion, pitting and

crevice corrosion, stress corrosion, and hydrogen effects that can cause

delayed failures. The principal areas that will require further consideration

beyond current engineering practices involve the analyses of pitting, crevice

corrosion, and stress corrosion, especially with respect to quantitative pre-

dictions of the lifetime of barriers. Special techniques involving accelerated

corrosion testing for uniform attack will require development.
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AUTHOR: McVay, G. L., et al. (PNL, ONWI)

TITLE: Elemental Release From Glass and Spent Fuel

REFERENCE: The Technology of High Level Nuclear Waste Disposal, Technical
Information Center, DOE, 1981, pp. 171-202

AVAILABILITY: Pub lisbed

KEY WORDS: 76-68 glass, spent fuel, leaching, DIW, radiation, pH/Eh

DATA SUMMARY:
Property and Form of Data:

Mainly leaching data for 76-68 glass and spent fuel at 25-900C.

Materials and Specimen Geometry:
76-68 glass and spent fuel.

Test Conditions:
25-900C leach tests in DIW.

COMMENTS ON DATA VALIDITY:

The paper represents a short review of the test methodologies which may
be used to characterize the performance of engineered barriers. Reviews of
static and dynamic glass and spent fuel leach tests are described and cri-
tiqued. Some leach data for glass are given for distilled water at 900C and
effects of pH/Eh outlined. For spent fuel, the release of 137Cs is given
for temperatures of 25 and 700C under oxidizing and reducing conditions.
The dissolution mechanism for U02 is discussed. Tests at 250C in deminer-
alized water show that actinide release in spent fuel is about 2 orders of
magnitude higher than that for 76-68 glass. The general conclusion by the
authors is that available tests for leaching are not adequate to quantify
long-term behavior and that more detailed testing using site specific ground-
water and evaluation of effects of adjacent barrier components will be needed.

The paper clearly outlines shortcomings in available leach tests and
suggests reasonable modifications.
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C

In the past several years,
emphasis on interactions between
waste forms and aqueous solutions
has shifted from data gathering to
understanding, and numerous
mechanistic investigations have
been initiated. These rely heavily on
surface analytical techniques and
control of many of the variables
Out of these efforts has come new
Insight into Interactions between
waste forms and water. This paper
concentrates on glass and spent-fuel
waste forms.

Because of the fundamental
differences in the interactions of
simple silicate and complex borosil-
Icate waste glasses with aqueous
solutions, predictive models and/or
results derived from simple silicate
glasses generally cannot be used to
predict the behavior of complex
borosillcate glasses In addition it
has been shown that realistic flow
rates and groundwater differences
do not alter elemental release from
glass or spent fuel by amounts
greater than one order of magni-
tude.

The solubility limits for
actfuides contained in glasses have
been shown to be identical to those
observed for crystalline actinide
oxide states themselves. Therefore
thermodynamic arguments can be
used to predict the upper limits of
actinide isotopes in solution.

Radiolysis effects in the absence
of air have been shown to be impor-
tant at lower temperatures but not
significant at the elevated tempera-

tures expected in a repository. .If
air (or perhaps just nitrogen) is
present, however, nitric acid is gen.
erated as a radiolysis product; this
greatly enhances elemental removal
at all temperatures.

Leaching of spent fuel is less
sensitive to temperature change
than is leaching of glass and, in
some cases, shows a negative tem-
perature dependence. As the oxygen
content of the leachate decreases,
actinide removal from both glass
and spent fuel also decreases.

In general, existing release
models for glass and spent fuel are
not adequate to predict long-term
behavior in a meaningful and
believable manner. Enough under-
standing has been and is being gen-
erated, however, that the next ver-
sion of predictive equations should
be capable of defensible predictions.
More detailed testing with site-
specific groundwaters and package
components under expected reposi-
tor conditions are under way.
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AUTHOR: Ogard, Allen, et al.

TITLE: Are Solubility Limits Important to Leaching?

REFERENCE: Scientific Basis for Nuclear Waste Management, Vol. 3,
pp. 331-337

AVAILABILITY: Published, Plenum Press, N.Y., 1981

KEY WORDS: leaching, actinides, temperature

DATA SUMMARY:
Property and Form of Data:

Leach data in moles/liter as a function of temperature C.
Leach ratios of U to fission products and actinides at C.

Materials and Specimen Geometry:
Spent fuel - U, Eu, Ce, Am, Pu, Cs, Sr, Sb

Test Conditions:
Leach studies of spent fuel at 250C and 700C with oxidizing

and reducing atmospheres.

COMMENTS ON DATA VALIDITY:

The source for this study is based on the fact that fission products and
actinides have remained at the reactor site of the Oklu Natural Fission
Reactor for two billion years. An explanation for this occurrence is believed
to be the extreme reducing environments in a deep geologic formation. This
test provided for leach studies of spent fuel in oxidizing and reducing con-
ditions at temperatures of 25 and 700C. At 250C uranium was uniformly
leached for a 60 day period regardless of redox conditions. After the temp-
erature was increased to 700C uranium developed a negative temperature coef-
ficient of solubility in a reducing environment. This occurred for 9 Sr,
125Sb and to a lesser degree for 1 7Cs. The leachant used for this study
was deionized water and therefore the data presented may not be significant to
an interactive repository environment.
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C
Conclusions

The solubilities of
and actinides, may be an
leaching of waste forms.
accurately s a function
sys tam.

soma radionuclides, specially race earths
important and controlling factor i3
These solubilities should be measured

of p ad ot as part of a multicomponent

Although the aount of data is small it is nteresting to post-
ulato that a egative tmperature coofficient of solubility is being

XIIhi iLed y Lhe aCLtinldus and rare onarihs ill1 VgS. I and 2. Indi-
Vidual solubiliLias souLd b measured as a unctio o tperature
to deLermin i a kinetic effect is being observed in the data. A
negative temperature coefficient of solubility for ctinides and
rare artLhs in waLr would ave importaiL roiusequuitiliiCes rr clucLear
roacLOr safetLy sald fur Lhe iluaaageuealL of uclear wasLus.

'C
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AUTHOR: Pitman, S. G., et al.

TITLE: Evaluation of Metallic Materials for Use in Engineered Barrier Systems

REFERENCE: Scientific Basis for Nuclear Waste Management, Vol. 3, 1981

AVAILABILITY: Published

KEY WORDS: corrosion, basalt, groundwater, brine

DATA SUMMARY:
Property and Form of Data:

Weight change in 2-3 month intervals, in
water, 20 to 72 day tests in brine expressed
mechanical tests of Ti Grade 2 and 12.

Materials and Specimen Geometry:
Plate and sheet material. Round tensile

specimens. 300-400 S.S., Incoloys, titanium
Zircaloy, Cu-Ni.

Test Conditions:
Autoclave, flowing and static, simulated

brine.

mg/dm2 for basalt ground-
as weight change mg/dm2 -

specimens. Charpy V-notch
alloys, cast iron,

Hanford groundwater,

COMMENTS ON DATA VALIDITY:

The results of these tests indicate that Inconel-600 and 625, Incoloy
800, Hastelloy C276 and Grade 2 and 12 Titanium have excellent-corrosion
resistance in a postulated repository environment. Weight change data for
cast irons appears high. An extrapolation of this data to 1000 years would
indicate a loss of 2.5 cm if corrosion were uniform. Pitting corrosion indi-
cates higher rates of penetration. The data presented in this paper is the
result of interactive components of radiation, ground water, basalt, tempera-
ture, pressure and static and flowing conditions and could serve to supplement
other data.
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AUTHOR: Serne, R. J., and J. F. Relyea (PNL)

TITLE: The Status of Radionuclide Sorption-Desorption Studies Performed
by the WRIT Program

REFERENCE: The Technology of High-Level Nuclear Waste Disposal, Technical
Information Center, DOE, 1981, pp. 203-254

AVAILABILITY: Published

KEY WORDS: sorption, Tc, Pu, Np, U, clay, zeolites

DATA SUMMARY:
Property and Form of Data:

Kd, Rd, D, actinides, mechanisms, sorption, desorption, far-field.

Materials and Specimen Geometry:
Eleana argillite, tuff, granite.

Test Conditions:
Far-field environments, static (batch) and flow-through tests.

COMMENTS ON DATA VALIDITY:

The paper is an excellent and detailed review of the quantification of
sorption-desorption process for water-rock systems. Definitions of Kd, Rd,
and D and their usefulness in quantifying the sorption-desorption behavior of
radionuclide species in the far-field environment are given. The batch and
flow-through procedures for determining these parameters are reviewed and
stated to be complementary. Mechanisms for sorption-desorption are also
discussed and nuclides of concern to HLW management specified. The most
important are stated to be T, Pu, Np, I, U, Cs, Ra, Sr and C. The second
most important class includes Am, Sm, Ni, Se and Cm; and the least important
are thought to be Zr, Ho, Eu, Pd, Th, Pb, Pa and Nb.

The results and arguments presented are convincing and should serve as a
basis for future DOE work in this important area.
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This papor focuses on intorac-
Lions between dissolved radlonu-
cildes In groundwater and rocks
and sediments away from ho near-
field repository. Two approaches
were used to study the primary
mechanism, adsorption-desorption.
Empirical studies rely an distrihu-
Lion cocfcicnt measurements, and
mechanism studics strivo to iden-
tify, differentiate, and quantify the
processes that control nuclido
retardatlon.

'I'he empirical approach luanti-
fles adsorption by use of a distribu-
tion coefficient (Rd), which is the
ratio or tho mass or a radionuclide
present on the rock to he mass
present In solution. Studics to
standardize laboratory methods or
measuring ltd are described. No one
laboratory method best simulates
all possible rock-groundwater-
nuclide combinations, but two
methods, hatch and onco-through-
flow column, appear to com-
plement each other and are
recommended for further standard-
ization. rheir strengths and
weaknesses are discussod. ItesulL# of
generic empirical ltd work are sunt-
marized In tables of nuclido Rd
values for five potential repository
rock ypes. 'T'hese data are rainked,
and future improvements in the
lrcatnent of nuclido retardation in

existing computer safety assessment
codes are suggested.

The status of sorption mecha-
nism studies is discussed, with
emphasis on delineating the useful-
ness of Ideal on-oxchango, site-
binding electrical double-layor, and
redox-controlled orption con-
structs. Since studies to date show
greater potential for sito-binding
electrical double-layer models,
future efforts will concentrate on
this construct.

Laboratory studies are discussed
which corroborate the importance
of redox reactions in causing
nucildo retardation or multivalent
elements, such as r, Np, Pu, and
U. Results suggest that both
solution-mcdinted reduction,. such
as the lVe(i)-ro(ll) couple, and
solid-solution heterogeneous reduc-
tion reactions, such as reduction of
solution Pu(VI) at the mineral sur-
race by structural 11c(11), occur.

Coupled microscopy, microprobe,
and autoradlography studies have
determined actual sorption sites for
radianuclides an polymineralle
rock. ''ho tudies show that t s
possible for minor phases to com-
pletely (laminate the mass of
radioniuclides adsorbed. The most
active minerals are Lypicaily altera-
lioun product (lays and zeolites).

C

Severul uxerciuse uru discussift
which rank radionuclides according
to their potential dose hazards. In
each of the analyses discussed, the
top four radionuclides are 1, To, Np,
and Ra. Other elements that rank
high In potential hazards are Pu, U,
An, Th, Pb, Sn, Pd. and So.

A brief review of field nuclide
migration and laboratory Rd com-
parisons shows g0nerul agruontunt
between fluid observation and
laboratory predictions of nuclido
migration. The interplay between
laboratory ubservationv, field
nuelidu mnigration, and nutural ana-
log studies is discussed

A4-20



DOCUMENT REVIEW FORM

AUTHOR: Strachan, D. M., et al.

TITLE: Standard Leach Tests for Nuclear Waste Materials

REFERENCE: Scientific Basis for Nuclear Waste Management, Vol. 3,
pp. 347-354

AVAILABILITY: Published - Plenum Press, NY., 1981

KEY WORDS: leaching, glass, temperature

DATA SUMMARY:
Property and Form of Data:

Mass weight loss g 2, concentration of solutions mg/L,
temperature C.

Materials and Specimen Geometry:
PNL-76-68 glass - monolithic and powdered.

Test Conditions:
Based on Materials Characterization Center standard leach tests.

COMMENTS ON DATA VALIDITY:

This paper summarizes five leach tests performed in accordance with
methods proposed by the MCC. Three of the tests were at static conditions,
one under flowing conditions and the last used a soxhlet apparatus. All tests
were for a 28 day period. Tests 1-3 were performed at 900C and 2500C
using either a glass monolith or powder in ranges of <100, <200 and <325 mesh.
Measurements were made for mass loss and solution concentration. All tests
were performed with water as the leachate and are not representative of
repository conditions.
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AUTHOR: Wang, Rong

TITLE: Probable Leaching Mechanisms for U02 and Spent Fuel

REFERENCE: Scientific Basis for Nuclear Waste Management, Vol. 3,
pp. 379-386

AVAILABILITY: Published - Plenum Press, N.Y., 1981

KEY WORDS: leaching, spent fuel, mechanism

DATA SUMMARY:
Property and Form of Data:

Leach data measured as a function potential V
density.

(SCE) vs. current

Materials and Specimen Geometry:
Single crystals of U02, deionized H20, NaHCO3 and WIPP

"B" Brine.

Test Conditions:
Autoclave - electrochemical dissoution at 250 and 751C.

COMMENTS ON DATA VALIDITY:

Electrochemical method for determining surface conditions, dissolution
rate and accelerated dissolution behavior for U02 and spent fuel. The
author believes this method can be used in-situ during the progress of the
leaching process. It seems that more effort is required to establish a
correlation between this method and actual repository conditions.
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CuNIU I NS

The oxidation und dissolution mucIaauims for U02 and spent fuel
will be quite similar based on this preliminary work with lectro-
chmuical loaching of U02 and spent fuel. In solutions containing
oxygen or other oxidizing species, the U02 surface will be rapidly
oxidized and dissolved following the transformation of uranium from
U(IV) to U(VI). The hydrolysis of dissolved uranyl ions forms solid
U03 hydratus or rolated complex compounds deposited onto the U02 sur-
faca, or other surfaces, as thin or thick coatin&g. Dpending on the
pH, temperature and time, the various kinds of porosity and the mecha-
nical properties of the hydrate coatings will control the dissolution
rate. The ffacts of radiation, in terms of generation of H202 will
anhaneu thu dissolution kinotics.

Electrochemical methods may be useful for determining the surface
conditions, dissolution rate and accelerated dissolution behavior for
U02 and spunt fuel. lcctrochomical methods can rapidly generate much
information In trms of dissolution ratu and surface film properties
such as thickness, porosity and oxidation state, in-situ during the
pourrusH of the leaching process.
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AUTHOR: Fullam, H. T. (PNL)

TITLE: Solubility Effects in Waste Glass/Demineralized Water Systems

REFERENCE: Scientific Basis for Nuclear Waste Management, Vol. 6,
North-Holland, N.Y., 1982, pp. 173-180

AVAILABILITY: Published

KEY WORDS:

DATA SUMMARY:
Property and Form of Data:

Solubility measurements determined from the undersaturated and
supersaturated water conditions.

Materials and Specimen Geometry:
Crushed 76-68 glass.

Test Conditions:
Temperatures between 35-1501C, for S/V ratios between 0.075 to

310 cm-l. Test times were up to 7650 h.

C COMMENTS ON DATA VALIDITY:

Solubility experiments were carried out on crushed glass/water systems
using 2 types of tests: (i) long term tests at constant temperature followed
by solution analysis and pH determination, and (ii) high temperature interac-
tion followed by chemical analysis and pH determination at a lower temperature
to obtain solubilities which have been approached from the supersaturation
condition. It was found that the latter type of test gave solubilities which
were 1-2 orders of magnitude higher than the isothermal tests and that the pH
values were substantially higher. It was postulated that differences in the
two tests could be connected with differences in diffusion rates through the
glass surface layer and the nature of the surface layers. Precipitation
effects could give different solid species in the supersaturation tests which
will give a higher solubility. It seems, therefore, that supersaturation
tests may be more valid and more conservative since actual waste will be at
higher temperatures initially so that solubilities, indeed, are approached
from the supersaturated condition.
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A study an carried out to dotorMino the olublity lit of
:rlo elements found in waste qlasaes in dinoralliod water as a
fbintion of tuponrl.rn. '11' whrk wAn nnnnrtl Iy t Wlri nr
'Nelatir Wbn o Innlatlnnu under catr4ut to the Dpartment of Znergy.

aleubillty aurmento were carriod out t 35. 6S, 950, and 150 C
ising three nonradinactive waste qlean cmponLtiona. suhnaturntion and
iporsaturation methods woro ued to determine the solubility limits.

Ihe twe methods gave merkodily different vlues for Moat gleA
"nmponents. Thn rnnulln obtained LIndlcate that It I dificault to
isaig solubility lLmLto to most glass components without thorouqhly
lescribing the 1g1nan-watnr nynto.. q11in Iitlodn nt. nnly dnfininol hn
jiasx typo, anti nyntos tnmperturo, but Io thn 'glen aurfaco reA-to-
'itor volume (S/V) ratio of the system and its thermal history.
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AUTHOR: Grambow, B. (PNL)

TITLE: The Role of Metal Ion Solubility in the Leaching of Nuclear
Waste Glasses

REFERENCE: Scientific Basis for Nuclear Waste Management, Vol. 11,
Elsevier, N.Y., 1982, pp. 93-102

AVAILABILITY: Published

KEY WORDS: solution concentration, static leaching, alteration layer,
long term prediction, 76-68 glass

DATA SUMMARY:
Property and Form of Data:

Calculated equilibrium concentrations for 76-68 based on the
identification of surface alteration products.

Materials and Specimen Geometry:
76-68 glass.

Test Conditions:C Static and dynamic tests per MCC-1 and MCC-5 at 900C.

COMMENTS ON DATA VALIDITY:

This is an important study since it attempts to develop a calculational
approach to the determination of equilibrium concentrations of species in
glass leaching solutions. It shows that alteration products formed on a
leached surface may control the equilibrium solubilities rather than the
glass itself. If such an approach can be developed further it will possibly
simplify the prediction of radionuclide concentrations in reporting
groundwaters and their transport to the accessible environment.

The major shortcoming in this work is that it does not address "aged"
glass compositions relevant to the post-300 year containment period. It is
possible that alteration layers on the glass will be strongly influenced by
the glass composition and, therefore, will give different concentrations of
dissolved species than the one obtained for "fresh" waste.
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AUTHOR:

TITLE:

Parkhurst, D. L.; Plummer, L. N.; Thorstenson, D. C.

BALANCE - A Computer Program for Calculating Mass Transfer
for Geochemical Reactions in Groundwater

REFERENCE:

AVAILABILITY:

KEY WORDS:

GENERAL COMMENTS:

USGS/WRD/RI/82-060 (February 1982)
NTIS Accession No. PB82-255902

National Technical Information Service,
Springfield, VA 22161

Geochemical, Code, Mass, Transfer

BALANCE is a Fortran computer program designed to help
quantify chemical reactions between aqueous systems and
other extraneous phases such as minerals, organic sub-
stances and gases. Ideally, given two aqueous composi-
tions and a selected set of extra phases, BALANCE cal-
culates the amounts of these phases which have been pro-
duced or used in order for the aqueous system to evolve
from its initial to final states.

The models implemented in the code are linear. BALANCE
users are warned that these models are not constrained by
any thermodynamic criteria and may imply reactions which
are thermodynamically impossible. This shortcoming of the
code, along with the fact that initial and final aqueous
states as well as extraneous phases are supposed to be
known beforehand, makes BALANCE unsuitable for use as a
predictive code.

The better known geochemical code PHREEQE was produced by
the same authors.
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DOCUMENT ABSTRACT

BALANCE is a Fortran omputer program designed to define and quantify C
chemical reactions between groundwater and minerals. Using () the chemical
compositions of water samples from two points along a flow path and (2) a set
of mineral phases hypothesized to be the reactive constituents in the system,
the program calculates the mass transfer (amounts of the phases entering or
leaving the aqueous phase) necessary to account for the observed changes in
composition between the two water samples. Additional constraints can be in-
cluded in the problem formulation to account for mixing of two end-member
waters, redos reactions, and, in a simplified form, isotopic composition. The
computer code and a description of the input necessary to rn the program are
presented. Three examples typical of groundwater systems are described.
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DOCUMENT REVIEW FORM

AUTHOR: Strachen, D. M. (PNL)

TITLE: Results From a One-Year Leach Test: Long Term Use of MCC-1

REFERENCE: Scientific Basis for Nuclear Waste Management V, Vol. 11,
Elsevier, N.Y., 1982, pp. 182-191

AVAILABILITY: Published

KEY WORDS: 76-68 glass, MCC-1 leach test, long term leaching, DIW,
brine, silicate water, leachant analysis, surface layers

DATA SUMMARY:
Property and Form of Data:

Elemental mass loss in gm 2 , pH changes in leachant.

Materials and Specimen Geometry:
Monolithic samples per MCC-1.

Test Conditions:
400, 900C static tests for 1 year in DIW, silicic acid/sodium

bicarbonate solution, and a K, Mg, Na chloride brine.

COMMENTS ON DATA VALIDITY:

Tests were performed in DIW, silicate water and brine. Concentrations of
Ca, Si, Cs and Sr were measured. At 900C DIW and silicate water gave simi-
lar leach rates for these elements. The Eh after 1 year was 0.2 V indicating
an air saturated condition. Ca and Sr concentrations decreased over a 28 day
period and remained constant thereafter, indicating that the solubility was
controlled by SrCO3 and CaCO3. A surface gel layer was found and shown to
be rich in Fe, Nd, La, Ti, etc. and depleted in B.

At 400C the loss of Cs and Si and other elements was lower than that at
900C.

In brine at 900C the leach rate for Cs was not suppressed compared to
DIV as other work suggests. However, this was thought to be caused by a mag-
nesium rich surface layer which is not found in DIV and silicate water. In
the latter leachants a Zn silicate layer is present.

The paper is of general scientific interest but it does not address the
"decayed" chemical composition of glass which will be present during the
post-containment period.
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AUTHOR: Strickert, R. G., and D. Rai (PNL)

TITLE: Predictang Pu Concentrations in Solutions Contacting Geologic
Materials

REFERENCE: Scientific Basis for Nuclear Waste Management, Vol. 6,
North-Holland, N.Y., 1982, pp. 215-221

AVAILABILITY: Published

KEY WORDS: PuO2, Pu(OH)4, solubility, pH, pe, oxidation state

DATA SUMMARY:
Property and Form of Data:

Equilibrium solubilities of Pu in low ionic strength solutions.

Materials and Specimen Geometry:
Crystalline P0 2, amorphous Pu(OH)4 powders, Pu-doped

borosilicate glass, and Pu-contaminated sediments.

Test Conditions:
Room temperature equilibration of Pu-containing solids

in 0.0015 M CaC1 2.

COMMENTS ON DATA VALIDITY:

The paper specifically evaluates the Pu species which control the solu-
bility of plutonium in low ionic strength water. The procedure utilized
crystalline PuO2 and amorphous Pu(OH)4 which were equilibrated for 130
days at room temperature. Analysis showed that the oxidation state was
essentially Pu(V). For Pu contaminated sediments equilibrated in the water
the measured concentration of Pu fell close to those obtained for crystalline
PuO2. Equilibration of borosilicate glass beads containing Pu in water also
showed that Pu solubility was controlled by a PuO2 phase even though there
was little evidence to show that a PuO2 phase exists in the glass. When
Pu(OH)4 suspensions were aged the solubility of Pu decreased to values close
to those controlled by the presence of PuO2.

This paper is a good attempt to determine equilibrium phases of Pu in
solution and should help in determining equilibrium concentrations in
groundwater for waste package performance assessment.
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AUTHOR: Treher, E. N., and N. A. Raybold

TITLE: The Elution of Radionuclides Through Columns of Crushed Rock From
the Nevada Test Site

REFERENCE: LA-9329-MS, 1982

AVAILABILITY: Published

KEY WORDS: elution column tests, batch tests, 85Sr, 37Cs, 133Ba,
141Ce, i52Eu, 9 5mTc, tuff, granite, argillite

DATA SUMMARY:
Property and Form of Data:

Elution data for various radionuclides for tuff, granite and
argillite.

Materials and Specimen Geometry:
Crushed rock.

Test Conditions:
Room temperature tests using flowing (column) and batch tests.

COMMENTS ON DATA VALIDITY:

This work is a comprehensive study of the elution behavior of selected
radionuclides on crushed tuff, granite and argillite using column and batch
procedures. In the column experiments the elution behavior was measured in
3 ways, (a) passing a continuous stream of radionuclide-containing solution
through a column and measuring the concentrations of radionuclides in the
exiting solution, (b) passing a solution through the column containing a
spiked increment and measuring the concentrations of radionuclides versus the
volume of water passed, (c) measuring the activities of the radionuclides in
the solution collected after an incremental spiked solution has been passed
into the column. From solution analyses and measurements on disassembled
columns the elution characteristics of the radionuclides were determined.

There was good agreement between column experiments and batch samples
which had been used to determine elution behavior.

These data are of value in determining general data on sorption-
desorption phenomena and provide a data base for repository/site performance
assessments. For near-field evaluation, higher temperature tests will be
needed.
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Results from the elution of radionuclides
through columns of crushed uff, granite, and
argillite are presented. Good agreement between
column and batch measurecmnts on washed samples
is generally observed for all three rock types.
This is encouraging, since the results of batch
measurements are often of value to show relative
sorption under a variety of conditions, and their
relevance to the migration of radionuclides under
flowing conditions has been questioned.

Column elution behavior depended upon sample
mineralogy. For example, 8 Sr gave fairly sharp,
symmetric peaks on granite, argillite, and devi-
trified tuffs; however, on a vitrovhyre, the peak
was 10 to 100 times broader. For L3 Cs, the most
unusual behavior was found on granites, where for
columns run at 20 m/year, most of the cesium was
retained at the load point. For all the radio-
auclides studied, except 95mTc, zeolite-containing
tuffs had to be run at flow rates of 103 to
104 m/year to obtain lutions, while samples com-
posed primarily of alkali feldspar and SiO2 gave
elutions of 85Sr, 137Cs, and 133Ba at flow rates
of 10 to 100 m/year. nowledge of the mineralogic
compositions of tufgs and their ability to retard
the migration of radionuclides is important--not
only to identify the optimum horizon for a nuclear
waste repository in Yucca Mountain, but also to
estimate how well te repository will perform.
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DOCUMENT REVIEW FORM

AUTHOR: Wicks, G. G., et al. (SRL)

TITLE: Chemical Durability of Glass Containing SRP Waste-Leachability
Characteristics, Protective Layer Formation, and Repository System
Interactions

REFERENCE: Scientific Basis for Nuclear Waste Management V, Vol. 11,
Elsevier, N.Y., 1982, pp. 15-24

AVAILABILITY: Published

KEY WORDS:- MCC-1, leaching, static tests, dynamic tests, synergistic effects,
brine, basalt, tuff, granite, shale, surface layer, SRL-131 glass

DATA SUMMARY:
Property and Form of Data:

Concentrations of Si, Cs, Sr, Fe, Mn in solution after 7 day tests.

Materials and Specimen Geometry:
Per MCC-L.

Test Conditions:
MCC-1 static and also dynamic flow tests in brine, basaltic,

tuffaceous, granitic and shale groundwater at 900C for 7 days.

COMMENTS ON DATA VALIDITY:

Carried out MCC-1 type static leach tests at 900 C for 7 day periods in
DIW, simulated brine, and basaltic, shale, tuff and granite groundwater compo-
sitions. DIW was usually most aggressive with respect to leaching. An ad-
herent gel layer forms made up mainly of non-waste elements which lowers the
rate of release with time. As expected, a reduction in the amount of leachant
also decreases the leach rate.

Static tests in the presence of T304L SS, TiCode-12, bentonite/sand
packing and charcoal. These materials can have beneficial, marginal and
possibly detrimental effects on leaching. Some tests in the presence of Pb
showed lower release rates because of the formation of a Pb-rich layer on the
glass surface.

In dynamic 'repository' tests used for acceleration purposes the studies
gave only small increases in leach rate even for fast water flow rates of 100
and 200 mL/min. Fe was found in the surface layers.

These data are of scientific interest but do not reflect the waste form
chemistry anticipated during the controlled release period since most fission
products will have decayed.
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AUTHOR: Bates, J. K., et al. (ANL)

TITLE: Extended Leach Studies of Actinide-Doped SRL-131 Glass

REFERENCE: Scientific Basis for Nuclear Waste Management VI, Vol. 15.
North-Holland, N.Y., 1983, pp. 183-190

AVAILABILITY: Published

KEY WORDS: SRL-131 glass, leachate analysis, surface products, Pu, Am,
Np, U

DATA SUMMARY:
Property and Form of Data:

Elemental losses in g/m2 as a function of time.

Materials and Specimen Geometry:
Per HCC-1.

Test Conditions:
MCC-1 static leach tests at 900C in DIW. Test times approach

400 d.

COMMENTS ON DATA VALIDITY:

Bates' work involves the characterization of leach rates and surface
products for SRL-131 glass under static conditions at 900 C. The work is of
general scientific interest since it may determine the more important radionu-
clides which should be considered for system analysis. However, the data do
not represent controlled released scenarios for the post-containment period
since they pertain to fresh glass compositions. They are of use in addressing
early container failure scenarios but they still do not address the effects of
adjacent container and packing materials.

It is shown that for the conditions used Pu and Am have slow release
rates whereas Np and U accumulate continuously in solution.
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AUTHOR:

TIThE:

Harper, . V.

Sensitivity/Uncertainty Analysis Techniques for Non-stochastic
Computer Codes

REFERENCE: ONWI-444 (May 1983)

AVAILABILITY: National Technical Information Service
Springfield, VA 22161

KEY WORDS: Uncertainty, Sensitivity, Reliability

GENERAL COMMENTS: The document indicates that ONWI will model most of the
aspects of underground waste storage through the use of
determinisitic codes. Two levels of coding will be pursued:
(a) system or subsystem codes which describe pertinent
phenomena to a first degree of approximation and (b) de-
tailed, individual process codes. Uncertainty analysis will
be an integral part of performance assessment. Uncertainty
analysis will be preceded by sensitivity analysis, i.e.,
first the key parameters which cause maximum performance
function variability are identified, and then key parameter
uncertainty is propagated to judge the overall effect on the
output performance function. In particular, the document
analyzes merits and faults of adjoint and statistical
methods in performing a sensitivity/uncertainty analysis.
The author seems to be partial to adjoint methods for per-
forming sensitivity analysis. To the enthusiasm of this
author, one must contrast the more cautious approach of ONWI-
488 (July 1983) which indicates that sensitivity coeffi-
cients calculated by adjoint methods "depend on the assumed
parameter field,'" whereas" sensitivities calculated by
sampling are not so limited.'" This document also claims
substantial computer savings of adjoint methods versus
sampling methods. However, problems are known to exist LR fe
applicability of adjoint methods to non-linear equations and
to systems of equations.

The statistical methods examined by this author for uncer-
tainty analysis fall in two categories: (a) experimental
design methods and (b) sampling methods. Among the two
methods the latter is considered superior.

This document does indicate ONWI's proposition to produce a
sensitivity/uncertainty analysis of nuclear waste isolation
systems. The contents of the report were effective as of
May 1982.
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DOCUMENT ABSTRACT

ONWI's approach to sensitivity/uncertainty analysis for deterministic
continuum process computer codes is based on in-depth sensitivity analyses.
ONWI will use both the adjoint and statistical methods for the sensitivity
analyses of those codes. Statistical methods are well suited to codes with a
limited number of parameters, whereas the adjoint method is most useful for a
large number of parameters. Regardless of the sensitivity analysis method
chosen, statistical methods will be used to determine input uncertainty that
will be used to quantify the output uncertainty. This report gives the advan-
tages/disadvantages of alternative approaches to sensitivity/uncertainty
analysis for deterministic computer codes.

. . .~~~~~~
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AXITHOR: INTERA Environmental Consultants, Inc.

TITLE: Workshop on Uncertainty Analysis of Postclosure Nuclear Waste
Isolation System Performance

REFERENCE: ONWI-419 (April 1983)

AVAILABILITY: National Technical Information Service
Springfield, VA 22161

KEY WORDS: Uncertainty, Reliability, Sensitivity

GENERAL COMMENTS: This is probably the oldest document on uncertainties in
the performance of nuclear waste isolation systems.

In October 1980, INTERA organized a "Workshop on Uncer-
tainty Analysis of Post-Closure Nuclear Waste Isolation
System Performance. Twelve professionals who had been
invited to a pre-workshop planning session contributed
three papers which were later distributed to the workshop
participants. Although effective as of September 1982,
this document is essentially the same as that handed out to
the workshop participants two years before.

The three contributed papers are on (1) uncertainties in
(discrete) event modeling. (2) uncertainties in (continuum)
process modeling, and (3) uncertainties in systems
modeling. Event modeling refers to phenomena which change
the repository system practically instantaneously with
respect to the repository lifetime. Magmatic intrusion and
faulting, or drilling for mineral resources can be modeled
as events. Continuum processes are those which take place
slowly on time frames comparable to the repository life-
time. Systems uncertainties are related to the overall
uncertainty that a series of process and event models has
in representing the real world. In general, however, two
types of uncertainties are identified as most important:
(a) uncertainty in data applicability and (b) uncertainty
in data gathering.

Overall this is an iteresting document where all sorts of
uncertainties are touched upon. It constitutes good
reading in order to better comprehend ONWI-488 "A Proposed
Approach to Un4i:tainty Analysis.'" of which this report
constitutes the basis.
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DOCUMENT ABSTRACT

A 'Workshop on Uncertainty Analysis of Post-Closure Nuclear aste
Isolation System Performano'' was hold on Ocotober 2-3, 1980 in Galveston,
Texas. The Workshop as organized by INTERA Environmental Consultants, Inc.,
under contract to the Office of Nuclear Waste Isolation. About seventy-five
persons attended the workshop.

Twelve participants, representing a range of disciplines, wore invited to
a pro-Workshop Planning Session on September 29 - October 1, 1980. During
this session they prepared a survey of various aspects and approaches to
uncertainty analysis for nuclear waste applications. This survey provided a
focus for discussion in the Workshop itself. On October 2 presentations were
made by the members of this planning group, followed by questions and discus-
sions with the Workshop attendees. On October 3, an invited panel gave their
reactions to the draft document and discussions of the previous day. There
was also audience interaction with those panelists.

This document presents a summary, but not a concensus, of the various
views expressed by the participants in the pre-workshop planning session and
in the workshop sossions. The document does not necessarily represent the
opinions of INTERA or ONWI. The information presented in this document has
formed part of the basis for defining the approach to uncertainty analysis
under the SCEPTER project.
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C
AUTHOR: INTERA

TITLE: DOT: A Nonlinear Heat-Transfer Code for Analysis of Two-
Dimensional Planar and Axisymmetric Representations of Struc-
tures

REFERENCE: ONWI-420, April 1983

AVAILABILITY: Published

KEY WORDS: Heat Transfer, Code

GENERAL COMMENTS: The DOT code is an important part of the SCEPTER program.
It has been used to supply time-dependent temperatures to
thermomechanical codes and waste package performance codes
such as WAPPA.

DOT is a finite element code that solves the space-time heat
conduction problem through estimation of the spatial deri-
vatives by interpolation functions. This reduces the gover-
ning equation to a system of time-dependent ordinary diffe-
rential equations. The details of this transformation are
not found in the manual. To further increase solution speed
coupling between the time rate-of-change of temperature at
adjacent nodes is removed by a lumped parameter technique.
The accuracy of the technique depends on the shape of the
element and the number of nodes. Again, the exact details
are not presented in the manual.

DOT has been verified against analytical solutions on a
number of test problems. DOT has also received limited
validation in modeling heat transfer in underground heating
experiments conducted in granite at Stupa, Sweden.

Dot has the following limitations:
(a) DOT can not directly model convective or radiative heat

transfer in the interior of the body. Convection
becomes more important as the permeability increases.
Thus, it may be important near a major fracture.
Radiative heat transfer can be important in salt re-
positories and when a waste package is separated from
the host rock by an air gap. For this reason, DOT is
not recommended for thermal analysis of the waste
package. Dot can model a salt repository by intro-
ducing an equivalent thermal conductivity.

(b) DOT can not model two phase heat transfer phenomena
which would arise if the groundwater began to boil.

(c) Numerically, DOT uses a first order integration scheme
with constant time steps. There is no provision to
estimate the error in the calculation. The code user
must judge if the solution is numerically accurate.
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DOCUMENT ABSTRACT

One of the key issues related to location and design of a nuclear waste Q
repository is the dissipation of the heat generated by the isolated waste.

The Determination of Temperature (DOT) code is a general purpose finite

element heat transfer coda developed by Polivka and Wilson in 1976 at the

University of California, Berkeley, that is appropriate for predicting thermal

environments. The code deals with linear and nonlinear transient or steady-

state heat conduction in two-dimensional planar or axisymmetric

representations of structures. Capabilities are provided for modeling

anisotropic heterogeneous materials with temperatura-dapendent thermal

properties and time-dependent temperature, heat flux, convection and radiation

boundary conditions, together with time-dependent internal heat generation.

This documentation describes the mathematical model, solution techniques

and computer code design. It also contains a detailed user manual. The use

of DOT as an integrated part of the SCEPTER technology package has been

emphasized throughout the report. Links with the thermomechanical codes

MATLOC, VISCOT, and UTAH2 have been identified and described in detail, as

have "stand-alone" applications of DOT and its use with the waste package

performance assessment code WAPPA. Output from DOT consists of a steady-state

temperature distribution or a set of nodal temperatures at various times for a

transient problem.

Strengths of the DOT code include its flexibility, wide range of possible

boundary conditions, nonlinear material properties, and its efficient equation

solution algorithm. Limitations include the lack of a three-dimensional

analysis capability, no radiative or convective internal heat transfer, and

the need to maintain a constant time step in each program execution.

In the Section 1.5 of this document the code custodianship and control is

described along with the status of verification, validation and peer review of

this report.
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AUTHOR: INTERA Environmental Consultants, Inc.

TITLE: GEOTEE: A Two-Phase Fluid Flow and Heat Transport Code

REFERENCE: ONWI-434 (April 1983)

AVAILABILITY: National Technical Information Service
Springfield, VA 22161

KEY WORDS: Thermal, Code, Heat, Two-Phase, Porous Medium

GENERAL COMMENTS: The document is well written and the attached Abstract is a
good representation of the document contents.

In the body of the document the authors clearly state the
assumptions made in the modeling parts and point out the
limitations of the code. The modeling assumptions are
justified with reference to the state-of-the-art in theC field. The limitations of the code are indicated to be as
follows:
1. The model cannot treat systems that vary greatly from

pure water. GEOMIER would need modifications to treat
brine fluids or any fluids which contain large amounts
of dissolved species, e.g. C02.

2. GEOTE cannot be used for fractured media which do
not approximate porous media behavior.

3. The model has no thermomechanical capability
4. The model is limited by the thermodynamic ranges of

the regression equations.
A further limitation of the code which I found is that
S. GEOTRER has no solute transport and deposition

modeling capability.

Item 1 is the most limiting as it bars the use of GEOTIER
for salt repositories, and may limit its use to tuff and
basalt waters. Item 5 may also prove limiting unless it is
shown that deposition of soluble salts out of the water
vapor phase into the rock channels will not influence signi-
ficantly the thermal properties of the system. Item 3 is
also important, as small differences in thermodynamic ap-
proximation resulted in notable differences between models
in a code-to-code validation effort.
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ONWI-434 (April 1983)

DOCUMENT ABSTRACT

GEOTHER is a three-dimensional geothermal reservoir simulation code. The
model decribes'heat transport and flow of a single component, two-phase fluid
in porous media. It is based on the continuity equations for steam and water,
which are reduced to two nonlinear partial differential equations in which the
dependent variables are fluid pressure and enthalpy. Those equations, des-
cribing three-dimensional effects, are approximated using finite-difference
techniques and are solved using an iterative technique. The nonlinear coef-
ficients are calculated using Newton-Raphson iteration, and an option is
provided for using either upsteam or midpoint weighting on the mobility terms.

GEOTRER can be used to simulate the fluid-thermal interaction in rock
that can be approximated by a porous media representation. It can simulate
heat transport and the flow of compressed water, two-phase mixtures, and super-
heated steam in porous media over a temperature range of 10 C to 300 C. In
addition, it can treat the conversion from single- to two-phase flow, and vice
versa. It can be used for evaluation of a near repository spatial scale and a
time scale of a few years to thousands of years. The model can be used to
investigate temperature and fluid pressure changes in response to thermal
loading by waste materials.

In Section l.S of this document the code custodianship and control is
described along with the status of verification, validation and peer review of
this report.
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AUTHOR:

TITLE:

INTERA

EQ3/EQ6: A Geochemical Speciation and Reaction Path Code
Package Suitable for Nuclear Waste Performance Assessment

REFERENCE: ONWI-472 ) Q 3

AVAILABILITY: Published

KEY WORDS: Geochemical, Code

GENERAL COMMENTS: The EQ3/EQ6 codes have been selected (ONWI-473) as part of
the SCEPTER program to perform geochemical calculations for
both near and far field applications. Given data regarding
the mass of each element, EQ3 calculates the equilibrium
distribution of species within the system. EQ6 contains a
reaction path model that follows the compositional evolution
from one equilibrium state to the next in a closed or open
(flow through) system. The reaction path may be described
by changes in temperature or irreversible rock/water inter-
actions. By following the reaction path, the appearance and
disappearance of secondary mineral phases is possible.

Although the EQ3/EQ6 package is one of the best geochemical
codes available, caution must be used when operating the
code and interpreting the results. First, any geochemical
code is only as good as its data base. The EQ3/EQ6 data
base is limited to temperatures between 0 and 3500C at a
pressure of 500 bars or atmospheric pressure until 1000C and
then follows the vapor/liquid equilibrium curve for water.
Also, thermodynamic data for many species may not be accu-
rately known. Comparisons between the geochemical code
PHREEQE and EQ3/EQ6 have shown substantial differences in
the calculated amount of a species because of the use of
different data. This problem is particularly important for
minor species. Also, because of the correlations used to
obtain activity coefficients do not apply if the molality
exceeds 1, EQ3/EQ6 cannot be used for brine solutions.

Use of any eochemical code borders on being an art form and
requires experience and insight. To run EQ3/EQ6 the user
must have a priori knowledge of all the significant mineral
phases that are expected to appear as the reaction proceeds.
Furthermore, convergence of the numerical solution is depen-
dent on the ordering of the different phases within the
computational procedure. Failure to include the proper
species or improper ordering can lead to erroneous results
or non-convergence of the solution. EQ3/EQ6 does have
automated procedures to reorder the equations when conver-
gence is a problem. These procedures do reduce the burden
to the user but they are not infallible.
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EQ6 is a reaction path model. It begins the calculation by
taking the distribution of speios as provided by EQ3 and
making adjustments for effects like supersaturation. It
then proceeds by incrementing the reaction path variable and C
calculating a nw equilibrium based on the updated value of
this variable. For eample, in modeling glass dissolution
the reaction path variable could be chosen as the amount of
silicon in solution. This procedure is repeated until the
eand of the calculation as determined by the reaction path
variable reaching equilibrium or some other criterion.

There are a few problems with the reaction path approach to
modeling chemical reactions. First, it treats a dynamic
system through a series of equilibrium calculations. There
is an implicit assumption that there is enough time to allow
all chemical reactions to reach completion. Therefore, EQ6
provides no information concerning the timing of the problem
and is likely to miss any metastable phases that form.
Second, there is no guarantee that the reaction path is
unique. Third, the user can select only one reaction path
variable. I a repository, the groundwater will interaot
with the host rock, backfill if present, waste canister,
and waste form. There is no single reaction path variable
that can describe all of these processes. Furthermore, in a
complicated problem like this, it may not be obvious which
reaction path should be followed. Finally, if the tempera-
ture is not the reaction path variable, it must either be
constant or specified as a polynomial function of the reac-
tion path variable. It is unlikely that a priori knowledge
of the temperature as a function of reaction path variable
is available. Because of these problems, it is not clear
how useful EQ3/EQ6 will be in modeling groundwater flow
through a nuclear waste repository.

In general, before EQ3/EQ6 or any geochemical code is to be
trusted an in depth aalysis and review of the code is
necessary.
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ONWI-472

DOCUMENT ABSTRACT

Geochemical processes influence the performance of nuclear waste

repositories. The E3 and E6 codes were selected to describe these processes.

EQ3 simulates a distribution of species and the resulting fluid is used in EQ6

to model a reaction path. Together, they can be applied to far-field and

near-field performance assessment, to evaluate data acquisition needs, and to

assist in data interpretation.

Chemical processes such as adsorption can be modeled using EQ3/EQ6. The

resulting distribution coefficients can then be input to a far-field transport

code. In the near-field, EQ3/EQ6 can be used to derive solubility limits on

radionuclides. These constraints can then be used as input to evaluate the

leaching process in waste package performance assessment.

The codes described embody the ion-association conceptual model of

solution behavior and simulate geochemical reactions. The codes require

thermodynamic data for each solid, gaseous or dissolved chemical species being

modeled. The data bases accompanying the codes are for testing purposes only

and should not be applied to real problems without first being carefully

examined for applicability n a case-by-case basis. Two test problems have

been described to illustrate code applications. One sample problem verifies

the codes' ability to follow abrupt redox changes in a reaction path

simulation, while the other tests the temperature changing capability of the

codes.

Routines to manipulate thermodynamic data were written to make the

thermodynamic data bases interchangeable between EQ3/EQ6 and another

geochemical code, PHREEQE. The EQTL and PQTL data preprocesser codes are

documented in an appendix.

In Section 1.5 of this document the code custodianship and control is

described along with the status of verification, validation and peer review of

this report.
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DOCUMENT REVIEW FORM

AUTHOR: INTERA Environmental Consultants

TITLE: Geochemical Models Suitable for Performance Assessment of
Nuclear Waste Storage: Comparison of PREEQE and EQ3/EQ6

REFERENCE: ONWI-473 (June 1983)

AVAILABILITY: National Technical Information Service, Springfield, VA 22161

KEY WORDS: Geochemical, Code, Model

GENERAL COMMENTS: The document presents the authors' rationale for narrowing
down to EQ3/EQ6 and PREEQE the choice of computer codes to
be used by the SCEPTER Program for future near- and far-
field analysis. The document further reports a comparison
of the two codes on a set of five test problems.

EQ3/EQ6 and PREEQE were selected among all the other codes
because they incorporate all the aqueous speciation modeling
functions of the WATEQ/SOLMNEQ group of codes while still
providing reaction modeling capabilities. As a Mass Trans-
fer Model, PREEQE solves directly for the final equilibrium
state of a system given its initial state and the predicted
reaction path. As a Reaction Path Model, iven the system
initial conditions, E6 figures out the reaction path and
computes intermediate states of the system up to the final
state.

When compared against each other, the two codes give essen-
tially identical answers provided the same thermodynamic
data base is used. On one hand this provides code-to-code
verification. On the other hand the discrepancies which
arise when different data bases are used indicate that data
accuracy is of paramount importance for using these codes.

It is to be noted that, as both codes are based on thermo-
dynamic principles, they do not address evolution of the
system with time. Furthermore, the aqueous solution models
implemented by these codes break down for solutions such as
brines which have salt contents higher than a few molal.

This is an important document in that it outlines the geo-
chemical modeling strategy of the SCEPTER Program. The
document is well written and interesting.
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ONWI-4--,- June 1983

DOCUMENT ABSTRACT c

Geochemical processes will significantly influence the

performance of nuclear waste repositories. The computer codes

EQ3/EQ6 and PHREEQE, can be used to describe these processes. They

can be applied to far-field and near-field performance assessment, Ad-

to evaluate data acquisition needs and test data. Both codes embody

the ion- association conceptual model of solution behavior and can

simulate geochemical reactions. The codes require thermodynamic data

for each solid, gaseous or dissolved chemical species being modeled.

The data bases accompanying the codes are for testing purposes only

and should not be applied to real problems without first being

carefully examined. Five test problems have been run for code

verification and demonstration. Routines to-manipulate thermodynamic

data were written so that each code could run with both data sets.

Two problems of aqueous speciation in sea water verified the codes by (
comparison of results with hand calculations and illustrated the

extent of the test data bases supplied. The third problem simulated

the dissolution of microcline and verified both codes' ability to

locate phase-boundaries and simulate non-redox reaction paths. The

fourth problem verified the codes' ability to follow abrupt redox

changes in a reaction path simulation, while the fifth tested the

temperature changing capacity of the codes. When run with the same

thermodynamic data, each code gave virtually identical results in all

problems.
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DOCUMENT REVIEW FORM

AUTHOR: INTERA Environmental Consultants, Inc.

TITLE: A Proposed Approach to Uncertainty Analysis

REFERENCE: ONWI-488 (uly 1983)

AVAILABILTY: National Technical Information Service
Springfield, VA 22161

KEY WORDS: Uncertainty, Reliability, Sensitivity

GENERAL COMMENTS: This is a rather complex document on uncertainty analysis.

Two fundamental types of uncertainty are identified as fit
for consideration: (a) uncertainty in models applicability
and (b) uncertainty in data gathering and adequacy. The
document does not offer a suggestion on how to quantify
uncertainty in model applicability. It talks rather of
model "validation" to be accomplished trough comparison
of numerical tests with actual data, comparison with natural
analogs, comparison with known limiting behaviors, use of
peer review, and model-to-model comparison. "Validated"
models will be considered to be exact. Uncertainty in data
gathering and adequacy is to be quantified in terms of a
probability distribution function (PDF). Once a PDF has
been established, it will be asumed to contain no further
uncertainty.

Based on the above quantification of original uncertainty,
uncertainty analysis will predict the output uncertainty of
models. It is proposed that several levels of uncertainty
analysis be performed according to the application for which
the analysis is intended: R &D, integrated characteriza-
tion, test design and data interpretation. Thus different
levels of model complexity should be used.

Methods of uncertainty analysis to be used are identified as
(1) simulation sampling methods, and (2) first-order second
moment stochastic methods. The former ones are fit for
system modeling. The latter ones for individual models.

The document is important in that it outlines the uncer-
tainty analysis approach proposed to become an integral part
of the SCEPTER Program. Overall the approach is consistent
with the suggested NRC quidelines to DOE. The contents of

K the document were effective as of October 1982. It should
be interesting to find out whether ONWI is pursuing this
proposed approach.
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ONWI-4_ July 1983

DOCUMENT ABSTRACT

A variety of methods are described that deal with the ncertainties
inherent in the performance assessment of the geologic disposal of nuclear
waste. Utilizing these methods, an approach to uncertainty analysis for the
SCEPTER (Systematic Comprehensive Evaluation of Performance and Total
Effectiveness of Repositories) Program is proposed. The approach recognizes
two fundamental types of uncertainty: (1) uncertainty in the adequacy of
performance assessment models: and (2) data uncertainties. The first type of
uncertainty will be addressed through model verification and validation. The
second type will be accounted for by using either a simulation sampling
method, or first order-second moment stochastic methods. Among the -former
methods are Monte Carlo simualtion, and Latin hypercube sampling. Among the
latter methods are adjoint sensitivity and other first order numerical
methods. The selection of an appropriate method depends on the data available
and the application.

A list of input and output variables, and a suggested level of sophisti-
cation for the uncertainty analysis, of each SCEPTER sub-systen model is
given. The relationship of performance assessment and uncertainty analysis
between process, sub-system and system models is described.
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AUTHOR: Kuhn, W. L., and R. D. Peters

TITLE: Leach Models for a Commercial Nuclear Waste Glass

REFERENCE: Scientific Basis for Nuclear Waste Management VI, Vol. 15,
North-Holland, N.Y., 1983, pp. 107-174

AVAILABILITY: Published

KEY WORDS: 76-68 glass, leaching, modeling, diffusion, solubility

DATA SUMMARY:
Property and Form of Data:

Applies theory to the leaching of 76-68 glass taking into
consideration the effects of surface layers and the solubilities
of glass constituents.

Materials gud Specimen Geometry:
76-68 glass.

Test Conditions:
Leach tests under static conditions at 50, 75, 90, 100 and

1500C.

COMMENTS ON DATA VALIDITY:

The work describes a reanalysis of the leaching behavior of 76-68 glass
taking into consideration the diffusion of glass constituents. It is claimed
that simple early models are inadequate since there is an accumulation of
insoluble surface products on the glass and that solubility of glass constit-
uents is ignored. Using data from static leach tests they show that the new
model is able to more accurately predict measured behavior. They discuss the
use of the model to predict glass leaching under repository conditions.

There are insufficient data to assess the validity of the model for the
ranges of conditions in a repository. Also, synergistic effects with con-
tainers, packing and host rock are not addressed. However, it is a more
sophisticated model than those available to date and should be pursued.
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DOCUMElN ASTRACT C

A review of the leaching behavior of 7-68 glass shows
that t cannot be explained n tars of diffusion in the?lass, which has boon the basis for several leach models
Knstoad, we present two models based on a dissolution rate
lopeded by surface processess the accumulation of a
protective layer of insoluble reaction products, and
adsorption of reaction products on the surface. The
resulting predicted time depondoncos are dentical and
predict a change froo linear to parabolic rate laws for
soluble species, which Is found to agree with the data over a
range of teamperatures. Incongruent release is attributed
primarily to solubility affects. The rlativeoaerits of the
models are discussed on the basis of the ffect of surface
aroa-to-volume ratio in static leach tests. Their rolevanco
to Modeling rpository bhavior Is discussed.
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AUTHOR: R. A. McCann

T ITLE: HYDRA-I: A Three-Dimensional Finite Difference Code for
Calculating the Thermohydraulic Performance of a Fuel Assembly
Contained within a Canister

REFERENCE: PNL-3367 q t3

AVAILABILITY: Published

KEY WORDS: Computer Code, Thermohydraulic, Fuel Assembly, Canister

GENERAL COMMENTS: HYDRA-I uses conservation of mass, momentum, and energy to
simulate steady state thermal conditions in fuel rod
array/ canister configurations. Several test problems are
posed and the results obtained from HYDRA-I are presented.

This document is poorly written and often confusing. In the
development transforming the conservation equations to a
form usable for numerical mplementation there is not enough
detail to fully evaluate the modeling. For example, it is
never made clear that the solution procedure involves ob-
taining the steady state solution through a time dependent
calculation which has converged to the steady state. The
lack of clarity in the document may hinder the use of HYDRA-I.

The HYDRA-I solution procedure solves the simultaneous
process of heat transfer and fluid flow sequentially. This
can lead to numerical instabilities depending on the size of
the time step. Although recommended values of the para-
meters used in selecting the time step are provided, the
author states that these may not work for all problems.
There is no discussion of the logic used to select the time
step parameters and the code user is left to trial and error
if the recommended values fail to lead to a converged solu-
tion.

The geometric modeling of the fuel assemblies is limited to
assemblies with an odd number of rods and a 458 line of
symmetry. Modeling rod bundles with a circular cross sec-
tionor chopped rods is not possible.

EYDRA-I was used to predict the temperature distribution
within the fuel assembly/canister system for several cases.
The effects of fuel age, filler material, and canister
temperature were investigated and the important modes of
heat transfer identified. Although agreement of the results
with experimental data was favorable for the one case pre-
sented, the author stresses the need for more data to fully
validate the model
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DOCUMENT ABSTRACT

A finite difference computer code, named HYDRA-I, has been developed to

simulate the three-dimensional performance of a spent fuel assembly contained

within a cylindrical canister. The code accounts for the coupled heat.

transfer modes of conduction, convection, and radiation and permits spatially

varying boundary conditions, thermophysical properties, and power generation

rates.

This document is intended as a manual for potential users of HYDRA-I.

A brief discussion of the governing equations, the solution technique, and a

detailed description of how to set up and execute a problem is presented.

HYDRA-I is designed for operation on a CDC 7600 computer.

An appendix is included that summarizes approximately two dozen differ-

ent cases that have been examined. The cases encompass variations in fuel

assembly and canister configurations, power generation rates, filler mate-

rials, and gases. The results presented show maximum and various local

temperatures and heat fluxes illustrating the changing importance of the C
three heat transfer modes. Finally, the need for comparison with experi-

mental data is emphasized as an aid in code verification although the limited

data available indicate excellent agreement.
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AUTHOR: Mendel, J. (PNL)

TITLE: The Scientific Basis for Long-Term Prediction of Waste-Form
Performance Under Repository Conditions

REFERENCE: Scientific Basis for Nuclear Waste Management VI, Vol. 15,
North-Holland, N.Y., 1983, pp. 1-7

AVAILABILITY: Published

KEY WORDS: test methodology, basalt, salt, tuff, geochemistry, hydrology,
waste aging, solution chemistry

DATA SUMMARY:
Property and Form of Data:

No specific data given.

Materials and Specimen Geometry:
Not applicable.

Test Conditions:
Not applicable.

COMMENTS ON DATA VALIDITY:

This overview paper does not present data on the performance of engi-
neered or natural barriers to radionuclide release, per se, but it outlines a
technical approach for assessing performance. Mendel addresses the important
repository conditions for basalt, salt and tuff including geochemistry, hy-
drology, groundwater chemistry and Eh/pH conditions. The effects of emplaced
waste in altering undisturbed conditions is outlined also. One very important
factor which is mentioned is the need to consider the leaching behavior of
aged waste since water should not cause leaching until the containment period
has ended. Thus the release of actinides becomes important. Mendel cites
work which indicates that the release of Pu and Np is controlled by their
solubility in groundwater so that simple waste-form/water tests may be valid
for predicting the release rate. From data on radionuclide decay rates and
their sorption on rocks he states that the most important species are
2 2 6Ra, 9 9Tc, 21 0 Pb, 7 9 Se, 9 3 Zr, 1 2 6 Sr and 135Cs. The importance
of multicomponent tests to evaluate interaction effects is emphasized.

This paper outlines a sensible philosophy for quantifying system
performance and should be considered in all DOE programs for HLW system tests.
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DOCUMENT ABSTRACT

None
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DOCUMENT REVIEW FORM

AUTHOR: Rai, D. and others (PNL)

TITLE: Actinide Solubility Controls in Performance Assessment of
Nuclear Waste Repositories

REFERENCE: Waste Management '83, March 1983

AVAILABILITY: Published

KEY WORDS: solubility, groundwater chemistry, radionuclides

DATA SUMMARY:
Property and Form of Data:

Log of the concentration in solution as pH and time. Calculated
and experimental data.

Materials and Specimen Geometry:
Np/Np-doped glass; Np/Np-doped glass w/NpO2Am(OH)3.

Test Conditions:
DIW, room temperature, pH - 6 to 10 for Am.

COMMENTS ON DATA VALIDITY:

Data valid only under conditions sited and in the absence of heat, radia-
tion and actual groundwater chemistries. Note that solubility of Am increases
-8 orders of magnitude as the pH changes from 9 to 6. Note is made of
changes caused by changing the oxidizing/reducing nature of the medium and the
effect of counterions. Value of data for predicting source term is limited by
these factors and the exclusion of heat and radiation. Authors do indicate
need to determine solubilities under more realistic (anticipated) conditions.
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DOCUMENT ABSTRACT

The importance of solubility control of radionuclide concentrations in repository groundwaters Is dis
cussed. Such control allows readily defensible estimation of the maximum concentrations of some actinids
radionuclides in groundwaters. Estimates from currently available data indicate a number of cases wnere such
maximum concentrations will he near or below the concentrations that are perhissable, without the benefit of
otner rocesses that will lower the concentrations even more. Available Information is briefly summarized and
further rsearch needs, which are not overly extensive, are discussed.

-~~~~
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AUTHOR:

mTILE:

Sutcliffe, . G.

Uncertainty Analysis: An Illustration from Nuclear Waste
Package Development

REFERENCE: UCL-90042/Preprint (October 1983)

AVAILABILITY: Lawrence Livemore National Laboratory, Livermore, CA 94550

KEY WORDS: Uncertainty, Reliability, Sensitivity, Package

GENERAL COMMENTS: The aim of this report is to propose a technique for uncer-
tainty/reliability analysis. Like with random sampling
methods, e.g., Monte Carlo calculations, the technique does
refer to deterministic models and does make use of proba-
bility distributions for the model parameters. However,
unlike random sampling methods, the technique separates
probability calculations from performance measure calcula-
tions. The technique is illustrated with an application to
canister corrosion and it is claimed sperior to random
sampling in that (1) it is simpler and more easily under-
stood and (2) it allows a greater amount of insight re-
sulting in fewer calculations. I find this last claim
dubious. However a more detailed review is in order to
check these claims.

Regardless of the proposed calculational technique, the
document is noteworthy in that it references the NRC posi-
tion on waste package reliability. The author finds that
'uncertainty analysis also has a role in establishing

reliability and reasonable assurance of waste package per-
formance in the licensing process' and that "it is evident
from NRC publications that an uncertainty analysis is neces-
sary to demonstrate that these (the NC's) criteria can be
met." As previously suggested by the NRC to the DOE, the
author indicates that uncertainty analysis "should be used
as a guide in directing R&D, in particular in deter-
mining the quality and quantity of data needed to support
design and licensing.'' Quite uncommittally the author also
sustains the NRC position that "there is usually an uncer-
tainty in the applicability of a model'" and that this
uncertainty should be "a data or input uncertainty.'"
Information elicited from experts is also seen as a viable
procedure to determine probability distributions.

This document is an indirect endorsement of the NRC position
on waste package reliability.
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UC.L-90042 eprint (October 1983)

DOCUMET ABSTRACT

A method of uncertainty analysis is illustrated by analyzing canister
corrosion i a nuclear waste package. The application of the method for
satisfying the NRC regulation, 10CFR60, governing the disposal of nuclear
waste is discussed. In this method uncertainty is represented by a proba-
bility distribution in the form of a histogram. This facilitates the sepa-
ration of the probability calculations from the evaluations of the performance
measure. This Simplicity results in a great amount of insight, and often less
calculation than a Monte Carlo approach. The method is easy to understand and
applicable to a wide variety of problems.
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AUTHOR: Svalstad, D. I.

TITLE: User's manual for SPECTROM-41: A Finite-Element Heat Transfer
Program

REFERENCE: ONWI-326 (June 1983)

AVAILABILITY: National Technical Information Service, Springfield, VA 22161

KEY WORDS: Thermal, Heat, Model, Code

GENERAL COMMENTS: The contents of this report are limited to a generalized
description of the code's computer program. Presentation of
the theoretical formulation of the heat conduction program
using the finite element method is not included.

SPECTROM-41 is the updated version of TANCO. The code is
designed to solve heat conduction problems in two-
dimensional plane and axisymmetric geometry. The code can
handle composite systems, a variety of boundary conditions.
anisotropic and temperature-dependent thermal conductivity,
and time-dependent heat generation rates.

SPECTROM-41 uses ight-noded isoparametric quadrilateral
elements. The resulting system of ODE's in terms of nodal
temperatures is solved by Gaussian elimination for steady
state analyses. Gaussian elimination is coupled to a two-
point recurrence scheme for transient analyses. The code
uses dynamic dimensioning to limit computer core require-
ments. Program limits because of array dimensioning are re-
ported in the document.

The authors reference the ORNL/TM-7112 report of 1979 to in-
dicate that SPECTROM-41 calculations (formally TRANCO) agree
within 5% with 2-D calculations from a set of 5 other com-
puter codes. The authors also reference the ONWI-137 report
of December 1980 to indicate that SPECTROM-41 showed excel-
lent agreement, on one sample problem, with the commercial
finite element code MARC-CDC.

The contents of this document were effective as of June
1981. ONI-5 of May 1983, Table 5-1, reports SPECTROM-41 as
being used by ONWI and NNSWI, and as its being extended to
3-D.
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DOCUMENT ABSTRACT

This User's Manual addresses SPECTROM-41: A Finite Element Heat
Transfer Computer Program. The. user is introduced to the program's capabi-
lities and operation, with required user input outlined in detail. Example
problems are included to illustrate the use of the various program
features, and analytical solutions are presented for four of the examples
to provide a measure of program accuracy. Past and ongoing comparative
benchmark analyses are highlighted to provide the user with an indication
of how SPECTROM-41 predictions compare with other available heat transfer
programs.
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AUTHOR: Thomas . Tolery

EQ3NR A Computer Program for Geochemical Aqueous
Speciation - Solubility Calculations: Users Guide and
Documentation.

TITLE:

REFERENCE:

AVAILABILITY:

KEY WORDS:

GENERAL COMMENTS:

UCRL - 53414

Published

Geochemical, Computer Code

This document provides the geochemical theory, numerical
and computational methods, and input manual for EQ3NR a
geochemical aqueous speciation - solubility program. It
also supplies a brief review of other geochemical computer
codes.

EQ3NR is the improved version of E3 and calculates the
distribution of species based on thermodynamic considera-
tions. EQ3NR provides the initial condition for its com-
panion program EQ6 which calculates reaction progress due
to rock/water interactions, and changes in temperature and
pressure.

Two important limlitations of EQ3NR are: (1) it is not ap-
plicable to solutions where the molality is greater than
unity which is the case for brines and (2) the thermo-
dynamic data base requires the pressure be 1 atmosphere
for temperature between 0 and 1000C and follow the vapor/
liquid equilibrium curve for water when the temperature is
less than 300°C. Work is proceeding to remove the first
limitation, and a report should be out soon.

The EQ3NR/6 package is important because DOE used these
codes to predict water chemistry at the BIP site.
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DOCUMENT ABSTRACT C

EQ3NR is a geochemical aqueous speciation-solubility FORTRAN program

developed for application with the EQ3/6 software package. The program models

the thermodynamic state of an aqueous solution by using a modified

Newton-Raphson algorithm to calculate the distribution of aqueous species such

as simple ions, ion-pairs, and aqueous complexes. Input to EQ3NR primarily

consists of data derived from total analytical concentrations of dissolved

components and can also include pH, alkalinity, electrical balance, phase

equilibrium (solubility) constraints, and a default value for either Eh, e,

or the logarithm of oxygen fugacity.

The program evaluates the degree of disequilibrium for various reactions

and computes either the saturation index (SI - log Q/K) or thermodynamic

affinity (A -2.303 RT log Q/K) for minerals. Individual values of Eh, per

equilibrium oxygen fugacity, and Ah (redox affinity, a new parameter) are

computed for aqueous redox couples. Differences in these values define the

degree of aqueous redox disequilibrium. EQ3NR can be used alone. It must be

used to initialize a reaction-path calculation by EQ6, its companion program.

EQ3NR reads a secondary data file, DATAl, created from a primary data

file, DATAO, by the data base preprocessor, EQTL. The temperature range for

: the thermodynamic data in the file is 0-300iC. Addition or deletion of

species or changes in associated thermodynamic data are made by changing only

the file. Changes are not made to either EQ3NR or EQTL. Modification or

substitution of equilibrium constant values can be selected on the EQ3NR INPUT

file by the user at run time. EQ3NR and EQTL were developed for the TN and

CFT FORTRAN languages on the CDC 7600 and Cray-l computers. Special FORTRAN

conventions have been implemented for ease of portability to IM, UNIVAC, and

VAX computers.
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DOCUMENT REVIEW FORM

AUTHOR: Wolery, T. .

TITLE: Chemical Modeling of Irreversible Reactions in Nuclear Waste-
Water-Rock Systems

REFERENCE: UCRL-85582 (February, 1981)

AVAILABILITY: Lawrence Livermore National Laboratory,
Livermore, CA 94550

KEY WORDS: Geochemical, Model, Code, Uranium

GENERAL COMMENTS: The document offers a perspective on geochemical modeling
along with an update of work done on E6 to improve conver-
gence. Also provided are a few data on uranium compounds.

The document isolates EQ6 from other codes in that E6 is a
Reaction Path Model, i.e., it attempts to predict the ir-
reversible evolution of a reacting aqueous geochemical sys-
tem. E6 implements the concept of partial equilibrium
whereby only a few reactions in a system proceed irrever-
sibly; all the others adjust themselves reversibly striving
to maintain equilibrium. Problems with this approach, as
implemented by elgeson first and olery later (EQ6). relate
to (1) the determination of which reactions are approxi-
mately equilibrium reactions, and (2) the relationship of
this model with the time variable.

With reference to item (1) many codes assume global redox
equilibrium in solution. This is presented here as a ques-
tionable assumption. EQ3 and WATEQ improve on it by
checking the redox potential of each major redox couple in
the system, so that one can determine whether or not these
couples equilibrate with respect to one another. With re-
ference to item (2) since the model is based on thermo-
dynamics, the relationship of EQ3/EQ6 with time is arbit-
rary. T..hange this, kinetics concepts should be used.

The document further reports about fixing convergence pro-
blems in EQ6. Since EQ3/EQ6 is being proposed as basically
the reference geochemical package for salt. tuff and basalt.
it should be checked thoroughly for (1) scientific sound-
ness, (2) relevance of the data base, (3) accuracy of the
modeling and its coding, (4) time-dependence handling capa-
bility.
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1UCRU 5582 February 1981

DOCUMENT ABSTRACT

* ~~C

Chemical odels of aqueous &tochemical
systems are usually built on the concept of
thermodynamic equilibrium. Though any
elementary reactions i a geochamical system may
be close to equilibrium, others may not b.
Chemical models of aqueous fluids should take
into 3ccount tat many aqueous redox ractions
are aong the Iatter. The behavior of redox
reactions ay critically affect migration of
certrin radionuclides, especially the actinide.
In addition, the progress of reaction a
Zeocheiical systems requires thermodynamic
driving forces associated vith elementary
reactions not at equilibrium, which are termed
irreversible reactions. Both static chemical
models of fluids and dynanic models of reacting
systems have been pplied to a ide spectrum of
problens in water-rock iteractions. otential
applications in nuclear aste disposal range (
from problems in geochemical aspects of ite
evaluation to those bf wa-te-ater-rock
interactions. However, much further ork in the
laboratory and the field ill be rquized to
develop and verify such applications of chenical
yodeing.
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APPENDIX 5

DETAILED REVIEWS OF WASTE PACKAGE DATA
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Schematic designs, characteristics and inventory of PWR and BWR spent
fuel assemblies. Reference compositions for defense and commercial high level
borosilicate glass waste forms. Description of reference packing material for
use around a spent fuel waste package, including the results of its thermal
conductivity measurements.

MATERIAL

Crushed Topopah Spring tuff for packing; iron-smectite clays and silica
gel as additives. Glasses made to incorporate DHLW from the Savannah River
plant and CHLW from West Valley (PNL 76-68 and MCC 76-68).

TEST CONDITIONS

(a) For sample preparation: -60 or -100 mesh size crushed tuff powder; 10 to
30 ksi isostatic compaction pressure.

(b) For thermal conductivity measurements on compacted packing:
test temperature: room temperature, 60, 100, 130, 165, and 200C.

METHODS OF ANALYSIS

(a) Thermal conductivity was determined by heating a specimen in the center
and measuring the temperature with thermocouples which were placed at the
surface and the center of the specimen. Duplicate measurements were made
at room temperature and 100C.

(b) The method for determining the density is not described.

(c) The nominal composition of the glass (supplied by SRL) was determined
using electron microprobe at 10 spots on a sample, and then averaged over
five samples.

AMOUNT OF DATA

Original Data

(a) Composition of DHLW glass (simulated waste).

(b) Density of compacted packing. -60 mesh crushed powder: density after
compaction pressures of 15 and 25 ksi; -100 mesh crushed power: density
after compaction pressures of 10, 15, 20, 25, 30, and 35 ksi; -18 mesh
crushed powder: unsuccessful compaction.
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(c) Thermal conductivity of crushed tuff: 12 data points for six tempera-
tures. Qualitative mention of thermal conductivity of one sample
containing 95% crushed tuff plus 5% bentonite clay.

Data Quoted From Other Sources

(a) Burnup and time of discharge of commercial SF in inventory.

(b) Physical characteristics of LWR assemblies.

(c) Estimate of percent failure of fuel rods.

(d) Inventory of dominant fission products and activation products in SF.

(e) Radioactivity and temperature decay profile for spent fuel assembly.

(f) Fission gas release as a function of burnup time from LWR fuel rods.

(g) Plutonium, cesium, tellurium and iodine concentration profile in a fuel
pellet.

(h) Dimensions of a canister, and composition of the glasses developed at
Savannah River Plant.

(i) Chemical and radionuclide composition of the defense sludge-supernate
glass. Its heat and radioactivity decay profiles.

(J) Composition of a DHLW glass used in NNWSI testing.

(k) Estimated composition and radioactivity of wastes at West Valley. Speci-
fications for the waste form and canisters to be used for this waste.

(1) Chemical composition of PNL 76-68 and MCC 76-68 glasses.

UNCERTAINTIES IN THE DATA

The uncertainty in the density measurements on compacted crushed tuff
specimens has been listed 1.7-3.5%. Duplicate measurements for thermal con-
ductivity are made at each temperature. Although a numerical value for exper-
imental error is not mentioned, the data in the figure show a reproducibility
of approximately 8% or better. However, it is not clear if the data obtained
on specimens prepared from tuff rocks from different locations will also have
thermal conductivity within the reported range.

The uncertainty estimates for the composition of DHLW glass are based on
the standard deviation of the average of results on five samples. These val-
ues range from 4% to 30% depending on the element analyzed and include
uncertainty in measurements as well as inhomogeneity in the samples.

The uncertainty in data quoted from other sources has not been mentioned
although, for example, the data for fission gas release shows very large
scatter.
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DEFICIENCIES IN THE DATA BASE

Topopah Spring tuff crushed to pass 100-mesh screen and compressed iso-
statically at 20 ksi has been identified in this report as the reference pack-
ing material with the possible additions of small amounts of clay or silica
gel. The -100 and -60 mesh but not the -18 mesh powder could be compacted
into a specimen suitable for thermal conductivity measurements. However, it
is not clear if a full size packing component can be fabricated under the ref-
erence conditions and if it would be mechanically strong enough for normal
handling.

The thermal conductivity data are shown for one specimen prepared under
one set of conditions. There are no data on the effect of processing param-
eters such as compaction pressure, particle size, etc. on thermal conductiv-
ity. It would be useful to establish if there is a simple correlation between
packing density, particle size, or composition with the thermal conductivity.
The beneficial or detrimental effects of the proposed additives on packing
performance remain to be determined.

APPLICATION OF DATA TO LICENSING

[Key Data (X), Supporting Data ( )I.

GENERAL COMMENTS

This report describes composition and other data for reference waste
forms and packing for a tuff repository. However, the original data are given
only for the thermal conductivity and density of crushed tuff packing which is
very limited and based on preliminary experiments. The purpose of a packing
material is to impede the ingress of groundwater into and release of radionu-
clides from the waste package. The information on thermal conductivity of
packing is essential in designing the waste package, determining the waste
loading, etc. However, the usefulness of the packing needs to be determined
in terms of its sorption and water migration properties under appropriate
repository conditions of temperature, radiation, pressure, humidity, thermal
gradient, etc.

ORGANIZATION PRODUCING DATA

Lawrence Livermore National Laboratory (NNWSI).

AUTHORS/REFERENCE

Oversby, V. M., "Reference Waste Forms and Packing Material for the
Nevada Nuclear Waste Storage Investigations Project," UCRL-53531, March 1984.
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AVAILABILITY

NTIS

KEY WORDS

Topopah Spring tuff, reference compositions, waste forms, packing,
thermal conductivity, spent fuel, DHLW, CLW.

DATE REVIEWED

October 1984.

gfs
11/19/84
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ABSTRACT

The Lawrence Livermore National Laboratory (LLNL.), Livermore, Calif., has been
given the task of designing and verifying the performance of waste packages for the
Nevada Nuclear Waste Storage Investigations (NNWSI) Project. NNWSI is studying the
suitability of the tuffaccous rocks at Yucca Mountain, Nevada Test Site, for the potential
construction of a high-level nuclear waste repository. This report gives a summary de-
scriptioll o the three waste frms for which LLNL is designing waste packages: spent fuel,
either as intact assemblies or as consolidated fuel pins, reprocessed commercial high-level
waste in the form of borosilicate glass, and reprocessed defense high-level waste from the
Defense Waste Processing Facility in Aiken, S.C. Reference packing material for use with
the alternative waste package design for spent fuel is also described.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Permeability of tuff blocks in a temperature gradient for tuffaceous
groundwater. Chemical composition of the test solution after permeating
through the test rock.

MATERIAL

Tuff from the Paintbrush section of the Topopah Spring Member (densely
welded, devitrified and nonzeolitized); J-13 groundwater.

TEST CONDITIONS

The groundwater was forced to flow from high temperature borehole at the
center of a cylindrical specimen to its outer surface (jacket) at a lower
temperature. Three experiments were conducted under the following conditions:

Experiment No. 1 2 3

Borehole temperature (C) 150 90 250
Jacket temperature (C) 50 36 83
Differential pressure (MPa) 0.15 0.15
Test duration (days) 20 17 21
Average flow rate (ml/sec) 1.15x10 3 1.45x10-3 2x10-4
Confining pressure (MPa) 30 30 30

In one of the experiments the flow of groundwater was stopged intermit-
tently, and in another case the flow rate was varied from 2x10- to 2x10-2
mt/sec.

METHODS OF ANALYSIS

Permeability for a particular set of test conditions as a function of
time is calculated from the mass flow rate under a constant pore pressure dif-
ferential and Darcy's law for radial flow. The methods employed in the
chemical analysis of fluids have not been described.

AMOUNT OF DATA

(a) Only three specimens were tested, one of which could not sustain a pres-
sure differential due to a large continuous void across the thickness.

(b) Permeability data are shown as a function of time for two specimens (1
and 2) on a graph for a period of 20 days.
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(c) pH (at room temperature) and chemical analyses of 8 to 10 fluid specimens
collected during each test are given for Na+, K+, Mg2+, Ca2+, HC037,
S042-, N02-, N03-, P4

3, r and Cl- ions, and SiO2. The results include
the analyses for solutions collected at the room as well as the test
temperatures.

(d) In Experiment No. 2, fluid samples were collected after 25, 50, and 100
hours of no-flow condition. In Experiment No. 3, four flow rates in the
range of 2x10 2 to 2xl0-5 mt/sec were included.

UNCERTAINTIES IN THE DATA

The authors have not given any value for the uncertainty or error in ex-
perimental data, and since only one experiment has been conducted for a given
set of conditions, it is difficult to estimate the uncertainty in data. Per-
haps the largest source of uncertainty in the present data is due to the lack
of information about the specimen itself. For example, the room temperature
permeability for two specimens had the values of 3 and 65 darcies under very
similar conditions. Such a large variation in permeability reflects the dif-
ference in cracks, voids, fractures, etc. present in different specimens.
However, for a particular specimen some estimate of uncertainty can be
obtained from the scatter in time dependence of permeability.

DEFICIENCIES IN THE DATA BASE

(a) A difference by a factor of 20 in the permeability of two specimens sug-
gests that there can be a big range in the properties of tuff such as
mineral composition, density and distribution of voids, cracks, etc. The
present data are very limited in describing the complete range of perme-
ability values, and a much larger number of specimens need to be tested.
Similarly, a range of pore pressure differential needs to be included in
these tests.

(b) Because of non-uniform distribution of cracks and voids, it is possible
that the results may depend on the size of specimen.

(c) The permeability of the J-13 groundwater did not show very large changes
within the test period. However, it is possible that if concentrated
groundwater (due to initial evaporation and then subsequent dissolution
of the precipitated salts) passes through the same specimen, the
permeability may decrease due to enhanced mineral growth.

(d) In these tests the water flow direction is from central borehole at high
temperature to the ouside surface at lower temperature. However, in the
initial stages the groundwater will migrate from cold surroundings to hot
waste package. The mineral growth and, therefore, the changes in permea-
bility could be very different under such reversed thermal gradient.

APPLICATION OF DATA TO LICENSING

[Key Data (X), Supporting Data ( )].
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GENERAL COMMENTS

(a) Although the results given in this paper are important in evaluating the
water flow conditions in a tuff repository, the data are extremely limit-
ed. Considering the possiblity of large variations in the properties of
tuff, it is difficult to draw general conclusions.

(b) The Bullfrog tuff which is believed to be representative of a much deeper
level in the saturated zone shows much larger effects on fluid chemistry
and temperature dependence of permeability. On the contrary, the Topopah
Spring tuff does not show such large effects. But the reason for this
difference and whether it is a general observation are not clear.

(c) The maximum duration of testing (20 days) may be too short to show the
effects of slow mineral growth and alteration which may affect the
groundwater permeability on a repository time scale.

(d) The high permeability of Topopah Spring tuff as found in the present
tests has been considered beneficial for the waste package because the
groundwater would not stay around it to cause corrosion. However, if the
waste package is breached by some mechanism, because of high permeability
the radionuclides would escape the repository more easily.

ORGANIZATION PRODUCING DATA

U. S. Geological Survey, Menlo Park, California.

AUTHORS/REFERENCE

Morrow, C. A., D. E. Moore and J. D. Byerlee, "Permeability and Pore-
Fluid Chemistry of the Topopah Spring Member of the Paintbrush Tuff, Nevada
Test Site, in a Temperature Gradient - Application to Nuclear Waste Storage,"
in Scientific Basis for Nuclear Waste Management VII, G. L. McVay, Editor, New
York, Elsevier, 1984, p. 883.

AVAILABILITY

Elsevier Science Publishing Co., Inc.

KEY WORDS

Topopah Spring tuff, permeability, temperature gradient, J13
groundwater, pore fluid chemistry.

DATE REVIEWED

October 1984.

gfs,11/16/84
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ABSTRACT
J

rhe Topopah Spring Membur of the Paintbrush Tuff from
tnu NUVdel, reut Situ 1 bnt isi ilvl itlatuti by tho Nv.iso
Nuutuou Wauvo <L;OC4d LftvuscL'JdtLuuu proeet (NUWSLI au 
possible nuclear waste repository host roc. Changes with
time of the permeabillty and fluid chemistry of tho Topopih
SprLng Meber have been meoasured in samples subjectod to a
temperature gradiont. Maximum temperatures of tho imposed
9cAdLente ranqud fros VQ to bU%; Minimum tetperaturus
were 3b' to 83*C. onfining and pore pressures simulated
a epth or alouot I km. w ch to qratur tn tho prolm*uie
ropouitucy dop. but honun for comparlson with previous
studies t these pressures. Pore fluid used in the experi-
ments was roundwater from tha Nvada Teat Sltes tha
Lruectiun or poro-fiuid flow wda from the high- to tu

low-temperature side of the tuftfs.
Initial permeabilities of the tuft samples ranged

from to 65 darcys. the wide range in values resulting
from differences in the void and fracture geometries of
tho samples. 1loatinq the tuffs produced no chanqu in
&jurmeAbxLity in tne lowest temperature experiment and only
stmall changes at higher tmperatures. The fluidu
diucrueiqeU tro thJ tuffl wore dlute waters of near-
neutral pH that differed only slightly from the original
groundwater composition.

Slnco proposed burial in the iropopah Spring Membor
would be in the unsaturated zone. the high initial
pormelablitton and thu abuonce of purmeaility ch.sogu with
heating may be desirable, because downwara-parcolatinq
waters would be able to drain into deeper formations and
not colluct at thu rpository loal. In addition. any
fluids that may come in contact with waste canisters will
not have acquired any potontially corrosive characturistics
throuqn interaction with te tuft.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Quantitative analyses of minerals in Bullfrog Member tuff core wafers in
as-received condition and after reacting with J-13 groundwater; the analysis
is given for various oxides, fluorine and chlorine. Ordinary histograms for
anorthite and orthoclase. Scanning electron micrographs of reacted wafers.
Changes in the weight of wafers and pH of solution.

MATERIAL

Bullfrog Member tuff taken from a 20-ft interval in the Lathrop Wells
section; J-13 groundwater.

TEST CONDITIONS

(a) Polished tuff wafers were reacted with J-13 groundwater in Teflon-lined
autoclaves at 1500C.

(b) Surface/volume ratio: 1100-2200 c 1.

(c) Reaction times: 1, 2, 3, 4, 6, and 8 weeks.

METHODS OF ANALYSIS

(a) Surface examination using a scanning electron microscope.

(b) Qualitative energy dispersive spectrometry and quantitative wavelength
dispersive analysis using an electron microprobe. Elemental concentra-
tions were obtained by comparing the data with appropriate silicate
standards.

(c) The bulk chemistry of the rock has been determined by neutron activation
analysis and X-ray diffraction, but these are not discussed in any
detail.

AMOUNT OF DATA

The oxide composition is determined for SiO2, A1203, K20, Na20, CaO, MgO,
TiO2, FeO, BaO, MnO and ZrO2. For a rock specimen the analysis of plagio-
clase, sanidine, biotite, hornblende, magnetite, pumice, zircon, ilmenite,
fracture filling and matrix are given separately. Sanidine and plagioclase
have been analyzed at the largest number of points (20's), but pumice, zircon,
ilmenite and magnetite have been analyzed at very few points. In a histogram
for anorthite the maximum number of samples ranged from three to six, but for
orthoclase it ranged from two to eight.
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UNCERTAINTIES IN THE DATA

(a) The estimate of error in experimental measurements is not given. How-
ever, a limit on such uncertainties can be assessed where analysis has
been obtained for numerous points on a given wafer.

(b) The J-13 groundwater has been obtained by directly pumping from the
well. The reproducibility of composition, Eh and pH of this water
collected on different occasions is not described.

(c) The alkali elements are known to evaporate easily when heated under an
electron beam. Therefore, these elements were analyzed first, but there
still remains larger uncertainty in the concentration of these elements.

(d) Use of Teflon vessels has been shown to affect the solution pH by absorb-
ing CO2. It is not clear what effects this change in pH could have on
present results.

(e) The as-collected tuff specimens were cut and then washed to remove weath-
ering or alteration products. It is not clear if any such treatments
would have also removed some minerals which are an intrinsic part of
tuff.

DEFICIENCIES IN THE DATA BASE

The data are reported for a very limited number of wafers taken from a
specific location in the Bullfrog Member. Since a large variability is known
to exist in the composition and distribution of minerals in a tuff deposit of
the size of a repository, no general conclusions may be drawn from the present
data and only specific information is available.

Although a wafer had a polished surface in the beginning of test, its
reaction with solution would have introduced some surface roughness which, in
turn, can introduce an error in composition determination. Whereas this
factor has been discussed in the report, it has not been corrected.

A temperature gradient or radiation was not present in the tests but in a
repository these factors can influence the growth of alteration products, etc.

APPLICATION OF DATA TO LICENSING

[Key Data ( ), Supporting Data (X)I.

GENERAL COMMENTS

The tuff samples studied in this work were taken from the Lathrop Wells
section of the Bullfrog Member of the Crater Flat tuff. These specimens are
representative of the deposits below the water table beneath Yucca Mountain.
Since the start of this work, the repository horizon has been decided to be in
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an unsaturated zone above the water table. Therefore, the present results are
not directly relevant to characterize the near-field conditions in the propos-
ed repository. As the author points out, however, the results may be useful
in the development of a geochemical modeling code.

In contradiction to the title of the report, analyses of the aqueous
phase are not included.

ORGANIZATION PRODUCING DATA

Lawrence Livermore National Laboratory.

AUTHORS/REFERENCE

K. G. Knauss, Hydrothermal Interaction Studies of Bullfrog Member Tuff
Core Wafers in J-13 Water at 150'C: Quantitative Analyses of Aqueous and
Solid Phases," UCRL-53521, February 1984.

AVAILABILITY

Available as a formal report.

KEY WORDS

Bullfrog Member tuff, mineral composition, alteration, J-13 groundwater.

DATE REVIEWED

September 1984.

gfs
11/15/84
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ABSTRACT

This paper describes the experimental work conducted to understand the water chem-
istry in the near-field surrounding a nuclear waste repository in the Bullfrog Member of
the Crater Flat Tuff, Nev., and to study any changes in the rock itself due to hydrothermal
alteration. The work is part of the Nevada Nuclear Waste Storage Investigations (NNWSI)
Project to determine the suitability of the volcanic units at Yucca Mountain for storing
high-level nuclear waste.

Static hydrothermal experiments with polished core warers were run fur 60 d; all
faces of the core wafers were exposed to solution. Quantitative solution analyses indicate
that the solution chemistry for both crushed tuff and solid core wafers is in good agree-
ment. Analyses of the solid phases suggest that the extent of reaction, at least over the 60-d
period, is relatively minor, even though solution effects were observed. These experiments
show that conditions in a repository located in the Bullfrog Member would be relatively
benign with respect to waste form and waste package survival.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Permeability of tuff tested under a temperature gradient for deionized
and J-13 water as a function of time. Chemical analyses and pH (at room tem-
perature) of the solution collected after migrating through the test rock.
Some data for the room temperature permeability.

MATERIAL

Tuff from the Bullfrog Member of the Crater Flat, Yucca Mountain, deion-
ized water and J-13 groundwater. The tuff specimens were devitrified, non-
zeolitized and moderately welded, containing deformed elongated pumice
fragments and voids.

TEST CONDITIONS

The water was forced to flow from a high temperature borehole at the cen-
ter of the specimen to the circumference (jacket) at lower temperatures. The
following range of conditions was used:

Borehole temperature 150-250°C
Jacket temperature 48-730C
Differential pore pressure 1.4-2.5 bar
Average daily low rate 14.5-100 ml
Confining pressure 300 bar
Specimen dimensions Cylinder of 7.62 cm diameter and

8.89 cm length

METHODS OF ANALYSIS

(a) Permeability was calculated from mass flow rate under a constant pore
pressure differential and assuming Darcy's law for radial flow.

(b) SiO2 in the fluid was determined by digesting the solution in NaOH and
then using the olybdate blue method.

(c) Sodium, potassium, calcium and magnesium in the solution were analyzed
using atomic absorption techniques.

(d) The concentrations of C17, F, S 2-, NO3 -, N27 and P 43- were
determined using ion chromatography.

(e) The total dissolved inorganic carbon content was determined with a carbon
analyzer.

(f) To estimate ionization of silica and the C032-/HC03- ratio, the SOLMNEQ
computer program was used for the data of 250C.
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AMOUNT OF DATA

(a) Only three tuff specimens, two at a borehole temperature of 250C and one
of 150C are tested.

(b) Permeability data are shown on a graph for a period of 22 days.

(c) pH and chemical analyses are given for 18-21 fluid samples collected at
different time intervals spanning through the duration of test (14 to 37
days).

(d) A few of the data points include results obtained at room temperature
before heating the core.

UNCERTAINTIES IN THE DATA

There is only one experiment conducted for a given set of conditions
which makes it difficult to estimate the uncertainty in or reproducibility of
the data. The experimental uncertainties in permeability or chemical composi-
tion are not given, but these are probably small compared to the uncertainty
in the characteristics of a test specimen. Some estimate of uncertainty in
the data can be obtained from the scatter observed as a function of time.

There is a significant unbalance between the total cationic and anionic
concentrations, thus emphasizing the uncertainty in reported numbers; error in
pH measurements has been cited as a major cause of this discrepancy.

DEFICIENCIES IN THE DATA BASE

(a) Considering that there can be a big range of the properties of tuff such
as mineral composition, density and distribution of voids and cracks,
etc., a much larger number of rock specimens need to be tested to arrive
at a general conclusion. The range of pore pressure difference and
temperature has also been very limited in the present tests.

(b) During the initial heating of a tuff specimen, the permeability showed a
sudden increase which gradually returned to close to pre-heating value.
Some of the transient increase in permeability was attributed to the pro-
duction and subsequent healing of thermal cracks. Therefore, there is a
possibility of mineral growth and subsequent change in permeability in
tuff rocks also. The authors have discussed this possibility but con-
cluded that void size is rather large to change the overall permeabil-
ity. Further experiments are needed to verify this conclusion for tuff
from other sources.

(c) In the present tests the water flows under a pressure gradient from high
temperature borehole to low temperature jacket at the outer surface of
the sample. Incorporation of pressure as well as temperature gradient in
these tests is relevant to a repository situation. However, in the ini-
tial stages, the groundwater will be traveling from cold surroundings to
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a hot waste package. The nature of mineral growth and, therefore, the
changes in permeability could be very different under such conditions.
Therefore, parallel testing is needed to assess the permeability of tuff
rock in the early stages of water intrusion.

APPLICATION OF DATA TO LICENSING

[Key Data ( ), Supporting Data (X)].

GENERAL COMMENTS

This paper reports permeability testing of tuff under the conditions of
temperature and pressure gradients which are likely to be present in a HLW
repository. However, the data are extremely limited and considering large
variations in the properties of tuff, it is difficult to draw general
conclusions.

The maximum test duration has been only a few weeks which is much too
short to observe the effect of mineral growth in large voids present in test
specimens. On a repository time scale the mineral growth can be sufficient to
change the permeability values. Some accelerated testing in conjunction with
the present tests will be useful to understand the water flow to and from a
waste package.

The ionic concentration in the solution is found to be much larger in the
initial stages of the test, presumably due to the presence of some soluble
salts. If this is true for the entire tuff rock encountered by the water per-
colating to a waste package, ionic concentration approaching the solubility
limit may be reached. The concentration effects are also possible due to ini-
tial evaporation and subsequent dissolution of the precipitated salts.
Therefore, testing with more concentrated ionic solution will be needed.

Rather high pH (10.6) values were observed for some fluid samples. A
cause of this observation and an upper limit on the pH value should be estab-
lished as this may be a very important factor in the waste package perform-
ance. Finally, the present results are only indirectly useful because Bull-
frog tuff may not be the best representation of that at the proposed
repository horizon in the unsaturated zone.

ORGANIZATION PRODUCING DATA

U. S. Department of the Interior, Geological Survey.

AUTHORS/REFERENCE

Byerlee, J., C. Morrow and D. Moore, Permeability and Pore-Fluid Chemis-
try of the Bullfrog Tuff in a Temperature Gradient: Summary of Results,"
Open-File Report 83-475.
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AVAILABILITY

Preliminary report.
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ABSTRACT

The permeability and fluid chemistry of a Nevada Test Site tuff is being

studied under conditions simulating a nuclear waste repository environment.

The purpose of this project is to investigate the changes that take place with

time when groundwater comes in contact with heated rock, and to detenmine the

ease with which potential radionuclide-bearing groundwater could be carried

into the environment.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Anion and cation concentrations in J-13 groundwater which is equilibrated
with crushed or core wafer samples of Topopah Spring tuff. Change in pH and
alkalinity of groundwater after reacting with tuff. Weight loss of core
wafers as a result of reaction with the groundwater. Qualitative information
from electron microprobe and SEM studies.

MATERIAL

J-13 groundwater, tuff rocks taken from a surface outcrop at Fran Ridge,
east of Yucca Mountain.

TEST CONDITIONS

(a) For 100-mesh crushed tuff: 0.2, 0.4 and 0.8 g of rock were equilibrated
with 12 m of J-13 groundwater at 150C for 1, 2, 4, 8, 16, 31 and 48
days. For tests at 90'C, 0.4, 0.8, 1.6 and 3.2 g of rock were equili-
brated with 48 m of groundwater for 1, 3, 6, 12, 24, 36, 48, 60 and 72
days. Teflon reaction vessels or gold rocking autoclaves were used as
test containers. All specimens were washed in J-13 water for two minutes
and then equilibrated overnight as part of a pretreatment.

(b) For core wafers of tuff: Polished specimens were equilibrated with
groundwater or water saturated air at 150C for a period of up to four
months.

METHODS OF ANALYSIS

(a) Anion and cation concentrations in and alkalinity of groundwater are
determined presumably using analytical techniques; specific procedures
are not described.

(b) Changes in rock properties are determined by weight loss measurements,
and observations under an electron microprobe or scanning electron
microscope.

AMOUNT OF DATA

(a) Crushed tuff experiments: F-, C1-, N03-, S042- and carbonate alkalinity
have been measured but the data are given only for C, NO - and SO 2-
anions. Among cations, the concentrations of Na+, Kt, Ca~i, and A3
have been measured but the time dependence of the data are shown only for
the last two which show major change. A concentration of silicon has
also been determined but its chemical nature in the solution is not
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established. Results for a 64-day test at 1500C with tuff selected from
three vertical drill holes and one horizontal air-drilled hole are also
given.

(b) Core wafer experiments: Concentrations of Al, Si, Ca, K, Mg and Na in
and p of the solution after reacting with core wafers at 150'C. Loss in
the weight of core wafers.

UNCERTAINTIES IN THE DATA

(a) Apparently all the results are based on single tests for a given set of
conditions. There is no indication of the magnitude of uncertainty in or
reproducibility of the anion and cation concentrations determined from
chemical analyses.

(b) The authors have found that the use of Teflon containers may have
affected the solution pH and alkalinity. This renders some of their data
less useful. The details of reaction of C02 with Teflon are not estab-
lished. This information may be relevant to other kinds of experiments
where Teflon containers are used.

(c) The basis for drawing curves through experimental data points is not
mentioned.

DEFICIENCIES IN THE DATA BASE

All the data appear to be from single tests under a given set of condi-
tions. In some cases, the solution composition did not reach a plateau, thus
suggesting that equilibrium was not achieved and tests for longer duration
would be desirable.

Although under one set of test conditions tuff specimens from four dif-
ferent drill holes were reacted with J-13 groundwater, these may not represent
the complete range of rock compositions which the groundwater may encounter in
the repository.

APPLICATION OF DATA TO LICENSING

(Key Data ( ), Supporting Data (X)].

GENERAL COMMENTS

The authors have used a pretreatment in which the rock specimens are
washed to remove readily soluble salts. These salts are assumed to be present
only at the surface of the repository site. At present, the composition of
water reaching the repository horizon in the unsaturated zone has not been
established. It is possible that the rainwater dissolves surface salts and
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then approaches the repository horizon, thus may have higher solute concentra-
tion than suggested at present. A much higher solute concentration is also
expected due to initial evaporation of groundwater and then subsequent
dissolution of the precipitated salts.

The presence of colloids and the effect of radiation on the chemistry of
the groundwater may influence some of the present conclusions.

ORGANIZATION PRODUCING DATA

Department of Earth Sciences, Lawrence Livermore National Laboratory.

AUTHORS/REFERENCE

Knauss, K. G., V. M. Oversby and T. J. Wolery, "Post Emplacement
Environment of Waste Packages," in The Scientific Basis for Nuclear Waste
Management, VII, G. L. McVay, Editor, New York, Elsevier Publishing, 1984,
p. 301.

AVAILABILITY

Published.

KEY WORDS

Tuff, groundwater chemistry, Teflon container, rock-water interaction.

DATE REVIEWED

September 1984.
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ABSTRACT

Experiments have been conducted as part of the Nevada Nuclear Waste
-Storage Investigations Project to determine the changes in water chemistry
,due to reaction of the Topopah Spring tuff with natural groundwater at
temperatures up to 1500C. The reaction extent has been investigated as a
function of rock-to-water ratio, temperature, reaction time, physical state
*of the samples, and geographic location of the samples within the tuff unit.
Results of these experiments will be used to provide information on the
*water chemistry to be expected if a high level waste repository were to be
constructed in the Topopah Spring tuff.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Mineral composition of an exploration block in the vicinity of the repos-
itory horizon at Yucca Mountain. Some estimates of composition variations
along vertical as well as horizontal directions. Cation, anion and dissolved
oxygen concentrations in and pH of groundwater taken from 11 wells in the
vicinity of Yucca Mountain.

MATERIAL

Yucca Mountain tuff and groundwater.

TEST CONDITIONS

X-ray diffraction, optical petrography and electron microprobe techniques
have been employed to determine mineral compositions; the details are referred
elsewhere. Groundwater samples were obtained by pumping it to the surface
from below the static water table. The test conditions and experimental
procedures for chemical analyses are not given in this paper.

METHODS OF ANALYSIS

Not specified.

AMOUNT OF DATA

(a) Map of the exploration block and the locations of drill holes in the
Yucca Mountain.

(b) North-south cross-sectional diagram to show vertical distribution of tri-
dymite, cristobalite, quartz and alkali feldspar at various depths above
and below the repository horizon. The location of static water table and
zeolitized minerals above it are also shown in a west-east cross-section.

(c) Mineralogy of various zones along the transport pathways below the repos-
itory. This includes the thickness and composition range in zeolite
Interval I, basalt vitrophyre, vitric zone, zeolite Interval II, Central
Prow Pass member, zeolite Interval III, Central Bullfrog member, zeolite
Interval IV and deeper petrologic zones. The presence of zeolites which
have good sorption properties is particularly emphasized.

(d) Elemental concentrations of Ca, Mg, Na, K, Li, Fe, M, Al and Si in
groundwater from 11 locations. Well J-13 is 6 km southwest of the
repository block. Six wells are within or at the edge of the repository
block. One well is drilled deep down to the paleozic rocks below the
tuffs.
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(e) Eh, pH and the concentrations of F, Cl-, SO42-, HCO3-, NO3- and
dissolved oxygen in all the groundwater samples.

(f) Total organic content of the groundwater from two wells. High molecular
weight organics are a major constituent among organic constituents but
specific compounds are not determined.

(g) One sample of groundwater from the deep zone, which was isolated with
packers and pumped up to avoid mixing with overlying waters.

UNCERTAINTIES IN THE DATA

This paper primarily describes the results without giving experimental
details or uncertainties. However, a range of composition for a particular
mineral in a given horizon is given presumably based on data taken from dif-
ferent locations. In the case of groundwater chemistry, it is not clear how
the chemical analyses varied for samples taken at different times, except for
the groundwater from the deep well. The chemical analysis for cations gives
total elemental concentrations without mentioning ionic state which can give
information about the oxidation potential of the solution.

DEFICIENCIES IN THE DATA BASE

The process of drilling the holes and collecting samples is likely to
have affected some of the results, particularly those of groundwater chemis-
try. For example, the oxidation potential of in situ groundwater might be
affected when it comes in contact with drilling liquids or atmospheric oxy-
gen. This is possibly one of the reasons for the significant difference in
the analyses of groundwater samples taken 26 days apart from the same well;
for example, Eh changed from -40 mV (non-oxidizing) to 156 mV (oxidizing).

APPLICATION OF DATA TO LICENSING

(Key Data (X), Supporting Data ( )].

GENERAL COMMENTS

The data given in this paper are based on a limited number of drill holes
at the edge of the exploration block. To characterize the complete repository
area and its vicinity more extensive data will be needed. This comment is
supported by the authors' conclusion that mineralogic homogeneity of the
repository horizon throughout most of the exploration block is not a general
feature outside the exploration block. To obtain limits of variability in
composition, more samples from lateral holes need to be characterized.

All the groundwater samples analyzed in this study were taken from the
static water table which lies under the proposed unsaturated repository
horizon. From this information it is difficult to determine the composition
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of water that would come in contact with a waste package. Depending on the
rate of rainfall and available soluble salts on its path to the repository,
the rainwater can be of significantly different composition than given in this
paper.

ORGANIZATION PRODUCING DATA

Los Alamos National Laboratory and U. S. Geological Survey, Denver.

AUTHORS/REFERENCE

Bish, David L., Allen E. Ogard and David T. Vaniman, Mineralogy-
Petrology and Groundwater Geochemistry of Yucca Mountain Tuffs," in The
Scientific Basis for Nuclear Waste Management, VII, G. L. McVay, Editor, New
York, Elsevier Publishing, 1984, p. 283.

AVAILABILITY

Published.

KEY WORDS

Mineralogy, Yucca Mountain, tuff, groundwater chemistry, zeolites.

DATE REVIEWED

September 1984.
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ABSTRACT

TFrom these results, several preliminary conclusions can be drawn. (1)
These are quite dilute waters and, other than oxygen in the waters, there
are no major consitituents that can rapidly attack waste-package container
materials. (2) Bicarbonate and hydroxyl anions are the major actinide
complexing ligands in the waters. (3) Although the bicarbonate concentra-
tion in the Paleozoic rock water is high, its effect will be minimal
because this water must come into contact with solid waste, wherever it may
occur, before the solubility of any waste element increases as a result of
complex formation. Once a waste element is in solution, additional com-
plexing ligands will not increase the concentration. (4) Many of the waste
elements exhibit minimum solubilities in the pH range of Yucca Mountain
water. (5) At best, deeper reducing waters will reduce neptunium and
plutonium Sons to their more insoluble +IY oxidation state but will not
reduce U02 or TcO-. (6) Finally, it appears that water composition may be
useful in the defiiition of flowpath.

A5-30



WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Chemistry of groundwater which has been equilibrated with crushed powder
and wafers of tuff rock at 90%C and 150'C. Solution analyses for Ca, Al and
Si as a function of reaction time. Final values of pH, alkalinity (related to
the concentration of HC0 3 ) and concentrations of Mg, K for rocks taken from
different locations (within Topopah Spring).

Boron leach data for borosilicate glass compositions based on PNL 76-68
glass. Effect of adding tuff and 304L on this leach rate. Leaching of
uranium from defected Zircaloy-clad U02 in deionized water at room
temperature.

MATERIAL

J-13 groundwater. Tuff (crushed or wafers) from Topopah Spring Member
outcrop or drilled cores. PNL 76-68 borosilicate glass. Zircaloy-clad spent
fuel elements.

TEST CONDITIONS

(a) Groundwater Chemistry:

Temperature 90C and 150°C. Crushed tuff reacted with J-13 water in Tef-
lon vessels; tuff wafers reacted with J-13 water in Teflon vessels; and
crushed tuff reacted with J-13 water in Dickson-type gold autoclaves.
Test duration up to 70 days.

(b) Wasteform Leaching:

PNL 76-68 glass in J-13 water at 900C with a glass surface area-to-
solution volume ratio (SA/V) of 0.1 cm- (which is consistent with the
MCC-1 procedure) and 1.0. Tests also included monolithic tuff, 304L
stainless steel, and/or crushed tuff. Five-inch-long PWR fuel pieces
fitted with water-tight end caps in deionized water at room temperature.
The specimens had undefeated cladding, one or two 200-micron diameter
holes, or a slit 150-microns wide and 2.5-cm long. Solution analyzed
after 1, 5, 15, 30, and 60 days.

METHODS OF ANALYSIS

(a) Groundwater composition is determined presumably using analytical
chemistry methods; specific details are not mentioned.

(b) Scanning electron microscope and electron microprobe are used to deter-
mine any changes on the surface of polished wafers due to hydrothermal
reaction.
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(c) Boron and uranium concentrations are measured in groundwater to determine
leaching characteristics of borosilicate glass and Zircaloy-clad spent
fuel, respectively, but the method of analysis is not described.

AMOUNT OF DATA

(a) Groundwater Chemistry:

1. Concentration of Al, Ca and Si are given as a function of reaction
time up to 70 days.

2. Higher p of the test solutions equilibrated in Teflon autoclaves is
attributed to the loss of C02 to the container walls. Gold bag auto-
clave eliminates this problem.

3. Concentrations of K and Mg are also mentioned but for a fixed test
duration.

4. Anion concentrations are described, but mostly qualitatively.
5. It is shown qualitatively that as a result of hydrothermal reaction

magnesium calcite precipitates and cristobalite dissolves.

(b) Wasteform Leaching:

1. Boron leach data for reaction time up to six months at 90C. SA/V -
0.1 and l.0,cm- .

2. Effect of adding tuff and/or 304L stainless steel to J-13 groundwater
on the leaching behavior.

3. Uranium leach data in deionized water at room temperature for a
period up to two months. Results obtained on defected and undefected
cladding are compared.

UNCERTAINTIES IN THE DATA

(a) Cation Concentration: No indication is given of the uncertainty or
reproducibility of the results.

(b) Anion Concentration: Described qualitatively as a few ppm without
mentioning the detectability limits of the techniques used.

(c) pH: Uncertainty or reproducibility is not mentioned.

(d) The variation in composition and characteristics of the rock specimens
are not mentioned, although rocks from different locations are used.

(e) No estimate of uncertainty or reproducibility of leach data for glass or
Zircaloy-clad spent fuel is given.

(f) The basis for drawing curves through experimental data points is not
specified.
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DEFICIENCIES IN THE DATA BASE

All the experimental results are presented in the form of diagrams with-
out giving any numerical values. Since no error bars are assigned to the
actual data points, it would be difficult to quantitatively use these results
in any modeling work. All the information appears to be based on single
tests; replicate testing is needed to establish the uncertainty limits. At
present the spent fuel leach data is obtained only for ambient conditions
whereas repository conditions are likely to be much more aggressive. Also, no
radiation field was present in any of the tests.

APPLICATION OF DATA TO LICENSING

[Key Data ( ), Supporting Data (X)].

GENERAL COMMENTS

This paper describes the results which are obtained in the initial stages
of the research program. Therefore, a large fraction of the paper is devoted
to the future plans rather than to the results already obtained. Some assump-
tions are made in calculating the amount of groundwater that will reach the
waste package, which are either design specific or based on limited supporting
data. Therefore, a wide range of SA/V ratio and wasteform compositions should
be included in the future testing.

The conclusions regarding improved leach resistance of borosilicate glass
due to the addition of crushed tuff is based on the solution analysis for
boron under very limited conditions. It needs to be substantiated by a more
comprehensive study.

The nature of defects in Zircaloy cladding on the spent fuel rods is
highly uncertain. Therefore, a wider range of anticipated defects should be
incorporated in future testing.

In determining the groundwater chemistry much less information is pre-
sented for the anions which are likely to be a major factor in determining the
container corrosion. No consideration is given to the solution concentration
or radiation effects. Finally, a useful information is mentioned in that the
use of Teflon containers in a test can absorb C2 and alter solution p; the
use of a gold bag autoclave eliminates this problem.

ORGANIZATION PRODUCING THE DATA

Lawrence Livermore National Laboratory.

AUTHORS IREFERENCE

Oversby, V. M., Performance Testing of Waste Forms in a Tuff
Environment," UCRL-90045, November 1983.
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ABSTRACT

Experiments conducted using Topopah Spring tuff and J-13 well water have been

conducted to provide an estimate of the post-emplacement environment for waste

packages in a repository at Yucca Mountain. The results show that emplacement

of waste packages should cause only small changes in the water chemistry and

rock mineralogy. The changes in environment should not have any detrimental

effects on the performance of metal barriers or waste forms.

The NNWSI waste form testing program has provided preliminary results related

to the release rate of radionuclides from the waste package. Those results

indicate that release rates from both spent fuel and borosilicate glass should

be below 1 part in 105 per year. Future testing will be directed toward

making release rate testing more closely relevant to site specific conditions.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Uniform corrosion rates from coupon immersion tests in steam and boiling
groundwater; effect of radiation on uniform corrosion of carbon, alloy and
stainless steels; qualitative observation of crevice and other localized
attack; slow-strain-rate test results; electrochemical measurements for corro-
sion potential, protection potential and uniform corrosion rates. - Reference
compositions of welded tuff and tuffaceous groundwater.

MATERIAL

C1020, C1025, A36 and A366 carbon steels; 2.25Cr-lMo alloy steel; 409,
416, 304L, 316L, 317L, 321, and 347 stainless steels; Incoloy 825. Only a few
of these alloys were used in all the tests; 304L was tested in solution
annealed as well as sensitized conditions. J-13 groundwater. Topopah Spring
tuff.

TEST CONDITIONS

(a) Uniform Corrosion Without Radiation:

Environment: 100C saturated steam at atmospheric pressure and ]00C
J-13 water conditioned with crushed tuff rock.

Duration: 1000 h.

(b) Uniform Corrosion in the Presence of Radiation:

Environment: J-13 water (untreated and treated with tuff) at 105*C with
3x105 rads/h radiation dose, and at 150C with 6x105 rads/h
radiation dose.

Duration: Two months.

(c) Stress Corrosion:

Environment: air and tuff conditioned J-13 groundwater at 150'C.
Strain Rate: 10-4 and 210- 7/sec.

(d) Electrochemical Measurements:

Corrosion potential and potentiodynamic measurements were made on exposed
sample area of 1 cm in J-13 groundwater at 50 to 100C. Scan rate was 1
mVsec.
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METHODS OF ANALYSIS

(a) Uniform corrosion rates were determined from weight loss measurements on
coupons using ASTM G-1 test procedure. The corrosion rates were also
determined using linear polarization resistance and Tafel slope
extrapolation methods.

(b) Susceptibility to stress corrosion cracking was determined using slow-
strain-rate tests with air as the control atmosphere. Fracture surfaces
were examined to determine the nature of failure.

(c) Susceptibility to pitting and crevice corrosion was determined from the
surface examination of coupons and the measurements of corrosion and pro-
tection potentials. The measurement of hysteresis of the forward and
backward scan in cyclic anodic polarization has been mentioned to evalu-
ate the susceptibility to localized corrosion, but no data are given.

AMOUNT OF DATA

(a) 1000-hour coupon tests for uniform corrosion and surface examination:
Data are given for C1020, A36, A366, 2.25Cr-lMo, 9Cr-lMo, 409, 416, 304L,
316L, and 317L alloys in 100C saturated steam and 100%C J-13 tuff
conditioned groundwater.

(b) Two-month coupon tests for uniform corrosion in the presence of radia-
tion: Data are given for C1025, 9Cr-lMo, solution annealed and sensi-
tized 304L alloys in J-13 water with and without crushed tuff at 105 and
150C.

(c) Slow-strain-rate test results are given for solution annealed and sensi-
tized 304L stainless steel in 150C tuff-conditioned J-13 groundwater at
a strain rate of 10-4/sec. The sensitized specimens were also tested in
air at a strain rate of 10-4/sec, and in J-13 water at 2xlO 7/sec.

(d) Corrosion penetration rate data from linear polarization resistance and
Tafel methods are given for 304L, 316L, 317L, 321, 347 alloys in J-13
water at 100°C. The coupons were tested freshly exposed and also after
an exposure of 500 hours.

(e) Corrosion and protection potential values are given for 304L, 316L, 321,
and 825 alloys in tuff-conditioned J-13 groundwater at 50, 70, 80, 90,
and 100C.

(f) The following information is given on the anticipated test conditions:

1. Range of bulk composition for reference welded tuff.
2. Reference composition of J-13 groundwater.
3. Dimensions and power load outputs for reference waste packages.
4. Expected composition of J-13 groundwater after reacting with Topopah

Spring tuff at 90C and 150C.
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UNCERTAINTIES IN THE DATA

The coupon tests in the absence of radiation were conducted on triplicate
specimens. In the presence of radiation one to seven specimens were tested
for a given condition. In slow-strain-rate tests replicate specimens were
used. Therefore, there is reasonably good information available on the repro-
ducibility of data in these tests. However, most of the electrochemical data
are based on single tests. In some of the cases where duplicate experiments
were conducted, the scatter in data is sufficiently large that it is difficult
to draw definite conclusions.

DEFICIENCIES IN THE DATA BASE

This report, according to the authors, describes the data which are
obtained in the early stages of a long-term research program and, therefore,
some of the deficiencies would be corrected from the tests of longer dura-
tions. However, in its present form the uniform, pitting or crevice corrosion
information is based on tests of too short durations. For example, the incu-
bation period for the initiation of pitting or crevice corrosion of some of
the alloys may be too long to be observed under present test conditions. Once
these forms of corrosion start, the rate of corrosion propagation is usually
much higher. In the cases where localized attack has been qualitatively con-
firmed, a quantitative data base is needed for long-term predictions. The
coupon tests for different durations would be necessary to establish the form
of corrosion rate equation.

The slow-strain-rate tests (SSRT) are useful in establishing the relative
susceptibility of different alloys to stress corrosion cracking. However, in
the present form the data are very limited in terms of strain rate, tempera-
ture and test environment, whereas it is known that an alloy can be
susceptible to SSRT in a limited range of these parameters.

All the tests were conducted in J-13 or tuff conditioned J-13 ground-
water. However, due to initial evaporation of groundwater and subsequent dis-
solution of previously precipitated salts, the solute concentration in the
water coming in contact with a waste package can be much higher. Therefore,
tests in concentrated J-13 water should also be included in the test matrix.

The radiation has been included only in coupon immersion tests. It
should be included in other kinds of tests also.

APPLICATION OF DATA TO LICENSING

[Key Data ( ), Supporting Data (X)].
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GENERAL COMMENTS

A major part of this report is devoted to the description of anticipated
repository environment, the waste forms, reference and alternative materials
for canisters, overpacks, etc. Next, the reasons for the selection of refer-
ence (304L stainless steel) and alternate alloys for the canister are discus-
sed with specific reference to sensitization and welding considerations. The
experimental data are limited at this stage, but more extensive work is
proposed for the future.

In some cases where tests have been repeated under a given set of condi-
tions, the reproducibility of data appears to be rather poor. For example, in
radiation corrosion test at 150C the corrosion rate of C1025 carbon steel
ranged from 20 to 126 m/yr. In such cases the highest number, not the aver-
age, should be considered in predicting the conservative value of canister
lifetime. It will also be useful to understand the reasons such as surface
conditions, heat treatment, etc. which give such a large range of results.

ORGANIZATION PRODUCING DATA

Lawrence Livermore National Laboratory.

AUTHORS/REFERENCE

McCright, . D., H. Weiss, . C. Juhas and R. W. Logan, Selection of
Candidate Canister Materials for High-Level Nuclear Waste Containment in a
Tuff Repository," UCRL-89988, November 1983.

AVAILABILITY

Available as a preprint.

KEY WORDS

Canister materials, tuff, uniform corrosion, pitting, crevice corrosion,
J-13 groundwater, radiation, stress corrosion, sensitization, welding,
reference conditions.

DATE REVIEWED

October 1984.
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ABSTRACT

A repository located at Yucca Mountain at the Nevada Test Site is a

potential site for permanent geological disposal of high level nuclear waste.

The repository can be located in a horizon in welded tuff, a volcanic rock,

which is above the static water level at this site. The environmental

conditions in this unsaturated zone are expected to be air and water vapor

dominated for much of the containment period. Type 304L stainless steel is

the reference material for fabricating canisters to contain the solid

high-level wastes. Alternative stainless alloys are considered because of

possible susceptibility of 304L to localized and stress forms of corrosion.

For the reprocessed glass wastes, the canisters serve as the recipient for

pouring the glass with the result that a sensitized microstructure may develop

because of the times at elevated temperatures. Corrosion testing of the

reference and alternative materials has begun in tuff-conditioned water and

steam environments.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Screenin3 criteria for a metal for HLW canisters and overpacks; reference
corrosion conditions; estimates of corrosion rates, weldability, mechanical
properties and costs of 17 candidate metals; underground environment in Topo-
pah Spring tuff and Chino silt loam. Selection is made of four metals for
canisters and one metal for borehole liners based on this information.

MATERIAL

AISI 1020 and A537 steels; 409 Ti stabilized, 26Cr-lMo, 304L, 321, 316L,
317L, Nitronic 33, JS 700, and Ferralium 255 stainless steels; Incoloy 825 and
625; Ti Grades 2 and 12; Zr 702; CDA 715 (copper/nickel 70/30).

TEST CONDITIONS

Varying test conditions which are not specified in detail - data taken
from various sources. Many test conditions are significantly different from
those expected in a repository.

METHODS OF ANALYSIS

Each of the 17 alloys is graded for corrosion resistance, mechanical
properties, weldability and cost on a three-point ("2" for superior, "1" for
suitable and "0" for some advantages) system. The four selected metals scored
seven points. Quantitative screening criteria are used for corrosion resist-
ance, mechanical properties and the cost. Weldability of an alloy is evaluat-
ed qualitatively in terms of the following attributes: preheat, special in-
terpass temperature, post-heat treatment, special atmosphere, low weld HAZ
toughness, non-standard process, non-standard NDE, non-economical relative to
AISI 304 stainless steel and special fit-up. The grading for weldability of
an alloy is determined by comparing these properties relative to 304 stainless
steel.

AMOUNT OF DATA

Reference waste package designs for DLW, CHLW and spent fuel emplaced in
a vertical borehole. Estimated relative maximum corrosion rates and probabil-
ity for the 17 candidate metals for general, pitting, crevice, intergranular
and transgranular stress corrosion and hydrogen embrittlement in the presence
of a continuous air/water film. Near-field conditions in a Topopah Spring
tuff repository. Estimate of raw material and manufacturing cost for 1/2-inch
wall welded pipe. Tensile strength, yield strength (at 800'C), minimum static
elongation, nil ductility temperature and fracture toughness of the
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candidate alloys. Presence or absence of various problems (mentioned above
under Test Conditions) during welding. Ranking of various candidate alloys on
a scale of 1 to 3. One of the appendices gives a temperature-time-
sensitization diagram and susceptibility of 304 stainless steel to localized
corrosion as a function of temperature and chloride ion concentration.

UNCERTAINTIES IN THE DATA

The experimental uncertainties in the data are not presented. However,
considering that the present data are used only for relative evaluation of
various alloys, the final conclusions would not change if the uncertainties
are nearly the same for all cases. On the other hand, there is much larger
uncertainty due to the fact that the repository conditions may be very differ-
ent than those for which the data are available. The corrosion data are pre-
sented with the explicit intent of comparing different alloys rather than
estimating the corrosion life of a particular alloy. However, some of the
conclusions may be seriously affected when data obtained under more repository
representative conditions become available. The assessment of weldability of
an alloy is described as good' or no good' which is too qualitative and does
not indicate the extent of the problem. Actual cost of an alloy will vary
depending on the current market prices.

DEFICIENCIES IN THE DATA BASE

The major deficiency in the data is the lack of confidence in its rele-
vance to repository conditions. The data are presented without giving enough
justification for the applicability to the performance of a HLW container.
Localized corrosion (pitting, crevice or SCC) has been expressed in terms of
corrosion rate and probability, but how can these be transformed in comparing
the life of a container is not explained. The assumptions made in arriving at
the estimated values given in various tables need to be clearly expressed.

There is virtually no information available on the effect of radiation on
corrosion of different alloys. In some cases, the nitric acid generated by
the radiolysis of moist air may be most detrimental to the corrosion life
whereas in others hydrogen generated by radiolysis may be the cause of embrit-
tlement. Therefore, the selection of alloys based on the presently available
limited information may need a re-evaluation as more data become available.

APPLICATION OF DATA TO LICENSING

[Key Data ( ), Supporting Data (X)].

GENERAL COMMENTS

This paper describes the selection procedure for containment barrier met-
als based on available information from the literature which, as mentioned
above, is not complete to represent various aspects of a HLW repository.
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Nevertheless, the ranking procedure assumes the same weight for corrosion
resistance, mechanical properties, eldability and cost. This basis of selec-
tion is questionable because these four factors may not be considered equally
important. For example, if the mechanical properties of one alloy are signif-
icantly better than another alloy, the present procedure would rank the two
differently even if both the alloys have better than minimum required
strength. Also, corrosion is perhaps the most likely failure mode for a HLW
container and, therefore, should have a higher weighting factor.

For horizontal borehole liners only one alloy (AISI 1020 carbon steel
which has the lowest ranking) has been selected for further testing. It will
be useful to have one or two more backup alloys if this alloy is found to be
unfit for some reason.

ORGANIZATION PRODUCING DATA

Lawrence Livermore National Laboratory.

AUTHORS/REFERENCE

Russell, E. W., R. D. McCright and W. C. O'Neal, "Containment Barrier
Metals for High Level Waste Packages in a Tuff Repository," UCRL-53449,
October 1983.

AVAILABILITY

NTIS

KEY WORDS

HLW container alloys, corrosion, weldability, cost, tuff.

DATE REVIEWED

September 1984.
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10/9/84
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ABSTRACT

'-rhe Nevada Nuclear Waste Storage Investigations (NNWSI) Waste Package project is
part of the U.S. Department of Energy's Civilian Radioactive Waste Management (CRWM)
Program. Te NNWSI project is working towards the development of multibarriered
packages or the disposal of spent fuel and high-level waste in tuff in the unsaturated zone
at Yucca Mountain at the Nevada Test Site (NTS). The final engineered barrier system
design may be composed of a waste form, canister, overpack, borehole liner, packing, and
the near field host rock, or some combination thereof. Lawrence Livermorc National Lab-
oratory's (LLNL) role is to design, model, and test the waste package subsystem for the tuff
repository.

At the present stage o development of the nuclear waste management program at
LLNL, the detailed requirements for the waste package design are not yet firmly estab-
lished. In spite of these uncertainties as to the detailed package requirements, we have
begun the conceptual design stage. By conceptual design, we mean design based on our
best assessment of present and future regulatory requirements. We anticipate that changes
will occur as the detailed requirements for waste package design are finalized.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Sorption ratio of americium, cesium, neptunium, plutonium, radium, stron-
tium, technetium and barium on tuff as a function of composition. Solubility
and speciation of various species are calculated from thermodynamic data.

MATERIAL

Tuff from Yucca Mountain area.

TEST CONDITIONS

Data from three kinds of tests are used. These are () batch sorption
test, (2) crushed rock column test and (3) a circulating system batch sorption
test. Experiments have been conducted to include the effects of contact time,
temperature, atmosphere and particle size, but the details are not described
in this paper.

METHODS OF ANALYSIS

Not described.

AMOUNT OF DATA

Quantitative sorption data are not described. However, a qualitative
summary based on numerical data has been included. The effect of zeolite
abundance in tuff on sorption properties for various species is discussed.
Sorption and desorption data are compared to determine the reversibility of a
process. Qualitative results from the calculations of solubility and
speciation as a function of composition, pH, Eh, and temperature of the
groundwater and the oxidation state of a given ion are described. The calcu-
lations are performed for strontium, uranium, plutonium, cesium and carbon in
water that is characteristic of Yucca Mountain.

UNCERTAINTIES IN THE DATA

Uncertainty in the data for sorption or desorption is not mentioned. In
the case of solubility calculations, several uncertainties due to the lack of
thermodynamic or chemical information are discussed.

DEFICIENCIES IN THE DATA BASE

The present paper is a qualitative discussion based on data taken from
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other sources and the details of original data have not been included.
Therefore, it is difficult to judge the deficiencies present.

Zeolite is shown to be one of the most important constituents of the host
rock. However, it is not clear if groundwater will always have to pass
through the zeolitized zone or the radionuclides may not at all come in
contact with such a highly sorbing component.

APPLICATION OF DATA TO LICENSING

[Key Data ( ), Supporting Data (X)].

GENERAL COMMENTS

Sorption/desorption or solubility of various ionic species discussed in
this paper may strongly depend on their ionic states which are likely to be
affected by the ionizing radiation. Therefore, testing in the presence of
radiation is very important in assessing the sorption efficiency of tuff. The
thermodynamic approach of calculating solubility and speciation may be a good
starting point, but metastable equilibria, kinetically very slow reactions and
the presence of colloid make the predictions undependable. Therefore, the
results obtained from thermodynamic calculations need to be verified
experimentally for the complete range of repository conditions.

ORGANIZATION PRODUCING DATA

Los Alamos National Laboratory.

AUTHORS/REFERENCE

Ogard, A. E. and others, Retardation of Radionuclides by Rock Units
Along the Path to the Accessible Environment," in The Scientific Basis for
Nuclear Waste Management, VII, G. L. McVay, Editor, New York, Elsevier
Publishing, 1984, p. 329.

AVAILABILITY

Published.

KEY WORDS

Sorption, desorption, tuff, groundwater, solubility, zeolite.

DATE REVIEWED

September 1984.
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ABSTRACT

Until further information is obtained on flow paths, fracture versus
porous flow, diffusion rates, speciation, and solubility, it can be stated
that the most important retardation mechanism in the tuffs of Yucca Mountain
is sorption. Based on information from the mineralogy-petrology presenta-
tion earlier in this session there is a 100-m-thick zeolitized zone in the
unsaturated Calico Hills and Prow Pass units below the repository horizon in
the Topopah Spring Member. These tuffs are -60% zeolitized and exist under
the entire 8 x 106 m of the repository. If an average cation-exchange
capacity of the zeolites of 2.5 meq/g is assumed, the unsaturated zeolitized

tuff volumes are capable of sorbing by ion exchange >5 x 105 metric tons of
waste elements if the relatively unfractured rock of these zeolitized tuffs
all comes into contact with the waste elements. A presentation by Travis of
Los Alamos in a different session of this meeting will discuss calculations
on travel times of 'Waste elements to the accessible environment in the tuffs
of Yucca Mountain.

gfs
10/12/84
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Uniform corrosion rates obtained with and without gamma radiation from
weight loss measurements in coupon immersion tests. Qualitative information
on crevices formed between the test alloys and Teflon. Total elongation and
fracture failure mode examination in slow strain rate tests. Breakdown and
protection potentials obtained from anodic potentiodynamic scans.

MATERIAL

304L, 316L and 317L stainless steels, J-13 groundwater, and crushed
tuff. Most of the data are for 304L stainless steel solution annealed
(1050'C, 15 minutes, water quenched) or sensitized (600*C, 10 hours, air
cooled).

TEST CONDITIONS

(a) Uniform corrosion: ASTM G-1 test procedure adopted.

1. Test environment in the absence of radiation: 100C saturated steam
at atmospheric pressure or 100C J-13 water conditioned with crushed
tuff rock (average particle size 2 mm). Exposure time 1000 hours.

2. Test environment with radiation: Air sparged J-13 flowing water at
105C (105 rads/h) or 150C (6x105 rads/h). Crushed tuff rocks were
present at the bottom of the vessel. Exposure time two months.

(b) Stress corrosion: Test environment air or air-sparted tuff-conditioned
J-13 water. Samples pulled at a strain rate of 10- or 2x10 7/sec.

(c) Electrochemical polarization: Test environment J-13 water in the
50-100C temperature range, potential sweep rate or other details are not
mentioned.

METHODS OF ANALYSIS

(a) Uniform Corrosion: Weight loss measurements on triplicate coupons for
each test condition. Surface condition examined for localized or crevice
attack.

(b) Stress Corrosion: Total elongation at failure for replicate tests.

(c) Electrochemical Data: Corrosion and protection potential data are given
in a figure without further details.
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AMOUNT OF DATA

(a) Uniform Corrosion: For 304L, 316L and 317L stainless steel in 1000C
steam and J-13 groundwater.

(b) Uniform Corrosion in Radiation Environment: For 304L sensitized and
solution annealed stainless steel specimens in J-13 water with and
without tuff at 105° and 150°C.

(c) Stress Corrosion: Total elongation and yield stress for solution anneal-
ed and sensitized 304L stainless steel specimens in J-13 water at a
strain rate of 10-4/sec. Only one sensitized specimen tested in air for
comparison. One set of duplicate sensitized specimens also tested in
J-13 water at a strain rate of 2x10 7/sec.

(d) Electrochemical Measurements: Corrosion and protection potentials for
304L stainless steel in J-13 water at 50, 70, 80, 90, and 100-C.

UNCERTAINTIES IN THE DATA

Some information on the uncertainty in uniform corrosion data is avail-
able as triplicate (or duplicate in the case of radiation) coupons have been
used. A weight loss detection limit corresponding to 0.13 m/yr corrosion
rate has been estimated. Because the test duration has been short, the amount
of corrosion is small and the uncertainty in data very large.

From duplicate specimens, the reproducibility of total elongation in slow
strain rate tests is within 5, but the details of microstructure, degree of
sensitization or other metallurgical information are not given.

In potentiodynamic study, except at 100C, single measurements of poten-
tials are made. The set of three measurements at 100C shows that there is a
considerable scatter in the data, but its reason is not clear.

DEFICIENCIES IN THE DATA BASE

This paper presents very preliminary data and, therefore, some of the
deficiencies mentioned here will probably be corrected by the future data.
The uniform corrosion data are given from a very short-term test. The corro-
sion rates are too small to be accurately and reproducibly measured from such
short duration tests. At present the data are given only for a single test
duration. To be able to extrapolate the data on a repository time scale, time
dependence of the corrosion rates needs to be determined from the data taken
at different intervals.

Slow strain rate tests have been conducted for very limited conditions of
strain rate and temperature, whereas it is known that there may be only a nar-
row range of these parameters for which stress corrosion mechanisms may oper-
ate. Also, the slow strain technique may not show the development of a crack
if its initiation time is very long. In fact, stainless steels under similar
conditions are known to be susceptible to stress corrosion cracking.

A5-52



The electrochemical measurements are generally useful as a guideline in
material selection and actual corrosion testing is required under relevant
conditions to determine the possible extent of corrosion by different
mechanisms.

APPLICATION OF DATA TO LICENSING

[Key Data ( ), Supporting Data (X)].

GENERAL COMMENTS

At present, there is no information available on the groundwater which
will be present in the unsaturated zone. All the tests have been conducted in
J-13 water or J-13 water treated with crushed tuff. However, evaporation of
groundwater and subsequent dissolution of the deposited salts could increase
the solute concentration in groundwater coming in contact with the waste pack-
age considerably. Therefore, parallel tests need to be conducted in a
concentrated solution of J-13 groundwater.

The radiation field which has been used only in uniform corrosion tests
shows enhanced corrosion rates. Its effect through radiolysis products on
other kinds of corrosion also needs to be determined.

ORGANIZATION PRODUCING DATA

Lawrence Livermore Laboratory.

AUTHORS/REFERENCE

McCright, R. D., R. A. Van onynenburg and L. B. Ballou, "Corrosion Test
Plan to Guide Canister Material Selection and Design for a Tuff Repository,"
in The Scientific Basis for Nuclear Waste Management, VII, Vol. 26, G. L.
McVay, Editor, New York, Elsevier Publishing, 1984, p. 309.

AVAILABILITY

Published proceedings.

KEY WORDS

Stainless steel, uniform corrosion, stress corrosion, tuffaceous
groundwater, corrosion and protection potentials, gamma radiation.

DATE REVIEWED

September 1984.
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ABSTRACT

Corrosion rates and the mode of corrosion attack form a most
important basis for selection of canister materials and design of a
nuclear waste package. Type 304L stainless steel was selected as the
reference material for canister fabrication because of its generally
excellent corrosion resistance in water, steam and air. However, 304L
may be susceptible to localized and stress-assisted forms of corrosion
under certain conditions. Alternative alloys are also investigated;
tnese alloys were chosen because of their improved resistance to these
forms of corrosion. The fabrication and welding processes, as well as
the glass pouring operation for defense and commercial high-level wastes,
may influence the susceptibility of the canister to localized and stress
forms of corrosion.

gfs
10/9/84
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Leaching of radionuclides from spent PWR fuel elements with artificially
induced cladding defects. Results on unclad fuel specimens also included for
comparison.

MATERIAL

PWR 15 x 15 spent fuel, deionized water.

TEST CONDITIONS

(a) Specimens: 1. Rod segments with undefected cladding. 2. Rod segments
with two laser drilled holes 200 m in diameter. This is equivalent to
the defect size 106 um2/kg of the fuel. 3. Rod segments with a
machined slit 2-cm long and 150-um wide. This is equivalent to the
defect size 108 m2/kg of the fuel. 4. Bare fuel.

(b) Leaching Environment: Deionized water under air at 22 to 280C. Static
leaching conditions.

(c) Test Duration: Up to 180 days.

METHODS OF ANALYSIS

The radionuclides were leached from fuel elements into the solution. A
few quartz rods were included in the tests to determine the concentration of
radionuclides plated on their surfaces. The concentration of the leached
elements was determined using radiochemical analysis by alpha and gamma
spectrographic methods. Uranium concentration was determined by the laser
excited fluorescence method.

AMOUNT OF DATA

(a) Concentration of U 23 9+240Pu, and 137Cs in solution taken after 1, 5,
15, 30, 60, 90, 120, 150, and 180 days of leaching.

(b) Concentration of U. 2 3 9+240Pu, and 13 7Cs plated on glass rods kept in
leaching solution for 5, 30, 60, 120, and 180 days.

(c) Concentration of 244Cm, 239+240pu, 154Eu, 137Cs, 125Sb, 60Co and U in a
bare fuel leach solution after 202 days. The solution was analyzed in
unfiltered and filtered (through 0.4-mm and 18A filters) conditions to
determine the extent of colloid formation by these species.
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UNCERTAINTIES IN THE DATA

There are no estimates given for the uncertainties or reproducibility of
the dimensions of hole and slit made in the cladding, and the leaching data
for various radionuclides. Some estimate of the uncertainty in leaching data
can be obtained from the scatter in concentration vs leach time diagrams.

DEFICIENCIES IN THE DATA BASE

This paper reports very preliminary data which is useful in scoping the
problem of leaching from spent fuel HLW. The corrosion conditions in a repos-
itory are expected to be much different than deionized water at room tempera-
ture, which is used in the present tests. In other words, future leach test-
ing is needed under appropriate conditions of temperature and pressure in a
solution representative of each LW repository. It may be necessary to form a
test matrix which includes the range of various test parameters.

The data show lower leaching rates from cladded specimens with two kinds
of defects than from bare specimens. The two defects differed in area/kg of
fuel by two orders of magnitude, yet the leach rates were not always very dif-
ferent. Therefore, the significance of the parameter area/kg is not very
clear with respect to leaching phenomenon. In this regard, we note that the
anticipated range of size and distribution of defects in spent fuel elements
is not established, although it is an important information for modeling of
leaching from an assembly of fuel elements.

APPLICATION OF DATA TO LICENSING

[Key Data ( ), Supporting Data (X)].

GENERAL COMMENTS

(a) The data consisting of nine observations for each radionuclide during a
period of six months indicate the trend of leaching behavior, but are not
sufficient to give an accurate extrapolation equation valid for
repository time scale.

(b) Future tests should include the composition and temperature of test
solution which is representative of repository conditions.

(c) The echanisms proposed to explain the leaching behavior of different
radionuclides and uranium are based on very limited information and,
therefore, need further supporting evidence from experiments other than
chemical analysis of the solution.

(d) If leaching rates are shown to be limited by a solubility limit, the rate
of flow of groundwater/brine in a repository will become an important
parameter in determining the release rate of radionculides.
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(e) In one test, some of the radionuclides are shown to be present as col-
loids which could increase the concentration of radionuclides in solution
above the thermodynamic solubility limit. Further experiments are needed
to evaluate the role of colloid formation in determining the release
rates.

ORGANIZATION PRODUCING DATA

Lawrence Livermore National Laboratory and Westinghouse Hanford Company.

AUTHORS/REFERENCE

Wilson, C. N. and V. . Oversby, "Spent Fuel Containment Credit Tests,"
UCRL-89869, February 1984.

AVAILABILITY

Available as a preprint of the paper presented at the Waste Management
'84 Conference, Tucson, Arizona.

KEY-WORDS

PWR spent fuel, leaching, deionized water, cladding defects.

DATE REVIEWED

October 1984.
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11/19/84
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ABSTRACT

Preliminary tests are being conducted to evaluate the
effectiveness of defected cladding as a barrier to radio-
nuclide release from spent fuel rods stored in a geologi-
cal repository. The tests are being conducted at the
Hanford Engineering Development Laboratory for the
Lawrence Livermore National Laboratory Waste Package Task
of the Nevada Nuclear Waste Storage Investigations (NNWSZ)
tuff repository project. In these tests, spent PR fuel
rod specimens with various artificially induced cladding
defects are leach tested In a test matrix which also
includes both bare fuel specimens (unclad) and undefeated
spent fuel rod specimens. Artificial cladding defects are
made by laser drilling and sawing to give defect areas in
the 10 to 05 Um2 range. Periodic samples are taken of
the leach solution and fused quartz rods contained in the
test vessels. Results for the first 180 days of testing
are presented.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Thermodynamic data for aqueous species and solid species of americium,
equilibrium constants, data for reactions of americium with other aqueous
species.

MATERIAL

Available literature information on americium (thermodyanic information
as well as measured solubilities).

TEST CONDITIONS

Not applicable.

METHODS OF ANALYSIS

Not applicable.

AMOUNT OF DATA

This report contains a compilation in graphical form of some of the
available literature data on the speciation and solubility of americium.
These data include a plot of log K vs ligand number for Am(OH)n(3 -n) (9
points), a plot of log (molarity) of Am vs pH (9 discrete points, 3 predicted
curves), percent aqueous species of Am present in C03 2 solutions, pH 6 to 12,
two independent studies. Predicted solubility (log molarity) of Am as a func-
tion of p at 25C in J-13 well water, predicted speciation ( in solution) of
Am as a function of pH in J-13 well water. The appendices in the report con-
tain the following data: Thermodynamic data, where available, for 29 forms of
Am in solution (reference to source of data is also given), thermodynamic
data, where available, for 4 solid forms of Am (references to data source
given), listing of chemical reactions (25 reactions) of Am in solution, loglo
of equilibrium constants for those reactions with a judgement of the qualitity
of the input data. Equilibrium constants are calculated for 0, 25, 60, 100,
150, 200, 250, and 300-C.

UNCERTAINTIES IN THE DATA

Uncertainty exists in the available thermodynamic data base, the measured
solubilities and speciation data, selection of average data in the calculation
as opposed to range of values for measured data, and potential calculational
errors. In addition, the assumption that the solubility of Am and the specia-
tion in repository waters can be predicted from single specie data introduces
further uncertainty. Data available are also only at 25°C.
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DEFICIENCIES IN THE DATA BASE

There are two separate areas where deficiencies exist. The first is in
the available data base. In all instances, available data are for 25'C, sim-
ple systems. The second lies in the arbitrary selection of a data set in
those instances where conflicting information is available. In addition,
averages are often employed and no attempt has been made to calculate changes
in the equilibrium constants or in the anticipated solubilities or specie
concentration with ranges of input data.

APPLICATION OF DATA TO LICENSING

[Key Data ( ), Supporting Data (X)].

GENERAL COMMENTS

The predicted equilibrium constants, speciation curves and solubilities
may contain large uncertainties. However, this is an attempt to formulate as
complete as is possible a data base on americium and to identify those areas
which are speculative and uncertain.

ORGANIZATION PRODUCING DATA

DOE/Los Alamos National Laboratory.

AUTHORS/REFERENCE

Kerrisk, J. F., Americium Thermodynamic Data for EQ3/6 Database," LA-
10040-MS, July 1984.

AVAILABILITY

Published.

KEY WORDS

Americium, thermodynamic data, EQ3/6 Database, tuff groundwaters.

DATE REVIEWED

October 1984.
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10/9/84
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ABSTRACT

Existing thermodynamic data for aqueous and
solid species of americium have been reviewed and
collected in a form that can be used with the EQ3/6
database. Data that are important in solubility
calculations for americium at a proposed Yucca
Mountain nuclear waste repository were emphasized.
Conflicting data exist for americium complexes
with carbonates. Essentially no data are available
for americium solids or complexes at temperatures
greater than 25*C.
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WASTE PACKAGE DATA REVIEW FOR.M

TYPE OF DATA

MCC-1 (static) leach tests on actual SRP-type borosilicate glass in DIW,
MCC brine and silicate water, at 40C. Data gave normalized mass losses for
137Cs, 90Sr, and 238pu together with pH changes of solution with time.

MATERIAL

Glass made from 30 weight percent SRP waste for Tank 11 and 70 weight
percent SRP Frit 131.

TEST CONDITIONS

Test conditions follow those specified for MCC-1 tests. Test temperature
was 40'C, the leaching times in DIW extended to 300 d and for MCC brine and
MCC silicate water they were up to 200 d.

The leaching containers were polypropylene rather than Teflon since the
latter has poor radiation stability. Platinum baskets were used to support
the specimens in the brine tests instead of stainless steel since this may
stress-corrosion crack. Prior to testing, the test vessels were soaked for 16
h at room temperature, followed by rinsing in DIW, followed by two soakings at
9O'C for 16 h in DIW. Samples were obtained by fracturing larger samples and
estimating the surface areas. Errors in estimating the surface area were
cited to be <20 percent.

METHODS OF ANALYSIS

The normalized mass loss of the glass (g of glass lost/unit area) was
calculated from

(NL)it Vl-Ci e
SA.C i ,g

where (NL)i,t is the grams of glass leached per unit surface area (SA) in
total time t for specie i. V is the volume of leachant, Ci ,g is the
concentration of species i in the glass (mCi/g glass) and Ci e is the
concentration of i in the leachant (mCi/mL).

After test, the glass is removed from the test vessel and the leachant is
acidified and allowed to stand for one day before determination of 137Cs,
90Sr, and 2 38Pu activities using standard counting techniques. The vessel was
then rinsed with 4 M HN03 to determine amount of radioactivity sorbed. About
10-25 percent of the 238Pu activity was found to be on the wall, but there was
little 137Cs or 9 Sr detected.
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AMOUNT OF DATA

(a) DIW Leaching Tests

Eleven data points each for 238Pu, 137Cs, and 9 Sr. Data points for test
times to 28 d were from CC-1 test methodology and, thereafter, periodic
renewal of leachant was undertaken.

(b) MCC Silicate Water Leaching Tests

Eleven data points for each radionuclide as for DIW, above.

(c) MCC Brine Leaching Tests

Eleven data points for each radionuclide as for DIW, above.

(d) pH Changes in Long-Term Tests

pH measured as a function of time as the leachant was irradiated by a and
a particles from the glass. Dose to the leachant was =106 rad.

DIW and silicate waste show pH increases, whereas brine shows a decrease.

UNCERTAINTIES IN THE DATA

(a) Based on duplicate tests the general level of reproducibility is about
±20 percent.

(b) The data may not be strictly appropriate for modeling a waste package
system since container, packing and host rock components were not
included. Each of these components may significantly alter the chemistry
Eh/pR conditions and thereby change the rate of leaching.

(c) 137Cs and 9 Sr will not be leached in significant quantities if the
package contains radionuclides for 300 to 1000 years.

DEFICIENCIES IN THE DATA BASE

(a) Leach rates for other radionuclides are not given.

(b) The test temperature (40'C) does not cover the range that would be
expected for DHLW. Temperatures up to about 100C would be more
appropriate since they would cover premature container failure, for which
higher-temperature leaching would occur.

APPLICATION OF DATA TO LICENSING

[Key Data ( ), Supporting Data (X)].
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GENERAL COMMENTS

Quality and objectives of the study are good. Follow-up studies should
be planned to expand the data base and increase the value of the work for the
performance assessment program.

ORGANIZATION PRODUCING DATA

DOE/SRL

AUTHORS /REFERENCE

Bibler, N. E., Characterization of
Savannah River Plant Radioactive Waste,"
Radioactive Waste, G. S. Barney, Editor,

Borosilicate Glass - Containing
in Geochemical Behavior of Disposed
ACS Symposium 246, 1984, pp. 359-372.

AVAILABILITY

Published.

KEY WORDS

Borosilicate glass, leaching, DIW, brine, silicate water, solubility.

DATE REVIEWED

September 1984.
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9/26/84
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ABSTRACT

Results are presented from static leach tests on
borosilicate glass containing high-level radioactive
nuclear waste from the Savannah River Plant. Tests
were performed in shielded facilities closely
following MCC-1 procedures. Leachants were dionized
water, MCC brine, or silicate water, all at 40 C.
Norm zed mass losses (g/m2) based oa 137cs, 90Sr,
and fiPu were calculated. Results of leach times
of 3, 7, 14, 28, and 300 days are reported for
deionized water. Results for 28 and 200 days are
reported for silicate water and brine. Normalized
mass losses and pH changes indicate that glass
containing radioactive waste leaches similarly to
glass containing nonradioactive, simulated waste.
Release rates in the two simulated groundwaters were
slightly less than in deionized water. Also,
radiolysis of the leachant by alpha, beta, and gamma
rays from the glass did not significantly affect the
normalized mass losses or the p changes due to
leaching. Results of the long-term tests uggest
that equilibrium concentrations of radionuclides will
be achieved. Based on tests with different ratios of
glass surface area to leachant volume, these concen-
trations are controlled more by solubility and surface
layer effects than by the surface area of the glass.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Leaching of spent fuel elements in water at 25'C and 70C under reducing
and oxidizing conditions yielded values for the concentrations of U 241Am,
144Ce, 137Cs, 239Pu, 125Sb, 9OSr, and 1 54Eu in the leachate at various times.
These values are tabulated and given in plots to show the difference between
the oxidizing and the reducing environments.

MATERIAL

Slices of spent fuel elements in water.

TEST CONDITIONS

Leaching (dissolution) was carried out in water at 25%C and ambient pres-
sure under oxidizing and reducing atmospheres for 65 days in the absence of
radiation. The temperature was then raised to 70C and the dissolution was
continued for an additional 125 days. Periodically, new leachant was added.
At various times, leachant was removed through a glass fritted disk and ana-
lyzed for radioactive elements. The atmospheres were achieved by bubbling air
(CO 2-free) or 94% Ar-6Z 2 through the leachants. Platinum gauze was also
present in the reducing atmosphere experiments.

METHODS OF ANALYSIS

Not stated.

AMUNT OF DATA

Element

U
241Am
144Ce
137 Cs
239pu
1 2 5Sb

90Sr
154Eu

Concentration Units

g/5 ml
dim
d/m
d/m
g/5 ml
d/m
cpa
d/m

Less than 15 measurements in each of the following categories:
25°C, reducing 25'C, oxidizing 70'C, reducing 70°C.

oxidizing
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UNCERTAINTIES IN THE DATA

Statistical information and limits of detection were not provided.

DEFICIENCIES IN THE DATA BASE

* The conditions under which the leaching was performed are not representa-
tive of repository environments after emplacement of the waste package.

* The reducing environment was not defined in terms of DO content.

* The longest leach time is 4O days. Much longer leach times are needed.

* Amounts of radionuclides precipitated are not specified.

APPLICATION OF DATA TO LICENSING

[Key Data ( ), Supporting Data (X)].

GENERAL COMMENTS

Ogard estimates that at pH 4 the solubility of uranium in deionized water
may vary 10 orders of magnitude depending on whether conditions are oxidizing
or reducing. It had been estimated from available thermodynamic data that the
concentration of uranium in equilibrium with U02 in pH 7 water that is free of
dissolved oxygen is 10-1 M. Ogard's estimates of solubility are based on
the results of spent fuel element leaching experiments in oxidizing and
reducing media at 25C and 70'C, in which it was difficult to readily dupli-
cate the reducing conditions anticipated in deep geologic burial. It must be
emphasized that these arguments are based on studies conducted in pure water,
at low temperatures. The data at 70'C indicate concentrations lower for most
of the elements studied when compared to the concentrations at 25C, thus
suggesting that some of these elements may possess retrograde solubility under
the stated conditions.

ORGANIZATION PRODUCING DATA

Los Alamos Scientific Laboratory.

AUTHORS/REFERENCE

Ogard, A. and others, Are Solubility Limits of Importance in Leaching?"
in Scientific Basis for Nuclear Waste Management III, J. G. Moore, Editor, ew
York, Plenum Press, 1981, pp. 331-337.
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AVAILABILITY

Published proceedings.

KEY WORDS

Solubility, uranium, water, leaching spent fuel.

DATE REVIEWED

October 1984.

gfs
10/30/84
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ABSTRACT

The solubilities of
.nd artinides, may he an
leaching of waste forms.
accurately as a function
system.

some radionuclides, especially rare earths
important and controlling actor in
These solubilities should be measured

of pl and not as a part of a multicomponent

Although the amount of data is small it is interesting to post-
ulate that a negative temperature coefficient of solubility is being
exhibited by the actinides and rare earths in Figs. I and 2. Indi-
vidual solubilities should be measured as a function of temperature
to determine if a kinetic effect is being observed in the data. A
negative temperature coefficient of solubility for actinides and
rare earths in water would have important consequences for nuclear
reactor safety and for the management of nuclear wastes.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Synthetic and actual groundwater compositions. pH of both vs
temperature.

MATERIAL

Synthetic basalt groundwater composition, basalt groundwater from
Borehole DC-6 (below the Umtanum flow).

TEST CONDITIONS

Eh of natural water measured with Pt electrode, reported vs. H2
electrode. pH vs temperature (250C, 450C, 650C) for natural and
synthetic water.

METHOD OF DATA COLLECTION/ANALYSIS

Two stock solutions with estimated shelf life of one year mixed, pH
adjusted, and diluted. Resulting solution stable for -2 weeks and must be
protected from exposure to air. Atomic absorption, atomic emission, wet bench
chemical methods are used for analysis. Procedures for stock solutions and
dilutions are given in an appendix.

AMOUNT/FORM OF DATA

Chemical composition at 250C for major cations and anions in actual
and synthetic basalt water. Ions include Na+, K+, Ca+2, Mg+2, F-,
C1-, S 2. Alkalinity reported as mol/L inorganic carbon and mg/L
silica. Weight (grams) of chemicals required to make the two stock solutions.

UNCERTAINTIES IN DATA

The major uncertainty lies in the representativeness of the natural
groundwater and therefore in the synthetic analogue. Author notes that
natural groundwater is unstable and "considerable vertical and horizontal
variation in the chemistry of groundwater samples collected from test
horizons" has been determined. No range in this variation was given. A
single composition was selected, not an average or a range. No attempt to
simulate trace organics or trace metal ions or dissolved gases. No redox
measurement reported for synthetic groundwater. The second source of error
lies in the stability of the solutions and the usefulness for testing barrier
materials. It is noted that the synthetic water has a shelf life of -2 weeks
but no indication is given to indicate how the composition changes. No data
are given on effects of temperature or radiation on either the natural or
synthetic water other than pH change over a limited temperature region.
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DEFICIENCIES IN THE DATA BASE C
These experiments, while simulating major constituents of a single

groundwater, are incomplete. Since a large variability is known to exist in
the groundwater, the range in chemical composition should be given and perhaps
several reference waters studied. As a minimum, changes in groundwater com-
position with time, temperature and radiation need to be established and
ranges and uncertainties in composition determined.

APPLICABILITY OF DATA TO LICENSING KEY DATA ( ), SUPPORTING DATA (X)1

Relationship to WP Performance Issues Already Identified:

The data generally addresses an issue in the SCA report (NUREG-0960, Vol.
1, 1983). See Issue Number 1.1.6, Table C-2.

General Comments:

Data are given for Umtanum basalt only, and a standard procedure for
simulating the water is given. The data for the natural water may serve to
establish the range in the groundwater composition, both vertically and
horizontally, in a given area. However, no indication is given of the vari-
ability of these data (e.g. sample to sample variation) and the number of
components listed is limited to major constituents only.

The outlining of a standard procedure will be useful to insure the uni-
formity of test conditions. However, some criteria for determining when the
solutions should no longer be used should be incorporated in the future and a
"range" in repository waters specified.

ORGANIZATION PRODUCING DATA

DOE/BWIP.

AUTHORS/REFERENCE

Jones, T. E., "Reference Material Chemistry ---
Synthetic Groundwater Formulation," RHO-BW-ST-37P, April 1982.

AVAILABILITY

Published.

KEY WORDS

Basalt groundwater composition, Umtanum flow, Borehole DC-6, reference
synthetic groundwater composition.

DATE REVIEWED

April, 1984. £
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/bstract (Summary) From Reference:

A recipe has been developed for the preparation of a

synthetic Grande Ronde Basalt groundwater. he recipe

Is based on water samples collected from the test hori-

zon just below the Utanum flow (3,242 to 3529 ftJ.

Mhe recipe presented establishes two stable concen-

trated stock'solutions. orty lters of synthetic

groundwater can be prepared from L of each stock

solution. Limitatioans of the synthetic groundwater

recipe are dscussed. te was perceived that water

from this test horizon would be the most likely to

migrate Into either of the two candidate repository

horizons within the Grande Ronde Basalt (.e., the

Umtanum and middle Sentinel Bluffs flows).
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Uniform corrosion rates, fast crack propagation rates, slow strain rate

tests data, solution analysis of solutions used.

MATERIAL

ASTh A536 Grade 60-40-18 ductile cast iron
ASTM A217 Grades WC6 and WC9 cast steel coupons and tensile specimens
Ti Grades 2 and 12.

TEST CONDITIONS

(a) Tensile specimens from sheet metal for slow strain rate tests at 2506C,
simulated basalt groundwater and crushed basalt, 6 ppm 2 content.

(b) Fatigue Crack Growth Tests: Ti Grade-2 and Grade-12, Hanford basalt
water, r-enhanced basalt water (220 ppm), high purity water, 9C, solu-
tion exposed to air, pre-cracked specimens (crack perpendicular to pri-
mary rolling direction or crack parallel), frequencies of 1.0 to 0.1 Hz,
sinusoidal wave form.

(c) Corrosion of Ductile and Cast Steels: 150C and 250 0C, U-bend, coupon
samples and galvanic couples with Ti, simulated groundwater + crushed
basalt at a flow rate of 35 m/h through basalt, initial 02 at 6 ppm,
outlet 02 -1 ppm, 3-month tests, 1-month tests, 02 concentrations: 50
ppb, 1 ppm, 6 ppm.

(d) Water Chemistry Tests: Basalt water, crushed basalt, flow rate over
crushed basalt of 35 m/h, values given for SRR test water compositions
(inlet and outlet), corrosion screening tests (250'C) and radiation tests
(400C).

METHODS OF ANALYSIS

No details given.

AMOUNT OF DATA

(a) Slow Strain Rate Tests: Three graphical presentations for reduction of
area and elongation () vs displacement rate (in./sec) for three samples
(Ti Grade-12 LT at 250C, Ti-Grade-12 TL at 250C and Ti Grade-2 LT at.
250'C), reduction of area given for samples in groundwater and in air,
X elongation given in groundwater and in air.
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(b) FCGR Tests: Only qualitative information on Ti Grades 2 and 12.

(c) Corrosion of Fe-base Alloys: Tables of corrosion penetration estimates
(depth of penetration in 1000 years), test durations of 3 months and 1
month.

(d) Water Chemistry Tests: Concentration in ppm of 13 cations, 3 anions, as
well as pH for inlet and outlet samples. Data are for SSR test solutions
(250C) with titanium samples, general corrosion samples at 250%C and
radiation studies at 40C (10 rad/h).

UNCERTAINTIES IN THE DATA

(a) Slow Strain Rate Tests:

1. Ti Grade-12, LT, data in air and in groundwater, reduction in
area. Only one to three points are given depending on displacement
rate, when given largest scatter appears to be P1O%, elongation in
water and air, largest scatter appears to be ±IOZ.

2. Ti Grade-12 and Grade-2, T and LT samples, respectively. Only
single points given.

(b) FCGR: No numerical data or uncertainties given.

(c) Corrosion Screening of Fe-base Alloys: No corrosion data (weight loss or
range in weight loss for given metal under a single set of conditions)
are given. Based on penetration rates in 1000 years, penetration is
approximately a factor of 3 less at 150°C than at 250C after a 1-month
test.

(d) Water Chemistry Tests: No range or uncertainties given. Major changes
in SSR data appear to be in concentrations of Ca, Mg, Si. Major changes
in corrosion screening tests appear to be associated with Al, B, Ca, K,
Si and Cl ion concentrations. No major changes in ion concentrations
appear to occur in the radiation screening tests.

DEFICIENCIES IN THE DATA BASE

All corrosion data presented are for a single temperature, no radiation
present, and there is no indication of number of samples tested or range in
measured parameter. Corrosion screening tests represent only 1-month or
3-month data. Tests appear to be flow-through tests. There is no justifica-
tion for flow rates given and no indication of when outlet water samples were
taken and analyzed. There are no interactive (e.g. backfill/metal corrosion
screening) or weldment tests reported.

APPLICATION OF DATA TO LICENSING

[Key Data ( ), Supporting Data (X)].
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GENERAL COMMENTS

The tests are adequate for preliminary screening purposes to identify
corrosion failure modes. However, very long-term exposures of several years
and a range of conditions may be needed to fully determine the likelihood of a
particular failure mechanism occurring and to quantify the rates and
uncertainties in the major failure modes.

ORGANIZATION PRODUCING DATA

DOE/Battelle Pacific Northwest Laboratory.

AUTHORS/REFERENCE

Westerman, R. E. and others, Development of Engineered Structural Bar-
riers for Nuclear Waste Packages," in Scientific Basis for Nuclear Waste
Management, Vol. 6, S. V. Topp, Editor, New York, Elsevier, 1982, pp. 363-370.

AVAILABILITY

Published.

KEY WORDS

Uniform corrosion, crack growth tests, stress-corrosion cracking,
basaltic water, gamma radiation, cast iron, cast steel, titanium Grade-2,
titanium Grade-12.

DATE REVIEWED

September 1984.

gfs
9/27/84
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ABSTRACT

lhn tvavinquaun C antrucntiral harriera or nuclear wasts
packag* iuvolvee sactuation of candidate mtarials, their
screening by machlaLcal and corrosion tostinLg rigorous
acceolratod testing, and evaluation and comparison with
other package clMant. Nis document pruments results
from work conducted n titanium nd cast steals.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Steady state concentration of radionuclides (mg/1) for waste form + water
+ basalt tests, short-term corrosion data for Fe alloys + packing material +
basalt water; corrosion rates for Fe alloys + anoxic basalt water; corrosion
data for Fe-base alloys + oxic basalt water + irradiation; pit depths when
applicable, hydraulic conductivity of packing material, thermal conductivity
of backfill, solubilities for Ra and Am in packing materials.

MATERIAL

(a) Waste form + basalt water basalt: Simulated SF and LW (borosilicate
glass with tracer levels of isotopes), simulated basalt water, basalt.

(b) Basalt-groundwater: Details not given.

(c) Canister materials corrosion: Low carbon steel, 90-10 cupronickel, Fe9-
Crl-Mo alloy, cast ductile iron, Fe2-1/2-Crl-Mo steel, 75% crushed
basalt/25% bentonite, basalt waters.

(d) Packing material testing: Bentonite, basalt, combination 75/25 weight
percent basalt/bentonite, basalt/groundwater, bentonite/groundwater, U,
Pu, Np, Am, Ra.

TEST CONDITIONS

(a) Waste Form + Water ± Basalt: Gold bag sampling autoclave at T - 90'C to
300'C, 30 MPa, periodic sampling of solution.

(b) Basalt/Water Interactions: Hydrothermal, no values given.

(c) Canister Material Corrosion:

1. AISI 1020, 1006, 1025 and Fe9-Crl-Mo Backfill Tests: Temperatures of
250, 200, 150 and 100'C, static conditions, synthetic Grande Ronde
basalt water, pH 9.75, anoxic conditions.

2. Fe9-Crl-Mo, AISI 1020 (Wrought and Cast), Cupronickel Basalt Water
Tests: pH 9.75, 50 ppm 02, 200'C, 5 months, flow rate 0.02 m/min,
titanium lined autoclave.

3. Fe-based Alloys + Basalt Water, Oxic Conditions Tests: Temperatures
of 250%C and 150'C, exposure time 1 to 17 months (5 months for wrought
and cast steel), with and without radiation at 3x105 rad/h for up to
13 months.
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(d) Packing Material Stability and Physical Tests:

1. Chemical Stability: Dry Na bentonite at 370%C, =1 yr, bentonite/
groundwater and bentonite/basalt/groundwater at 300C.

2. Hydraulic Conductivity: 75/25 weight percent basalt/bentonite, up to
T - 900C.

3. Thermal Conductivity: Dry mixtures of basalt/bentonite variables were
percent bentonite by weight, particle size of crushed basalt, tempera-
ture and density.

4. Sorption of Radionuclides: Ra, Am, Pu, U, Np on packing material
solids (not specified), under reducing conditions (not specified), Tc,
Se on packing materials (not specified), under anoxic conditions (not
specified).

5. Solubilities: Am and Ra, packing material (not specified), 60'C.

METHODS OF ANALYSIS

(a) Waste Form + Water ± Basalt: Analysis methods not given.

(b) Basalt/Water Interactions: Not specified.

(c) Canister Material Corrosion: Uniform rates measured by weight loss.

(d) Packing Materials Testing: Not given.

AMOUNT OF DATA

(a) Waste Form + Water ± Basalt: Table of steady state concentrations of 7
nuclides, temperature at 200°C only. Data are for SF + water, SF + water
+ basalt, CHLW + water, CHLW + water + basalt.

(b) Basalt/Water Interactions: pH values initial (9.8) and at 200C and
300C after steady state is reached (7.5 and 7.6, respectively).

(c) Canister Material Corrosion:

1. Short term tests for Fe alloys/basalt groundwater/packing/anoxic.
AISI 1020: 2-week test: 7 points at 250°C, 2 points at 200'C, 4

points at 150C.
4-week test: 21 points at 250'C, 3 points at 100°C
6-week test: 3 points at 250C.

AISI 1006: 2-week test: 3 points at 250%C, 3 points at 1500C.
AISI 1025: 2-week test: 3 points at 250C, 3 points at 150C.
Fe9-Crl-Mo: 4-week test: 3 points at 250"C, 3 points at 1000 C.
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2. Five-month test of Fe base alloys/basalt water/200'C/anoxic.
Numbers of samples for each material not specified, rate given with mean
and standard deviation. No pitting observed.

3. Fe-base alloy corrosion/groundwater/oxic conditions.
1020 (Wrought): 2-month test: 3 points and deepest

150C.
3-month test: 2 points at 250C, 3
est pit depth at 150C.
5-month test: 4 points at 250C, 3
est pit depth at 1500C.

pit depth at

points and deep-

points and deep-

1025 (Cast Steel): 3-month test:
5-month test:

2 points at 250@C, 2 points at 1501C.
2 points at 250 0C, 2 points at 150'C.

Cast Ductile Iron: 1-Cmonth test: 2 points at 250C, 2 points
3-month test: 2 points at 250C, 2 points
and notation of significant pitting."
6-month test: 2 points at 250C, 2 points
12-month test: 3 points at 250C, 3 points
17-month test: 2 points at 250C, 2 points

at 1500C.
at 150eC

at 150*C.
at 150 0C.
at 1500C.

2 1/2% Cr, 1% Mo
Cast Steel:

1 1/4% Cr, 1/2% Mo
Cast Steel:

1-month test: 2 points at 250'C, I point at 150*C.
3-month test: 2 points at 250'C, 2 points at 150'C.
6-month test: 2 points at 250'C, 2 points at 150C.
12-month test: 3 points at 250'C, 3 points at 150'C.
17-month test: 2 points at 250C and notation of
significant pitting, 2 points at 150°C and notation
of significant pitting.

1-month test: 2 points at 250°C and deepest pit
depth, 2 points at 150C.
3-month test: 2 points at 250C, 2 points at 150C.
6-month test: 2 points at 250C, 2 points at 150*C.
12-month test: 3 points at 250'C, 4 points at 150C
with notation of significant pitting.
17-month test: 2 points at 250'C, 2 points at 150'C.

4. Irradiation/corrosion data of Fe base alloys/basalt water/oxic.
T - 250C.
Cast Ductile Iron:

2 1/2% Cr, 1% Mo
Cast Steel:

2 points each for test samples taken at 1, 3, 5 and
6 months, 1 point for samples at 10, 11, and 13
months.

2 points each for samples taken at 1, 3, 5, and 6
months, I point for samples taken at 10, 11, 12, and
13 months.
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1025 Cast Steel: Single data points for 6-month and 8-month tests.

1020 Wrought Steel: 5 points for 2-month test.

(d) Packing Material:
1. Hydraulic conductivity value for 75/25 packing material.
2. Thermal conductivity - range in values.
3. Range in solubility for Ra and Am at 6C in packing material.

UNCERTAINTIES IN THE DATA

(a) Waste Form + Basalt Water Basalt: Single values are given with no indi-
cation of range in data or uncertainties. In many instances specific radi-
onuclides were not analyzed for so that intercomparison cannot be made
between situations with and without basalt.

(b) Basalt/Groundwater: No range or uncertainties in pH given.

(c) Canister Material Corrosion: Data for short-term corrosion tests under an-
oxic conditions give individual rates and the mean and standard deviation.
Five-month corrosion data (anoxic conditions, no packing material) are
given with mean and standard deviation. Corrosion data for iron base
alloys, oxic conditions give only individual points for each test condition
but an estimate of mean and standard deviation for all test data at times
>5 months. Irradiation corrosion data contain individual points with no
estimate of uncertainties for each sampling time. However, an overall mean
and standard deviation is given for test data at times >5 months.

DEFICIENCIES IN THE DATA BASE

This paper summarizes results from the BIP program on selected areas of
research on waste package materials performance. As such, it is limited in
scope and cannot perhaps present all available data. However, the reference to
prime sources of the data is lacking. Several values for various properties are
given with no indication of range. It is not clear whether corrosion data
(rates) presented in one table are based on single sample determination or an
average of several. Pit depths, when pitting is observed, are not always quant-
ified. Flow rates for different tests are different. Intercomparisons, based
on information presented is, at best, difficult.

APPLICATION OF DATA TO LICENSING

[Key data ( ), Supporting data (X)].

GENERAL COMMENTS

One of the primary shortcomings of this paper is the lack of adequate
references to the original work summarized. The original reports may prove to
be more valuable to licensing than this summary paper.
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Several pertinent issues are, however, raised by this report. Some of
these are summarized below:

* Waste form testing did not include realistic conditions (e.g., corrosion
products).

* Measured concentrations of several nuclides were orders of magnitude
higher than solubilities calculated from thermodynamic data.'

* Basalt/groundwater studies do not appear to include radiation effects.

* Radiation appears to increase uniform corrosion by factors of two to
three.

* Pitting has been observed in some LCS at temperatures lower than 250C.

Solubilities have not been determined for conditions anticipated at
failure.

ORGANIZATION PRODUCING DATA

DOE/Basalt Waste Isolation Project.

AUTHORS/REFERENCE

Smith, M. J. and others, Waste Packages for a Repository Located in
Basalt,' RHO-BW-SA-330P, 1983.

AVAILABILITY

Paper presented in Civilian Radioactive Waste Management Information
Meeting, Washington, D. C., December 1983.

KEY WORDS

Waste package, corrosion, bentonite, stability, gamma irradiation, basalt,
design, performance evaluation, hydraulic conductivity, sorption.

'DATE REVIEWED

September 1984.

gfs
9/27/84
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ABSTRACT

This paper presents the status of the sWIP waste
package materials testing, modeling, and design
activities and plans for continuing these activi.
ties through FY 1984. The first in a series of
design activities leading to the final design of
waste packages that will reliably mt ederal
performance criteria has been completed. These
activities have led to the development of waste
package conceptual designs for commercial and
defense high-level waste (orostlicat glass) and
spent fuel rods. Planned engineering studies,
together with an improved materials data base,
will provide the necessary information for the
preparation of waste package advanced conceptual
design requirements during FY 1984.

Tests of hydrothermal reactions between basalt and
simulated Grande Ronde Basalt groundwater showed
that Eh conditions that were initially oxidizing
became progressively more reducing as oxygen was
consumed by the oxidation of ferrous iron released
by the dissolving glass) mesostasis. The pH of
samples periodically withdrawn from the autoclaves
decreased rapidly rrom a value of 9.8 and then
rose to stable values of 7.5 and 7.8 at 2000 and
1000C, respectively. Hydrothermal tests show that
basalt will reduce radionuclide releases from waste
forms under conditions simulating those expected
in an WRS. As an example, In testing of Tc-doped
borosillcat. glass, steady-state concentrations of
Tc in solution were found to be about three orders
of magnitude lower when basalt was present. Hot
calls have been prepared and hydrothermal testing
using fully radioactive waste orms was Initiated
by the WIP on November 1, 13. An extensive
program to test waste package components in the 
presence of radioactive waste forms and to assess
the effect of basalt and barrier materials on
releases of key radionuclides from waste packages
under repository conditions has been developed for
the hot-cell facility.

Corrosion testing of the 3WIP reference canister
material, LCS, and the two backup aterials,
fe9CrUfo alloy stuwl, and 90 lO Cupronickol art
being conducted to develop a reliable data base
for waste package design and mqdellng activities.
Exposure of LCSs with varying carbon content at
temperatures from 1000 to 300°C n the presence of
the basaltibentonite backfill showed that, under
the conditions of the test, corrosion rate was
independent of carbon content. Also, corrosion
rates generally decreased with ncreasing tempera-
tur. This feature was attributed to the tenacity
and decree of development of an Iron-rich clay
surface corrosion product that became more protec-
tive as the temperature Increased. Testing to
date also shows that under oxic conditions and at
high flow rates (35 hr), the corrosion rates of
iron-base materials increased two to three times
In the presence of amua radiation. Preliminary
SI testing of LS In repository-specific ground.
water showed a sight susceptibility to stress.
corrosion-cracking, whereas early results of static
crack growth testing under equivalent conditions
revealed no tendency toward stress-corroson.
cracking.

Studies of the effects of radiation on corrosion
and mechanical behavior will continue n FY 1984.
Studies to develvp pitting inetics will be initi-
ated. In addition, long-ternm corrosion tests will
be started to mprove the corrosion data base for
waste package per 'ormance modeling.

Irreversible dehydration of the crushed basalt/
bentonite reference packing material s not
expected to occur at temperatures below 3700C as
demonstrated in thermal testing. At 3000C exposure
it was found that bentonita reactions were rela.
tively minor and chemical stability was little
affected. Thus, the reference packing material
(751 crushed asalt/25% bentonite) may remain
stable over long periods of time. Measured
hydraulic conductivity of packing material was
found to be significantly less than that required
to maintain diffusional control of radionuclide
releases, an expected means of controlling radio-
nuclide mass transport through the packing mate.
rial. Sorption hysteresis effects observed in
recent radionuclide sorption studies are expected
to decrease the mobility of radionuclides in the
packing material. During FY 1984, hydrothermal
long-term (up to yr) packing aterial stability
tests at ISOOC will be initiated. The measurement I
of therital conductivity of saturated packing mate-
rials will be nitiated. Measurement of packing
material physicaI properties (iwollInq, hyiraulic
conductivity, c.I will continue.

Models are being dveloped to allow prediction of
Waste package reliability degradation, and radio-
AuclIde release. In addition, two engineering
test plans have been completed for tests that
employ 'ull-scalo waste packages to moasure the
rate of packing material saturation under a thermal

aent and the degradation of waste package can.
nd packing material using canister heaters

to sImulate radIoqenic heat.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Hydraulic conductivity, thermal diffusivity, density, clay expansion,
uniform corrosion, SSR test results, release rates from glass, pH.

MATERLL

Natural untreated bentonite (CS-50), calcium bentonite, ductile cast
iron, 1 1/4% Cr-1/2Z Mo cast steel, 2 1/2% Cr 1 Ho cast steel, Ti Grade--Z
and Grade-12, PNL-76-68 glass, reference basalt and tuff groundwaters, basalt
and tuff rocks.

TEST CONDITIONS

(a) Backfill Materials:

1. Water migration: Na-bentonite compacted to 2.1 g/cm3 , cylinders 3 to
5 cm long, 15 Ma water pressure, times of 4 hours to 42 days,
ambient temperature.

2. Hydraulic conductivity: Na and Ca bentonite tuff and basalt ground-
water, different densities (=1.7 to 2.3 g/cm ), ambient temperature,
confining force <100 lbs.

3. Radionuclide migration: Reference basalt and tuff groundwater, 250 C,
85Sr, 99Tc, 125I, 137CS, 23 3U, 23 7Np and 241Am, several backfill
materials, oxic.

4. Thermal conductivity: Dry compacted Na-bentonite (2.1 g/cm3), air
saturated (5 weight H20) bentonite, permeability cell.

5. Compaction studies: Na and Ca bentonite, 50/50 and 75/25 mix of Na-
bentonite and quartz sand, water content "0- to =14%, compaction pres-
sures 55 to 276 MPa held for 1 min, zero order water is for clay
sample held at 110C for 16 hours.

6. Materials stability: Na and Ca bentonite, heated in air to 100, 200
and 300C for up to 1 year, bentonite irradiated to total dose .5xlO9
rad.

(b) Corrosion Studies: Cast Fe materials with minimum dimension of 5 inches,
surfaces were ground, Ti alloys used as-received, basalt rock from
Umtanum surface outcrop, tuff rock from Bullfrog horizon.

1. General Corrosion: Flowing autoclave (35 m/h), 800 to 1000 psi at
250C, 6 to 8 ppm 2. Test in basalt run at 150 and 250%C for 6
months. Tuff tests and DIW tests done at 250'C for I month and 3
months, respectively.
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2. Irradiation Corrosion: Fe alloys and titanium alloys in flowing auto-
claves (35 m/h), dose rate of 2x10 6 rad/h, 700 psi at 250'C, oxic
basalt groundwater for maximum time of 3 months. Ti alloy tests in-
cluded general corrosion coupons, U-bend, V-notch and tension fracture
toughness specimens bolt loaded to 20 KSi uin. Dose rate varied from
106 to 104 rad/h over geometry of autoclave.

3. Slow Strain Rate, Fatigue Crack Growth Rate Test: Crushed basalt,
basalt water, flowing system, strain rates of 10 -4 to 2 x 10-7 in./
in.-sec, temperature 250*C. For FCG studies, preflawed specimens,
simulated groundwater, water enriched in F and high purity water,
loading frequency from 0.01 to 5 Hz, atmosphere pressure and 90'C,
refreshed water.

(c) Waste Form Release:

1. Groundwater Effects: 90'C, static leach test in DIW, and reference
basalt and tuff groundwaters, SA/V - m, total 32 days.

2. SA/V Effects: 90C, DIW, SA/V - 1, 10, 100 and 1600 m1.

3. Radiation Effects: SA/V - 20 md1, DIW and reference basalt water,
capsules degassed and backfilled with He, temperatures of 50°, 70° and
900C.

(d) Component Compatibility:

1. Solution/Rock Tests: Rocking autoclave with gold sample bag, 300'C,
2112 hours, 300 bars, sampled at 200, 336, 840 and 2112 hours.

2. Waste Form/Clay: Powdered mixture of 76-68 glass and either kaolin,
bentonite, quartz or tuff, 90°, 150° and 250C for 3 weeks.

3. Thermal Gradient Effects: Waste form powder, powdered rock, simpli-
fied groundwater," 15'C/cm thermal gradient for 60 days.

4. Single Pass Continuous Flow Leaching/Sorption: Doped (Np,Pu) 76-68
glass or U02, basalt groundwater, basalt rock column, 75' and 25'C,
1 1/4 years, 3 flow rates (1 md, 10 m/d, 300 m/d).

5. Sensitivity Tests: 150°C, 30 to 60 days, solution/solid weight ratio
- 10/1, 8 tests each for basalt and tuff with varying weight Z of Fe
powder and/or bentonite.

6. Interaction Tests: Fe and glass coupons with SA/V 10 m-1, T 900C,
basalt water, tuff water and DIW, 28 days.

7. Systems Tests: U-doped PNL-76-68 glass, minicanister (2 cm diameter x
7.5 cm long), flat open surface at one end to which is pressed a rock
pellet (quartz monozite, basalt, bedded salt), 4 to 6 weeks, 150 or
250'C, 600 to 2000 psig, solution-to-package ratio of 0.5 or 3.0.
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METHODS OF ANALYSIS

(a) Backfill Materials: X-ray diffraction to characterize material. Other
procedures not given. Thermal diffusivity measured using a transient
laser thermal pulse technique.

(b) Corrosion:

1. General Corrosion: Visual examination, oxide stripping by inhibited
HCl and abrasion, weight measurement. Corrosion layer on specimen of
ductile iron (250'C, 6 months, basalt water) analyzed by X-ray dif-
fraction. Waterline specimen from tuff study examined by X-ray
diffraction.

2. Irradiation Corrosion: Corrosion films analyzed by X-ray analysis.

3. Slow Strain Rate, Fatigue Crack Growth: Schematic of apparatus
given. Crack extension monitored by a traveling microscope.

(c) Waste Form Release Studies:

1. Groundwater Effects: Methods not given.

2. SA/V Effects: All methods not given, reaction layer thickness
determined by secondary ion mass spectroscopy.

(d) Component Compatibility:

1. Solution/Rock: HC03- and C03-2 determined in quenched samples by
titration, Eh measured with Pt electrode in inert atmosphere.

2. Waste Form/Clay: Details not given.

3. Thermal Gradient Effects: Polished solid samples examined by EDX.

4. Single Pass Continuous Flow Leaching/Sorption: Details not given.

5. Sensitivity Tests: Details not given.

6. Interaction Tests: Solution analysis and surface analysis by EDAX and
SIMS.

7. System Test: Examine glass surface by SEM.

AMOUNT OF DATA

(a) Backfill Materials:

1. Water Migration: Graphical data of percent water in clay vs depth,
family of curves for 9 different times.
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2. Hydraulic Conditions: Graphical presentation of conductivity vs com-
pacted density for Na and Ca bentonite, graphical data of hydraulic
conductivity of sand-Na-bentonite mixtures vs compacted density.

3. Radionuclide Migration: (28-day tests) list of Rd for 18 backfill
materials, including 5 American Clays Institute source clays, basalt
water. Rd for Na- and Ca-bentonite and charcoal using tuff
groundwater.

4. Thermal Conductivity: Graphical information on thermal diffusivity of
dry Na-bentonite as a function of temperature (15 points), table of
thermal conductivities for air saturated Na- and Ca-bentonite
(conductivity, density, pressing force).

5. Compaction Properties: Four graphical presentations of density vs
water content. Each contains a family of curves for different
compaction pressures.

6. Stability Studies: Two graphical presentations of a-bentonite expan-
sion vs time. One is for clay heated at 100°, 200° and 300°C, the
other for clay irradiated to a total of 9.5x109 rads. Table of
hydraulic conductivities for untreated, heated and irradiated clay (4
points).

(b) Corrosion Studies: Tabular summary of nominal composition of Ti alloys
and Fe-base alloys. Tabular summary of room temperature mechanical prop-
erties. Table of composition of tuff and basalt rocks used in the study.

1. General Corrosion: For Fe alloys, 2 graphs of corrosion rate vs expo-
sure time at 250' and 150C (duplicates of each point given), 2 graphs
of weight loss vs time at 250° and 150'C. Graphical presentation of
corrosion rate in tuff water with time, only a single time point at
250C. Corrosion rate of Fe alloys in DIW at 250'C, 2 data points for
each alloy, at 2 times.

2. Irradiation Corrosion: Corrosion rates vs exposure time for Fe
alloys. Duplicate sample points for each alloy at 1 month and 3
months. Ductile iron exhibits pits over 2/3 of surface. Observations
reported for Ti alloys, no SCC, no crack extension, weight change did
vary with position of coupon in autoclave (radiation field). Weight
changes in Ti alloys are presented graphically as a function of sample
position (18 points for each alloy).

3. SSR and FCG Studies: Graphical presentation of SSR tests on Ti
Grade-2 and Grade-12 at 250C as a function of displacement rate.
Data are for percent reduction in area and percent elongation in air
and basalt water at 250C, LT and T orientations. Graphical data on
effect of temperature on ductility at constant strain ( elongation
and reduction in areas), duplicate samples, Ti Grade-2 LT orienta-
tion, total of 8 points for each (i.e., elongation or area reduc-
tion). Crack growth rates vs stress intensity for Ti Grade-2, 19
points at 0.1 Hz high F water, 4 points at 1 Hz normal basalt water.
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Crack growth rate vs stress intensity for Ti Grade-12, 21 points at
0.1 Hz high F- basalt water and 6 points at 1 Hz for normal basalt
water.

(c) Waste Form Release: Table summarizing composition of PNL-76-68 waste
glass:

1. Groundwater Effects: Normalized release of Cs and B vs time in 3
waters, 3 to 4 points for each ion in each water.

2. SA/V Effects: Log of normalized release vs log SA/V for Na, B Si, Cs
and Ca, 4 points for each element. Graph also includes results of
previous work. Si, Na and Ca releases as a function of leach time.
Concentration (atm %) of B, Na, Si, Cs in depletion layer as function
of SA/V.

3. Radiation Effects: Table of Si release rates vs temperature for irra-
diated and unirradiated samples (3 values each) in DIW, dose rate de-
pendence for release of Si, B, Cs and Fe (5 points for each, dose
rates up to 2 R/h). Log Si and Log B removal vs 1/T at 3 tempera-
tures, irradiated and unirradiated. Graph of ppm B and Cs vs time in
unirradiated and irradiated DIW and basalt water at 50'C. Effects of
radiation on C03-2 waters; pH and concentration of oxalate.

(d) Component Compatibility Tests:

1. Solution/Rock: Tabular comparison of BWIP data with PNL data for 9
solution species and pH, graphical comparison of BWIP and PNL data for
Na and Si.

2. Waste Form/Clay: pH vs temperature for various mixtures,
log moles in solution for Mo, Cs, Na and Si in the glass-Kaolin system

g/glass
vs /T.

3. Thermal Gradient Effects: Graphical presentation of relative distri-
bution of Nd, Mo and Cs, after migration in basalt under a thermal
gradient (6 to 22 points each).

4. Single Pass Continuous Flow Leaching/Sorption: No data.

5. Sensitivity Tests: No data given.

6. Interaction Tests: PNL-76-68 glass release data for B and Cs with and
without ductile iron coupon, 3-4 data points for each, reaction depth
layers for glass in 3 waters with and without Fe coupon. Changes in
Si and Ca concentrtion in basalt and tuff water when Fe coupon present
(no glass), 5 points each with and without filtration to remove col-
loids. Reaction layer thickness for basalt water + clay + glass, DIW
+ clay + glass vs time, 5 points each over 35 days.
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7. System Tests: For salt tests, report lowering of solution pH to 3.0.
In basalt and granite, report reduced concentrations of soluble Cs
relative to salt tests and glass-water tests under hydrothermal condi-
tions. U not found in rock surfaces contacting liquid, only in sur-
faces contacting vapor. U not observed at concentrations >15 ppb.
Changes in solution composition with time given for Cs, Mo, B, Na, Si
and K. Weight of Si, Na, Fe, U, Zn, Mo and Zr in glass reaction
layers vs depth.

UNCERTAINTIES IN THE DATA

(a) Backfill Materials:

1. Water Migration: Water content as a function of position in the sam-
ple is given for several times. No error bars are associated with the
individual points. Hydraulic conductivity values are given for Na-
and Ca-bentonite as a function of compacted density. No error bars
are given and only a single value is reported for tuff groundwaters.

2. Radionuclide Migration: Batch Rs are reported with no indication
of range anticipated from replicate measurements. Only a narrow range
of conditions have been used (25°C, oxic, 28 days).

3. Thermal Conductivity: The thermal diffusivity is given with a stand-
ard deviation. However, the thermal conductivity for dry compacted
Na-bentonite is calculated with an assumed heat capacity. The results
give a range in conductivities that are reported to be "considerably"
higher than the values used in design studies." The thermal
conductivities of Na- and Ca-bentonite (air saturated) have been
determined as a function of compacted density for various composition
pressures. Ranges within a given measurement are not reported.
Potential changes with temperature are not addressed.

4. Composition Studies: A limited number of points is given for each
pressure and weight percent water with no indication of
reproducibility.

5. Materials Stability Studies: Expansion data do not give an indication
of scatter or uncertainty to tell whether there are significant dif-
ferences as a function of temperature. Clays tested were heated under
dry conditions. In some instances only two points are given. A sin-
gle dose rate was used for the radiation studies, only five points are
given with no information on scatter or uncertainties from replicate
determinations. Samples irradiated were heat treated so that no data
are available on range of expansion and permeability with water
content, etc.

(b) Corrosion Studies:

1. General Corrosion Studies: General corrosion data at 1500 and 250 0C
consist of three points for each metal/water system and an indication
that at least replicate determinations were made. Data for cast iron
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alloys in tuff water at 250%C consist of single time points (repli-
cates) experiments. In DIW at 250*C there are only 2 time points
(replicate samples). A different behavior is noted between weight
loss of Fe alloys in basalt water at 1500C and that at 2500C. Almost
no change with time at 250%C vs an almost linear increase with time at
150 0C.

2. Irradiation Corrosion: For ductile Fe and 2 1/2 Cr, 1 Mo, only 2
time periods were samples (1 month and 3 months). Replicate samples
are given. In both cases the sample-to-sample values of the corrosion
rate increases with the time of exposure and is greater than the rates
observed in basalt water with no irradiation. Titanium Grade-2 cou-
pons show sensitivity to dose rate at 250'C. No indication is given,
however, in spread of each data point presented.

3. Environmental-Mechanical Tests: Data presented have no indication of
the scatter or uncertainty in each point. There is a limited number
of data points presented and only one temperature is used.

(c) Waste Form Release:

1. Groundwater Effects: There are no error bars associated with each
data point or statement of the degree of reproducibility. Only a
single temperature (90'C) is considered.

2. SA/V Effects: Data presented include a comparison where possible of
previously obtained values. This may give some indication of reprodu-
cibilities. In work done by PNL and reported in this report, no
indication is given of range in each data point.

3. Gamma Radiolysis Effects: Replicate data points are given in some in-
stances (unirradiated). Radiolysis effects alter release of some ele-
ments by as much as a factor of 0. Replicate values for irradiated
samples not given.

(d) Component Compatibility: With few exceptions, no indication is given of
the spread or uncertainty in the data presented. Data do, however, indi-
cate the presence of other barrier materials can affect the behavior of
glass or Fe alloys or bentonite in a manner different from that
anticipated based on single component studies.

DEFICIENCIES IN THE DATA BASE

(a) Backfill Materials:

1. Water Migration Studies: These studies concentrated on the water mi-
gration in Na- and C-bentonite. No work was reported for the refer-
ence backfill mixture basalt/bentonite in the form to be used in a re-
pository in basalt, nor is there any work reported on the changes in
migration rates with temperature. Hydraulic conductivities are not
reported for the reference backfill material (basalt/bentonite) under
conditions anticipated in the repository.
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2. Radionuclide Migration: Retardation properties of the reference back-
fill material, basalt/bentonite, have not been reported for compari-
son. Temperatures at which they have been determined are less than
ambient temperature in the horizon and do not consider possible range
in temperatures from time of breach (i.e. at 300 years as a maximum
temperature).

3. Thermal Conductivity Studies: Data presented do not include data on
reference backfill material. No data are reported for changes in
thermal conductivity with water content.

4. Compaction Studies: No information is given for the reference
backfill.

5. Material Stability Study: No information is given on the reference
backfill material. For data presented, no combined study of tempera-
ture and radiation effects under various weight percent water content.

(b) Corrosion Studies:

1. General Corrosion Studies: A single flow was used with no justifica-
tion of its applicability. Temperatures were limited, test times were
short and it appears that only replicate samples were studied. For
tuff groundwaters only a single time was samples (=1 month).

2. Irradiation Corrosion: Studies were short-term and data indicate
larger sample-to-sample uncertainty for longer exposures. Only a
single temperature was utilized and data on basalt/water interactions
at 90'C indicate decreased pH and increased oxalate concentration.
These tests do not take into account the environment of the corrosion
barrier (backfill material, varying temperature, etc.).

3. Environmental-Mechanical Tests: Testing was performed in typical
groundwaters but did not include irradiation and tests were reported
only for 250C (SCGR) and 9C (FCG).

(c) Waste- Form Release: There is a good indication of range or uncertainties
in some of the data. Effects of temperature and changes in waste form
characteristics are not addressed. Much of the work reported is centered
on Cs, Sr, Si, etc. release. At 300 years, the minimum containment time,
Cs and Sr should not be the main concern. In general, the information
has very little to do with what the repository will be like at 300 years
and beyond, and how the immediate environment will affect releases of
long-lived nuclides from the waste form.

(d) Component Compatibility: These tests indicate the importance of defining
a range of scenarios for studying multicomponent behavior. In all in-
stances, the presence of other components (e.g. glass + Fe coupons)
alters the behavior of the single component. However, these tests as re-
ported do not include the interplay of heat and radiation, or necessarily
include all pertinent components. While multicomponent tests may not
yield highly quantitative data, reproducibility of data would be an
indication of potential long-term performance.
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APPLICATION OF DATA TO LICENSING

[Key Data ( ), Supporting Data (X)].

GENERAL COMMENTS

This document summarizes PNL's current data on single component, bicompo-
nent and some systems tests. From the current status of these tests recom-
mendations have been made for further test programs. While much of the infor-
mation can be used as supportive data for narrowing test ranges or test pro-
grams, and for looking at potential ranges in package component behavior, much
of the information does not apply to anticipated repository conditions. Data.
on tuff is scarce, testing times are short and in most instances do not con-
sider the interplay of radiation and temperature. Some materials tested are
not directly related to current package designs (e.g. the backfill data).

ORGANIZATION PRODUCING DATA

DOE/Pacific Northwest Laboratory.

AUTHORS/REFERENCE

Bradley, D. J. and others, "Nuclear Waste Package Materials Testing
Report: Basaltic and Tuffaceous Environments," PNL-4452, March 1983.

AVAILABILITY

Published.

KEYWORDS

Backfill,
package tests.

bentonite, corrosion, iron alloys, tuff, basalt, glass, whole

DATE REVIEWED

September 1984.

gfs
9/28/84
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ABSTRACT

The disposal of high-level nuclear wastes in uncergrouna repositories in

the continental uriteC S:ates requires the development of a waste package that

will contain radionlclices for a time period commensurate with performance cri-

teria, which may e up to 1000 years. This report adoresses materials testing

in support of a waste ;aczage for a basalt (anford, Washington) or a tuff

(Nevada Test Site) re;csitory.

The materials irvestigated in this testing effort were:

* sodium and calci tenton1tes and mixtures witn sano or basalt as a

backfill

* ron and titanium-based alloys as structural arriers

* borosilicate waste glass PNL 76-68 as a waste form.

The testing also icorporated site-specific rocK meoia and ground waters:

Reference Ucan= Entalature-I basalt and reference basalt round water, Bull-

frog tuff and XTS J-13 well water.

The results of tre testing are discussed in four aJor categories:

* Backfill Materials: emphasizing water migration, radionuclide migra-

tion, physical prcerty and long-term stability studies.

* Structural arriers: emphasizing uniform corrosion. irraciation-

corrosion, ano environmental-mechanical testing.

* Waste Form ;eleese 3haracteristics: emphasizing ground water, sample

surface area/soluz;on volume ratio, and gaa radiolysis effects.

* Comoonent Comattliity: emphasizing soluticn/rocx. glass/rock,

glass/structural tArrier, and glass/backfill interaction tests. This

area also ncluoes sensitivity testing to determine prizary parame-

ters to be studiec. and the results of systes tests ruere more

than two waste pIc&aSe components were combine5 during a single test.

The objective of the first two categories is the selection of candidate

materials and development of baseline property Information to evaluate material

or function lifetimes. The waste form research centers on understanding the

basic processes involveo with waste form/solution interactions so that a

release model can be deriwed for predicting the radioactive source-term ris-

ing from waste form/solution contact.

The last area, corzcnent compatibility testing, s aimed at learning how

waste package materials interact with each other under repository conditions.

Information gained frc; the first three areas Is being used to understand the

systems interactions revealed by testing n the fourth area. Anotner purpose

of component compatibility testing Is, as the name implies, to spot potential

problems among materials as early as possible. ata from all four areas are

being used to develop a model describing the behavior of the waste package as a

whole. under both expected and off-normal conditions.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Composition of Umtanum basalt, bentonite/groundwater, basalt/groundwater,
backfill/groundwater, basalt/bentonite and silica and aluminum concentrations
of major repository constituents. pH changes vs time of backfill/groundwater.

MATERIAL

Umtanum basalt sized to -115 to +250 mesh and ultrasonically washed to
minimize surface conditions of the outcrop. Wyoming bentonite -400 mesh, as-
received. Synthetic groundwater.

TEST CONDITIONS

Individual and multicomponent tests were performed in a gold bag placed
in a rocking autoclave. Temperature and pressure were increased to 300C and
300 bars, respectively and test ratios of water-to-solids were at 10:1 and
15:1. Test durations spanned from three days to three months. Periodic
solution samples were collected and analyzed.

METHODS OF ANALYSIS

During the tests small quantities of solution were periodically drawn and
analyzed for cations by inductively coupled plasma spectrometry. Anions were
characterized by ion chromatography. Post-experimental analyses of solids
were determined by scanning electron microscopy, scanning transmission
electron microscopy and X-ray diffraction.

AMOUNT OF DATA

Two sets of 10 data points for basalt composition at repository elevation
and as an outcrop are reported as weight percent. Three data sets, two with
seven data points, the other with eight data points are given in mg/L. The
conditions for which these data sets are reported, are groundwater contacted
with either bentonite, basalt and bentonite, and basalt at 300C and 300 bars.

UNCERTAINTIES IN THE DATA

The changes in concentration vs time of the backfill (basalt, bentonite,
groundwater) indicate that a reaction is occurring. This is evidenced by sil-
ica increasing to a maximum concentration at 334 hours and then gradually de-
creasing, whereas sodium continually decreased until the test was terminated.
The pH also continued to decrease from an initial value of 9.78 to 5.35. No
discussion of the environment, whether it was reactive or inert, in which the

A5-95



test was performed, is given. Also, the data presented do not include the
effects of radiolysis nor are there repetitive tests to establish a range of
values for data points.

DEFICIENCIES IN THE DATA BASE

Additional experiments in a controlled environment with waste container
materials present would be useful to substantiate the data given. Also,
longer test times, beyond three months could help to resolve the changing
ionic composition and perhaps achieve a near steady state. Tests performed in
the presence of radiation could alter the rate of change in the reported data.

APPLICATION OF DATA TO LICENSING

(Key Data ( ), Supporting Data (X)].

GENERAL COMMENTS

This appears to be a suitable scoping experiment and could provide a base
for developing further tests. Additional tests where the pressure and partic-
ularly the temperature, would be controlled variables, could provide insight
for changes in ionic composition of the backfill and lead to more clearly
describing any reactions occurring.

ORGANIZATION PRODUCING DATA

DOE/BWIP

AUTHORS/REFERENCE

Wood, M. I., Experimental Investigation of Sodium Bentonite Stability in
Hanford Basalt," HO-BW-SA-219P, February 1983.

AVAILABILITY

Published.

KEY WORDS

Basalt, bentonite, backfill, groundwater, hydrothermal interaction.

DATE REVIEWED

September 1984.

gfs, 10/2/84
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ABSTRACT

Scdium bentonite is a candidate uaterial for the waste Feckage
backfill cponent in a repository in basalt at the Hanford Site.
Preliminary hydrothenal exparinrnts have been conducted under
near-field geochmdncal conditions expected to occur in the reference
repository location in the Grande Ronde Basalt. Ecperients have
been conducted in the basalt/growudwater, bentonite/groundwater,
and basalt/bentrnite/g ounjdater systemre. The periments have
been conducted at 300C using a simulated Grande Ronde agrounduter,
reference Urkanun basalt, and sodiui bentonite. Key data generated
by the eriments incluax experimental solution analyses as a
function of tinse and preliminary solids analysis by scanning
transmission electron ricrosmpy and X-ray diffraction. olution
trends of the major aqueous species were similar in the three
systmis and are characterized by: (1) the gradual reduction of
the pH value from 9.75 to a steady-state value of v6, (2) an
initial rapid increase followed by a gradual docrease in silica
concentration, and (3) a slight or negligible increase in sodiun.
sulfate, and chloride concentrations. In the bentonite/ground-
vacer experiment, crall amounts (%) of an albite eaction
product were observed. nversely, the formation of illite a
comron bentonite alteration product, was not observed. These
results indicate thaL sodium bentonite will remain sufficiently
stable at 3000C under hydrothenmal conditions in basalt to
permit its use as a backfill material.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Solution pH vs time; concentration of F, S2, Si, Al, K, vs time
for various combinations of basalt/basalt water, Na bentonite/basalt water,
breakthrough time as a function of Kd, hydraulic conductivity, swelling pres-
sure, solution data for basalt + synthetic groundwater, radionuclide sorption
on basalt and basalt secondary mineralization, radionuclide sorption on
treated bentonite, chemical analyses of Utanum basalt.

MATERIALS

1. Basalt/Groundwater Interaction: Crushed basalt from Umtanum flow,
simulated groundwaters, rocking autoclave.

2. Bentonite/Groundwater Interaction: Baroid National Western Bentonite
(-400 mesh), synthetic basalt groundwater, rocking autoclave, DIW.

3. Sorption Studies: Crushed basalt, Baroid Bentonite, synthetic
groundwater, ydrazine to impose reducing conditions.

4. Physical Properties of Crushed Basalt/Bentonite: No data actually
generated - authors cite other publications.

TEST CONDITIONS

1. Basalt/Synthetic Water Interactions: Basalt powder/synthetic water
(1:10) 300 0C, 300 bars and 200 0C, 300 bars. Time of test varied
from 616 hours to 1,004 hours at 300 0C, and 1,004 hours at 2000C.
Two separate laboratories conducted the tests.

2. Bentonite/Groundwater Interactions: Water to bentonite ratio (10:1)
temperature of 3000C, 300 bars, 616 hours. Second experiment at
3000C, 300 bars, water:rock ratio of 15:1 for 72 hours. Third experi-
ment at 3000C, 300 bars, 10:1 water to rock ratio, DIW and 72 hours.

3. Sorption Studies:

(a) Basalt/Groundwater: 600C, oxic and anoxic conditions; 60 days.

(b) Basalt Secondary Minerals/Groundwater: Temperature unspecified,
oxic conditions, 50 days (Eh -0.3 to -0.4 V reducing and
+0.4 to +0.5 V oxidizing).

(c) Bentonite/Groundwater: Bentonite heat treated to 450 0 C prior
to use, test at 65OC, oxic and anoxic conditions, total time
six days.

4. Physical Properties of Crushed Basalt/Bentonite: No data actually
generated - authors cite other publications.
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METHOD OF DATA COLLECTION/ANALYSIS

1. Characterization of Umtanum Basalt Synthetic Water Interaction: Solids
by XRD, EDS, SEX, STEM, solutions by ICP, ion-exchange chromatography,
room temperature pH, atomic adsorption, gravimetric, calorimetric and
fluorometric techniques.

2. Bentonite/Groundwater: Solids analyzed by STEM and SEM.

3. Sorption Studies: Batch equilibrium technique, solutions analyzed by
a, 3 and y counting techniques.

4. Physical Properties of Crushed Basalt/Bentonite: No data generated.

AMOUNT OF DATA

1. Basalt/Groundwater Interaction:

(a) Chemical Analysis of Basalt: 10 oxides no ranges in composition
given.

(b) Solution Data for Basalt + Synthetic Water:

(1) At 3000C-300 bars: 7 points for 11 ions and pH over 616
hours (concentration in mg/L).

(2) At 3000C-300 bars: 7 points for 11 ions and the pH over C
356 hours (concentration in mg/L) - meant to be a duplicate
run.

(3) At 3000C-300 bars: 9 points for 13 ions and the pH over
1,004 hours.

(4) At 200C-300 bars: 8 points for 13 ions and the pH over
718 hours.

2. Bentonite/Groundwater Interaction:

(a) X-ray analysis and bulk chemical analysis of bentonite, no range
in composition given, 10 oxides quantified.

(b) Solution data:

(1) At 3000C-300 bars: 7 points for 12 ions and the pH over
616 hours, same ions as in basalt/groundwater interaction
plus boron.

3. Sorption Studies:

(a) Basalt/Groundwater: Batch Kd's (mL/g) for 8 nuclides under
oxidizing conditions and for 4 of these (U, Se, Ra, p) under
reducing conditions. Kd given with error (+ la).
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(b) Basalt Secondary Minerals/Groundwater: Batch Kd (L/g) for
10 radionuclides under oxidizing conditions. Kd reported with
error (+ la).

(c) Bentonite/Groundwater:

(1) Batch Kd with time for U and Np under oxic and anoxic
conditions. Kd values reported with error (+ l), time:
six days.

(2) Batch Kd for U under oxic and anoxic conditions, total
contact time 30 days, initial concentration in solution
varied over -3 orders of magnitude. Kd given with error
(+ l).

(3) Batch Kd including error (+ l) for Cs and Sr, total contact
time seven days, initial oncentration in solution varied over
six orders of magnitude. No error reported for anoxic data.

4. Physical Properties of Crushed Basalt/Bentonite: No data on basalt/
bentonite. Summary given of available published data (graphical) on
bentonite/sand.

UNCERTAINTIES FOR THE DATA

1. Basalt/Groundwater Interaction:

(a) Initial groundwater composition. The groundwater compositions for
the two independent sets of experiments differed substantially in
Si, K, Ca, S 2 and C content. No indication is given for
the spread in concentrations of all species as a function of time.
While the overall values for each ion follow a general trend the
absolute values are not directly comparable without some indication
of range of uncertainty. Differences in solution concentrations and
pH exist between 2000C and 3000C. The differences are large
enough in the case of several species to indicate real difference
and not experimental errors. However, no ranges are indicated to
assess the magnitude of these differences.

2. Bentonite/Groundwater Interaction: There is no indication of spread in
data for a given measurement and no indication of results from a repli-
cate test. For those ions characterized there is the same overall trend
for bentonite/groundwater as basalt/groundwater at 3000C. No informa-
tion was given on behavior at other temperatures. Bentonite was noted to
undergo alteration.

3. Sorption Studies: Uncertainty exists in the use of batch Kd to determine
retarding capabilities of basalt or bentonite. Further uncertainty ex-
ists in the use of a chemical (hydrazine) to produce reducing conditions.
The batch Kd's are reported with an estimated error. Data reported for
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basalt at 650C and 60 days cannot be directly compared with the Kd re-
ported for secondary minerals under oxic conditions since the temperature
for the second data set is not indicated. However, it should be noted
that the absolute difference in the two values for U under oxic condi-
tions is 3 orders of magnitude. For the bentonite sorption studies, the
bentonite was first pre-treated to remove organics thus resulting in a
non-typical bentonite. In the data reported, some uncertainty exists as
to whether equilibrium was truly reached. The data are however reported
with estimated errors.

4. Physical Properties of Basalt/Bentonite Packing Material: No data on the
system basalt/bentonite are reported. Data reviewed give only an indica-
tion of potential behavior. The data are not applicable to BWIP backfill
material or the conditions it will experience.

DEFICIENCIES OR LIMITATIONS IN THE DATA BASE

1. Basalt/Groundwater - Bentonite/Groundwater: In both cases, there is no
way to directly judge the uncertainties due to experimental errors and
those associated with the test system. In addition, these tests do not
cover a temperature range or include the effects of radiation and the
presence of a container. The largest uncertainty and deficiency of the
data for evaluating the performance of a basalt-bentonite backfill is
that tests were not conducted with a mixture (basalt/bentonite) that is
being proposed for use in the repository.

2. Sorption Studies: The largest uncertainties in the data are due to the
fact that the mix of backfill material (bentonite and basalt) was not
tested, the range of conditions under which the Kd's were measured was
very narrow and does not encompass the range of anticipated conditions so
that a sensitivity of the sorption properties could be obtained.

31 Physical Properties of Backfill aterial: The greatest deficiency is in
the fact that there are no data on the basalt/bentonite physical
properties.

APPLICABILITY OF DATA TO LICENSING [KEY DATA ( ), SUPPORTING DATA (X)1

Relationship to P Performance Issues Already Identified:

The data generally address Issue Number 2.2 in the S.C.A. (NUREG-0960,
Vol. , 1983).

General Comments:

No data are presented for the system basalt/bentonite. The data pre-
sented do, however, give some baseline information on the potential inter-
action of basalt or bentonite with groundwater. No uncertainty analysis is
given and only a limited number of experiments are reported. The Kd meas-
urements may serve as supporting information and do indicate potential ranges
of Kd's under oxic and anoxic conditions" although the means of obtaining
anoxic conditions and the overall usefulness of Kd's is suspect.
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C ORGANIZATION PRODUCING DATA

DOE/BWIP.

AUTHORS/REFERENCE

Wood, M. I., Aden, G. A., Lane, D. L., "Evaluation of Sodium Bentonite
and Crushed Basalt as Waste Package Backfill Materials," RHO-BW-ST-21P.
October 1982.

AVAILABILITY

Published.

KEY WORDS

Basalt/groundwater, bentonite/groundwater, Kd.

DATE REVIEWED

April, 1984.
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.Abstract (Summary) From Refarence:

Hydrothermal experiments In tha basalt/groundwater and the bentonite/

groundwater systes were conducted as part of an overall program designed

to evaluate the suitability of crushed basalt and bentonite as waste

package backfill materiaLs In a basalt envirozoent. rTho major purpose t

the experizents was to est mate the chemical (e.g., long term) stability

of these materials.

Preliminary hydrothermal experiments wes completed at 009C, 3C

bars and 200C, Jo0 bars in the basalt/groundwater system to dtermine the

chemical stability of crushed basalt. Aalysis of solution data from the

3oov experiments as a function of time and reaction products indicated

that te primary reaction was the alteration of the basalt glass phase to

llifte arcor smectIte clays and quartx. rhe stablishment of steady

stat p values of-S, the apparent rapid occurrence ot a highly educing

environment in the system, and an Insignificant ncrease in the solution

concentration o potentially corrosive aqueous species fluoride,

chloride, and sulfate) were observed. hese data Indicate that a waste

packige backfill containing a significant amourt of crushed basalt will

provide a near-field geochemical nvironment favorable to the chemical C

stability ot cotal canister materials. Also, such an environment will

promote the l solubility of actinides.

A preliminary experiment was also completed n the sodium bentonite/

groundtter system at 300C 300 bars. nalyses of the reacted solutions

and solids shaw that bentonito remains essentially stable with only minor

alterations to albite. Sorption data were generated an crushed basalt,

secondari minerals n basalt, and sodium bentonite at 60 to 59C under

sic and anoxic conditions. Tese data Indicate that cesium and strontium

will be co.pletely contained n a waste package backill due to the

formation of nsoluble secondary minerals, on exchange, and specific

adsorption. Under reducing conditions, neptunium will be retained beyond

l,0 y and uranium and plutonium will be rtained under reducing

conditions over 300 yr. An ncrease n retention time can be expected to

occur with an ncrease I tmperature. heoretica 1y, calculations and a

limited data base have been used to propose a reference waste package

backfill component which will (l d fulonally control mass transport,

(2) exert a welling pressure less than ydrostatic pressure (-10 xPaJ,

and (3) effectively conduct heat ay rom the waste package such that

maxim allowable waste package temperatures are not exceeded. The

reftrence backfill component consists of 2 sodium bentonite and 75%

crushed basalt with an nitial density of 2.1 7/cm3 and a thickness of

0.l52 . A5-104



WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Dehydrated Wyoming bentonite was analyzed by X-ray diffractometry (XRD),
thermo-gravimetric analysis (TGA), and differential scanning calorimetry
(DSC). Solution samples from the hydrothermal tests were analyzed by induc-
tively-coupled plasma-atomic emission spectrometry (ICP-AES) and ion-chroma-
tography (IC). Hydrothermal reaction products were studied by XRD, scanning
electron microscopy (SEl), transmission electron microscopy (TEM), and
energy-dispersive spectrometry (EDS).

MATERIAL

Materials reacted were:

(a) Wyoming bentonite, as-received, smaller than 400 mesh
(b) Umtanum basalt, crushed, hand-picked to remove altered material, sized to

-120 to +230 mesh by sieving, and washed with ultrapure water to remove
adhering fine particles

(c) Synthetic Umtanum groundwater.

TEST CONDITIONS

Bentonite dehydration tests were run in furnaces at atmospheric pressure
and fixed temperatures from 250' to 550C to determine the thermal stability
of bentonite in a dry environment. Experiment durations ranged from I to 365
days. Hydrothermal tests (30 MPa pressure) to determine packing material
bentonite/basalt stability in a saturated environment utilized either
Dickson-type rocking autoclaves or cold-seal devices. The Dickson-type auto-
claves allowed sampling of the water several times during each test, without
disturbing experimental temperatures and pressures. Experiments were run at
temperatures as high as 300C to bring the reactions to a steady state on a
laboratory time scale (60-379 days).

METHODS OF ANALYSIS

See Type of Data.

AMOUNT OF DATA

For the dehydration of bentonite study, the following observations were
made:

(a) Differential scanning calorimetry thermograms (5) for Wyoming bentonite
at ambient pressure: as-received, 250'C/340 d, 370*C/340 d, 440°C/365 d,
550'C/270 d. The structural water peak near 500C in the unreacted
samples disappeared with increasing temperature.
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(b) TGA data indicate that structural water was lost after heating bentonite
at 440C for 1 yr, but remained at heating temperatures below 370'C.
Those samples dehydrated at <370%C and were able to reabsorb water.

For the hydrothermal experiment with an equal mixture of basalt/
bentonite/water, reacted in synthetic groundwater at 150C for 120 days, the
following observations were made:

(a) Significant quantities of Si, Al, K, Ca, Na, and S042- entered the
solution from the solids.

(b) Bulk XRD spectra for the reacted samples were virtually identical to that
of the unreacted sample.

For the hydrothermal experiment performed at 300'C:

(a) The concentrations of Si, Al, and K in the water peaked within 60 days.

(b) There was evidence of the presence of alteration products, iron smectite,
quartz, cristobalite, feldspar, and zeolite.

UNCERTAINTIES IN THE DATA

Statistical information and detection limits of instrumentation were not
given.

DEFICIENCIES IN THE DATA BASE

• Basalt was finely crushed and washed, which is not representative of
basalt to be used in packing material.

* Radiation effects were not studied.

* Loss of structural water at high temperature as shown by thermal analyses
is discussed but not loss of sorbed water with increase in temperature.

• These are relatively short-term studies.

APPLICATION OF DATA TO LICENSING

[Key Data ( ), Supporting Data (X)].

GENERAL COMMENTS

The interpretation of the various results that is given seems to confuse
sorbed water and structural water in bentonite. No XRD scans are shows, so it
is not possible to tell whether the peak position attributable to the montmo-
rillonite, i.e. swelling portion of the clay, was altered by the heating
process.
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ORGANIZATION PRODUCING DATA

Rockwell Hanford Operations.

AUTHORS/REFERENCE

Allen, C. C., D. L. Lane, R. A. Palmer and R. G. Johnston, "Experimental
Studies of Packing Material Stability," in The Scientific Basis for Nuclear
Waste Management, VII, Vol. 26, G. L. McVay, Editor, New York, Elsevier
Publishing, 1984, pp. 105-112.

AVAILABILITY

Published proceedings.

KEY WORDS

Bentonite, basalt, packing material.

DATE REVIEWED

October 1984.

gfs
10/9/84
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ABSTRACT

T.e Basal t casts rsalaton Project s =ndctimg mqeri-
mms asss tOtat (sodiur= 1

lnita) and crtzhed ba as -Swk acAg ~adia; ats-rbas
im a .m-aa waste repositor_ L basalt. Th erism
a:* desi=ed to :dmttfy changes inm hysicza, chera, mid
nine-ra!l-qtcl oecties that t-hese ateraLds could mzieq
in1 the -ncsitory envfrcmnt A series of bentmits &i-"a
dnrtion. wa -erts doed tt after I 373*C te
clay's struural ad swaelIL-4 pcceta e--cFse and
O:-'V r,2LmSible dehy~atiai occurrad. At 440@C h.'ever,
irevrib coamase of th2 Clay str-c=&te

-?d loss or !i- ing ability t~i Place. ydrothe-.T=L tasts
--sing -nanite, or am equal. dzctra of bestonite and :asaLt,
elong w-ith srnthetic grm-tr were aso cabted. 
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-It-ma== t 200'C, aho#: si ra enriteir t' the
-.Thy ocrred. V 300C, partifal oiversion of tha nuat-
maril-cit t a2 ran- ad =poat fnm-idt sectia

cure.along w.ith them fto-ation of seomuhzy qt and
aibit-a. n exo imri in e basalt + b-atonite - water

3t 1500C resulted in podacil ehIng of the basal t
;.ainis. but ra detectable ch-nqe La rock or clay ineraLOgy.
At 300't-. the basal t was st:.ngly etc!hed. rteo.
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rontmcri-lomite as the da-nt, clay, and secanderv sil!ca
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

02 content in basalt/synthetic groundwater system, concentration of
Tc in synthetic basalt groundwater/borosilicate glass with and without
crushed basalt, concentration of Np and Pu in synthetic basalt groundwater/
borosilicate glass system, hydraulic conductivity of packing material as a
function of density and temperature.

MATERIAL

Borosilicate glass, synthetic groundwater, crushed basalt, basalt-
bentonite packing material.

TEST CONDITIONS

1. Basalt/Groundwater Interaction: Crushed Grande Ronde basalt and
simulated basalt groundwater at 1000C and 150oC for 3000 hrs.
Groundwater saturated with air (-8 mg/L). De-oxygenated, deionized
groundwater and crushed basalt at 700C and crushed basalt/groundwater
(Eh measurements).

2. Radionuclide Releases:

(a) Tc-doped borosilicate glass/synthetic groundwater crushed basalt
at 200OC/30 MPa, SA/V 103 m-1, water/solid - 1011. Test
duration 400 to 2800 hours.

(b) Pu, Np in borosilicate glass/synthetic groundwater, at 2000C/30
MPa, SA/V - 103 -1, water/solid - 10/1. Test duration -1200
hours.

3. Hydraulic Conductivity of Packing Material: 75X crushed basalt/25%
sodium bentonite, bulk density from -1.6 g/cm3 to 2.0 g/cm3, temp-
eratures of 250C, 600C and 900C.

METHODS OF DATA ANALYSIS

Not specifically given.

AMOUNT OF DATA

Graphical Presentation:

(a) Dissolved 02 data: 16 total points with error bars.

(b) Radionuclide concentrations: Tc - 22 data points, some with
error bars.
239Pu: 5 data points - no error bars.
237Np: 4 data points - no error bars.

A5-109



(c) Hydraulic Conductivity: 18 data points - no error bars, three test
temperatures.

(d) Modeling of Release Rate: graphical presentation of calculated
release vs time for four water velocities.

UNCERTAINTIES FOR THE DATA

l. Basalt/Groundwater Interaction: For the data presented it is not clear
whether the error bars represent errors in replicate measurements and/or
detection limit error. Data only representative of conditions for fresh
basalt surfaces, no radiation, and no other package components present (e.g.
canister). Data reported on Eh achieved with crushed basalt, DIW at 700C
are not applicable to the waste package environment. In conjunction with some
information on simulated groundwater/basalt, the data indicate more oxidizing
conditions. Presence of radiolysis and other materials may result in
conditions different from those reported.

2. Radionuclide Releases From Glass: Data suggest a four orders of
magnitude decrease in the steady state concentration of T when basalt is
present. It is not clear, however, what the error bars on the data represent
(e.g. replicate measurement or detection limits). For Pu and Np, the
indication is that the steady state concentrations are lower than Tc. No
indication is given of range of concentrations or uncertainties. In general,
the data are not applicable to repository conditions. No information was
given on the speciation of Pu and Np-or the variations in steady state
concentrations with temperature, presence of corrosion products or other (
changes (pH, Eh) in groundwater properties.

3. Hydraulic Conductivity of Packing Materials: These data show an
enormous amount of scatter (e.g. at 250C and a bulk density of -1.7 g/cm3

the hydraulic conductivity appears to range over -2 orders of magnitude).
There are no data on the effect of higher temperatures (>900C) which the
packing may experience and which over time may also cause alteration in the
bentonite.

4. Model of Diffusive Radionuclide Release: Many uncertainties are present
in the assumptions made in modeling the release, e.g. the assumption that
reducing conditions are present so that the concentration in solution is
solubility limited for the lower redox state of the radionuclide, and that
mass transport is dominated by diffusion (i.e. no fracture flow, colloidal
transport etc.). No sensitivity analysis was done to indicate the overall
impact of uncertainties in key parameters on the results from the model.

DEFICIENCIES IN DATA

Only a very narrow range of conditions is considered. Radiolysis, pres-
ence of other package components are not included. No data are given on -
changes in the steady state concentration of the radionuclides as a function
of temperature or changes in water chemistry, or the effect of other package
components. Information on backfill material is over a limited temperature
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range with no consideration of changes in groundwater chemistry, radiolysis or
periodic wetting and drying. In the model calculations there is no sensitiv-
ity analysis to indicate impact of uncertainties in key parameters on the
results of the calculation.

APPLICABILITY OF DATA LICENSING [KEY DATA ( ), SUPPORTING DATA (X)|

Relationship to WP Issues Already Identified:

The data generally addresses issues in the SCA (NtREG-0960, Vol. 1,
1983). See Issue Numbers 2.1, 2.2, 2.13.

General Comments:

The report summarizes recent work by BWIP, and as such the data contained
in the report are of limited value. It does outline potential behavior of
radionuclides, and packing materials. However, the test conditions reported
do not simulate the range of conditions that may exist in a repository. The
release calculations are one-dimensional, and severely limited by the
assumptions made and the lack of any estimate of the impact of uncertainties
in the data on the results of the calculation.

ORGANIZATION PRODUCING THE DATA

DOE/BWIP.

AUTHORS/REFERENCE

Wood, M. I., Relyea, J. F., Myers, J. and Apted, M. J., "The Near Field
Waste Package Environment in Basalt and Its Effect on Waste Form
Releases," RHO-BW-SA-331P, December 1983.

AVAILABILITY

Preprint for Civilian Radioactive Waste Management Information Meeting,
December 1983.

KEY WORDS

Basalt water, solubility of radionuclides, hydraulic conductivity,
basalt-bentonite backfill, one-dimensional release model.

DATE REVIEWED

April, 1984.
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Abstract (Summary) From RafranCe:

A licensable wast& packago for a nuclear w4ste
repository n basalt must control long-term radio.
nuclide release to the host rock within approved
limits as defined by regulatory criteria. Demon.
stration of satisfactory long-term performance
requires experimental data that characterize radio.
nuclide behavior In the expected geochemical aste
package environment. Also, an Accepted model s
required to predict the long-term release of radio-
nuclides fron the waste package into the hast rock.
Experimental data are summarized that pertain to
radionuclide behavior in the nuclear waste reposi-
tory In basalt aste package (e.g., oxygen consump.
tion hydrothermal react10ns hydraullc cnduc-
tivity). A simple, one-dimensional, composite
media transport model s described that provides
calculations of aximmu radionuclide release rates
and cumulative releases (over 10.000 yr) at the
waste package packing material/host rock Interface
an a radionuclide-by-radionuclide basits. The model
demonstrates that radionuclide rlease ram the
waste package is linearly dependent on the solubi-
lity values chosen or the radionuclides of
interest. The calculated releases ar cmpared
with Nuclear Regulatory Commission nd Environ-
mental Protection Agency criteria as well as the
available experimental data. The experimental
data indicate that the maximum release rates and
cumulative releases of the radionuclides techne-
tium neptunium, 4nd plutonium from the waste
package should satisly Environmental Protection
Agency and Nuclear Regulatory Commission
requirements. (
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Calculated radionuclide solubilities in a basaltic water environment.

MATERIAL

Xi, Se, Zr, Pd, Sn, Sb, Sm, Eu, Pb, T, U p, Pu, Am; reference basalt
groundwater (Jones, 1982, RHO-EW-ST-37P).

CONDITIONS

Reactions and log K values taken from compilation of Rai and Serne,
Benson and Teague, and Phillips. Experimental data from Rai et al. (1982) and
Nair et al. (1982).

Temperature 250C; pH 9.5, Eh from -0.6V to O.OV (calculation for the
nuclides Ni, Se, Sn, U, Np, Pu), presence of -2 and HS- at low E, or
only S042 at all Eh for a single groundwater composition (Jones, 1982),
solubility in chemical compositions of 29 natural Grande Ronde groundwaters.

METHODS OF ANALYSIS

Using AGO (2980K) for individual solids and aqueous species and
with log Keq for chemical equilibria, calculated most stable dissolved
species under a set of environmental conditions.

AMOUNT OF DATA

Six graphical summaries of Log of concentration in mol/L vs Eh at 250C.
A table is given listing the solid controlling solubility, dominant solution
species, range of computed solubilities in Grande Ronde waters (mol/L),
solubility in the reference Grande Ronde groundwater (mol/L), compared to
experimental solubilities for Ni, Se, Pb, Th, U, Np, Am (all at Eh - -. 3V).

UNCERTAINTIES IN THE DATA

Uncertainties are present because of the assumptions made (no radiolysis
effects, single solubilities, single pH, low temperature). This makes these
calculations of limited value. The second major source of uncertainty is in.
the thermodynamic data base used, i.e. the completeness and accuracy of the
thermodynamic data. The authors also note that uncertainties will result if
kinetics are slow or colloidal particles form.

The calculated results in general indicate the largest range in solubil-
ity as a function of Eh for Ni, Se, and Sn (5 to 20 orders of magnitude).
The range in data over the 29 groundwaters is generally two to four orders of
magnitude at Eh - -0.3V and increases as the Eh increases. Changes in the
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dominant species in solution for Pu could result in 8 orders of magnitude in 
the solubility. For U, changes in the dominant specie in solution appear to
result in a range of solubilities that differ by 12 orders of magnitude.
Where experimental data are available for comparison, the agreement when it
exists is usually within one to two orders of magnitude. In those cases where
the calculated solubilities do not agree with experimental data, the
difference is about 5 to 6 orders of magnitude.

DEFICIENCIES IN THE DATA BASE

Since the paper does not present the detailed calculations, no assessment
of the adequacy of the assumed equilibria can be made. One major limitation,
acknowledged by the authors, is in the completeness and accuracy of the ther-
modynamic data base. A second limitation is the assumption of constant pH
and, for very near field, and the influence of soluble species from other
barrier materials (.g. corrosion products). Changes in repository water
characteristics due to irradiation and temperature are not considered. As
such, the data are of limited value for estimating or predicting the
concentration of radionuclides in the water near the package.

APPLICABILITY OF DATA TO LICENSING KEY DATA ( ), SUPPORTING DATA (x)J

Relationship to P Performance Issues Already Identified:

The data addresses Issue Number 2.13 in the S.C.A. (NUREG-0960, Vol. 1,
1983). C
General Comments:

These calculations indicate a wide variability in solubilities as a func-
tion of redox conditions, groundwater chemistry and speciation. As such, they
show the need for experimental determination of solubilities under conditions
more pertinent to a waste package. The data indicate the range in solubili-
ties that might have to be considered for modeling and serve as a data base
for comparing experimental with predicted data.

ORGANIZATION PRODUCING DATA

DOE/BIP.

AUTHORS/REFERENCE

Early, T. O., Jacobs, G. K., Drewes, D. R., "Geochemical Controls on
Radionuclide Releases from a Nuclear Waste Repository in Basalt,
Estimated Solubilities for Selected Elements," RHO-BW-SA-282P, 14T.

AVAILABILITY

Published.
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C KEY WORDS

Solubilities, basalt groundwaters, actinides, Eh, speciation.

DATE REVIEWED

April, 1984.

A5-115



- -

Abstract (Summary) From Reference:

Two basalt flows within the Grande Ronde Basalt at the Hanford Site

in southeastern Washington are candidates for a high-level nuclear waste

repository. In order to determine the anticipated rate of release and

migration of key radionuclides from the repository, solubility controls

must be determined. Solubilities, solids controlling solubility, and

aqueous speciation in groundwater have been determined from available

thermodynamic data for a variety of actinides and fission products.

Groundwater compositions used include all available analyses from the

selected radionuclides include hydroxides and hydrous oxides (Pd. Sb, Sm,

Eu, Pb, Am), oxides (Ni, Sn, Th, Np, Pu), elements (Se, Pd, Sb), and

silicates (Zr, U). Dominant soluble species include hydroxy complexes (Zr,

Pd, Sn, Sb, Sm, Eu, Th, U Np) and carbonate species (Ni, Sm, Eu, Pb, U Np,

Pu, Am). In addition to limitations in completeness and accuracy of thermo-

dynamic data, solubility estimates of the radionuclides are sensitive to

the following: (1) Eh and the degree of redox equilibrium, (2) temperature,

(3) formation of metastable solid phases, and (4) coprecipitation. Eh

effects have been evaluated for each radionuclide and are significant for

Se, Pd. Sn, and possibly U and Np. Solubility estimates also have been

calculated at ambient tmperature (.55 5'C) for Grande Ronde basalts for

those nuclides for which sufficient data exist. Effects of metastability

and coprecipitation cannot be.treated quantitatively but their contribu-

tions have been estimated n reference to available experimental data.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Graphs of the solubility of SrC12; SrC12-H20; SrC12 -2H20; SrCl 2 6R2O (in
weight percent) as a function of temperature for different systems:
SrCl2 -H20; SrCl2-NaCl-H 20; SrCl2-KCl-H20; SrCl2-NaCl-KCl-H20. Most of the
data presented was obtained by G. 0. Assarsson (1953-1955). Original data is
that gathered for the SrCl2-NaCl-H20 system.

MATERIAL

Salts: SrCl2 -6H20, SrC1 2.2E20, and NaCl.

TEST CONDITIONS

Original data were generated from determinations of the solubility of
NaC1, SrCl2-6H20 and SrCl2.1H20 from 18C to 115'C, using the technique of R.
W. Potter and M. A. Clynne (1978) for measuring the solubility of highly
soluble salts in aqueous media. The NaCl content was fixed at 0, 5, 10, 15
and 20 weight percent.

METHODS OF ANALYSIS

Data were fitted with equations using polynomial regression techniques.
No statistical information was provided.

AMOUNT OF DATA

Number of data points is not specified. The presence of NaCl in solution
reduces the SrC12 solubility by an amount dependent on the NaCl concentration
and the amount of total dissolved solids is higher. Similar effects were
reported by Assarsson for SrCl2-KCl-H 20 and SrCl2-NaCl-KCl-H20 systems.

UNCERTAINTIES IN THE DATA

Error bars on plots were not shown.

DEFICIENCIES IN THE DATA BASE

Solubilities of SrC12 in complex systems at temperatures higher than
100°C have not been measured.
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APPLICATION OF DATA TO LICENSING

[Key Data ( ), Supporting Data (X)J.

GENERAL COMMENTS

A significant portion (>30%) of the Sr contained in spent fuel and
borosilicate silicate is predicted to be released to brine and bittern. This
paper examines the behavior of Sr as SrC12 in the salt environment. Most of
the data presented is compiled from other publications.

ORGANIZATION PRODUCING DATA

U. S. Geological Survey.

AUTHORS/REFERENCE

M. A. Clynne, I-Ming Chou and J. L. Haas, Jr., SrCl 2 Solubility in
Complex Brines," in Scientific Basis for Nuclear Waste Management III, J. G.
Moore, Editor, New York, Plenum Press, 1981, pp. 499-506.

AVAILABILITY

Published proceedings.

KEY WORDS

Solubility, Strontium, brine, bittern, salt.

DATE REVIEWED

October 1984.

No abstract or summary was given.

gfs
11/6/84
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

(a) General corrosion - penetration rate m/yr
(b) Load-elongation plot
(c) Elongation and reduction of area versus strain rate

MATERIAL

(a) 2 1/2% Cr, 1 1/2% Mo Fe-base alloy
(b) 1 1/4Z Cr, 1/2% Mo Fe-base alloy
(c) Ductile cast iron (ASTM A536-77, Grade 60-40-18)
(d) Cast mild steel (ASTH A27, Grade 60-30, AISI 1025 equivalent)
(e) Wrought steel sheet AISI 1025
(f) High purity iron
(g) Permian Basin No. 2 brine.

TEST CONDITIONS

150C maximum, up to seven months duration:

General corrosion:

(a) Without radiation and with gamma radiation (1x105 rad/h and 2x103 rad/h)
(b) Oxic (1.5 ppm DO) and anoxic (0.5 ppm DO)
(c) Flow-through autoclave 35 m/h, pressure not specified.

Slow-strain-rate (SSR) tests for stress-corrosion cracking:

(a) Oxic Permian 2 brine
(b) Control - in air
(c) Strained to failure at rates of 10 4 /s and 2x10 7/s.

METHODS OF ANALYSIS

No statistics given. Plots of data show a significant amount of
scatter. A corrosion model is presented:

3120 178
(7.377 - T )( 5*5 + 1 + F + 177A)P - e _ _ _ _ _ _ I1

1.2xI10 1 0 VR
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where

P is the uniform penetration rate of carbon steel in pm/yr
T is in Kelvin
F is flow rate in /sec
V is volume in
A is area in cm
R is radiation dose rate in rad/h.

AMOUNT OF DATA

37 data points general corrosion (oxic and anoxic) - without irradiation.
21 data points general corrosion - with gamma irradiation.
6-8 data points for each of two strain rates.

UNCERTAINTIES IN THE DATA

Not stated.

DEFICIENCIES IN THE DATA BASE

(a) Use of flow-through Permian Brine 2 is not justified.
(b) Data for pitting corrosion was not provided.
(c) Effect of alpha radiolysis on brine and corrosion was not considered.
(d) These are short-term data.
(e) Specimens were polished prior to testing.
(f) Corrosion under equilibrium conditions was not studied - for example,

salt rock should be present as part of the near-field chemical
environment.

APPLICATION OF DATA TO LICENSING

[Key Data (X), Supporting Data ( )].

GENERAL COMMENTS

This paper describes ongoing studies at PNL. Preliminary conclusions
were given concerning the effect of radiation on the corrosion of carbon steel
in flowing Permian Basin Brine 2 at temperatures ranging from 110-1500C. It
appears that dose rates of 105 rad/h enhanced corrosion by a factor. of 6 and
that dose rates of 2xlO3 rad/h showed little or no enhancement over the
duration of the test. The iron alloys tested behaved similarly. The data
presented will have to be supplemented by further testing in systems that
better simulate the repository environment.
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ORGANIZATION PRODUCING DATA

Pacific Northwest Laboratory.

AUTHORS/REFERENCE

Westerman, R. E. and others, "Evaluation of Iron-Based Materials," in The
Scientific Basis for Nuclear Waste Management, VII, G. L. McVay, Editor, New
York, Elsevier Publishing, 1984, pp. 427-436.

AVAILABILITY

Published Proceedings.

KEY WORDS

Corrosion, low-carbon steel, brine, stability, modeling, package.

DATE REVIEWED

September 1984.

gfs
10/1/84

A5-121



-

ABSTRACT

Design studies for high-level nuclear waste packages
for salt repositories have identified low-carbon steel as
a candidate material for containers. Amonij the require-
ments are strength. corrosion resistance and fabricabil-
ity. The studies of the corrosion resistance and struc-
tural stability of ron-base materials (particularly low-
carbon steel) are treated in this paper. The materials
have been exposed in brines that are characteristic of the
potential sites for salt repositories. The effects of
temperature. radiation level, oxygen level and other para-
meters are under investigation. The initial development
of corrosion models for these environments Is presented
with discussion of the key mechanisms under consideration.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Reference brine solution compositions, uniform corrosion rates (mm/yr) of
18 metals in four water compositions, pH vs temperature of three salt (brine)
compositions corrosion rate wr/t dissolved 02 content (three Ti alloys),
temperature effect on uniform corrosion rate of three Ti-alloys; effect of y
irradiation on corrosion rates of the four metals; corrosion rate Ti-50A vs
time.

MATERIAL

Brine A and B, seawater, mild steel (1018), Corten A steel, Cr-Mo steel,
Pb, Cu, cupronickel, 304-LSS, 316-LSS, Nitrone-50 SS, Ebrite 26-1 SS, Monel
400, Incoloy 825, Inconel 600, Inconel 625, astelloy C-276, Zircaloy-2,
Ti-50A, TiCode-12.

CONDITIONS

(a) Initial screening tests: 29 days to six months accelerated tests at
25*C. Seawater, Brine B, Brine A, Brine A with 600 ppm 02-

(b) General Corrosion:
1) Ti-50A: 30 days;
2) Ti-50A: Brine A, temperatures =225'C to 50C;
3) Ti Alloys: 250'C, 30 days, Brine A and seawater; 02 conc of 30

ppb or 450-500 ppm; second work in Brine A, 30 ppb 2, T - 70-C,
150-C, 250-C, 30 days.

(c) Corrosion Mechanisms:
1) TiCode-12: pH - I concentrated aCl; 200C, three weeks.
2) TiCode-12: 400 to 600C in air.

(d) Radiation Studies: 105 to 107 rad/h, seawater, T - 90'C, 49 or 87
days.

(e) Environmental Cracking and Embrittlement (TiCode-12)
Tensile Tests: constant strain rate 10-4 to 10-7 sec-1, 30 to

250'C, air, Brine A, Brine B or flowing oxygenated
solution, prior y irradiation in brine, heat
treatment, weldments.

(f) Physical/Mechanical Metallurgy:
Sensitized vs unsensitized (mill-annealed) TiCode-12, corrosion
rates vs pH, HCl acid medium. Temperature not given.

METHODS OF ANALYSIS

(a) Initial Screening Tests: weight change for general corrosion
rates. Observation for leaching attack.
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(b) General Corrosion:
1) Ti-50A: 30-day test at single temperature - weight loss. C
2) Ti-50A: Temperature dependence of corrosion rate; weight

change.
3) Ti-alloys: 02 dependence and temperature dependence; weight

change.

(c) Corrosion Mechanisms: Electrochemical polarization techniques:
Auger, ESCA, Raman:
1) TiCode-12: 200C, pH - 1, three weeks: Auger spectrum.
2) TiCode-12: 400 to 6000C in air: Raman spectrum.

(d) Radiation Studies: weight change

(e) Physical and Mechanical Metallurgy: weight change.

AMOUNT OF DATA

(a) Initial Screening Tests: Table of general corrosion rates in mm/yr;
notation of observations on localized attack. Table of pH change vs
temperature (25 to 270'C) for Brine A, Brine B and seawater.

(b) Uniform Corrosion:
1) Graphical presentation of corrosion rate (mm/yr) of Ti-50A vs

time, four points, 30 days.

2) Ti-50A: corrosion Brine A vs temperature - graphical C
presentation, with four points.

3) Ti alloys (Ti-50A, TiCode-12, Ti-0.2Z Pd); 12 data points (seven
each for two types of water) for effect of two 02 concentra-
tions. Nine data points for three temperatures in Brine A. at 30
ppb 02-

(c) Corrosion Mechanisms:
1) TiCode-12; pH 1 concentrated brine; 200C; three weeks;

graphical presentation; Auger spectrum

2) TiCode-12; 400-600'C in air; Raman spectrum of surface oxide.

(d) Radiation Studies: Four metals (Ti Code 12, 304L, 1018 steel and
Inconel 625), 14 corrosion rates (mm/yr) in various waters, dose
rates (either 105 or 107 rads/h) and time.

(e) Environmental Cracking and Embrittlement.
1) Graphical presentation of reduction of area, ultimate tensile

strength and elongation vs strain rate (ratio of properties in
Brine B and air).

(f) Physical and Mechanical Metallurgy: Graphical presentation of cor-
rosion rates (mm/yr) vs p for sensitized and unsensitized TiCode-
12, four points for each material. HCl concentration varies from
x1.6 M to 0.4 M.

A5-124



UNCERTAINTIES IN THE DATA

(a) Initial Screening Tests: No indications given of spread in corro-
sion rates under identical conditions. Where pitting etc., observ-
ed, no indication of the magnitude. Most data at a single tempera-
ture, pressure and time (28 days). No indication of spread in pH
values at given temperature for each solution. The spread in pH
values with composition of solution at given temperature can be as
much as 2 to 3 p units.

(b) Uniform Corrosion:
1) Ti-50A general corrosion rate - no point scatter; scatter in

measured rate from t - 1 day to 30 days. May be as much as
=3xlO3 mm/yr based on differences at t - 15 days and t - 20

2) Ti-50A: uniform corrosion vs temperature: no scatter associ-
ated with individual points. Rate change (mm/yr x 103). Two
orders of magnitude change over temperature range studied.

3) Ti-50A, Ti-12, Ti-0.2% Pd: corrosion rate as function of 02
concentration in Brine A and seawater at 250%C and with tempera-
ture in Brine A at 30 ppb 02: No indication of variability of
each data point; only two, extreme 02 concentrations studied.
For temperature studies only one 2 (30 ppb) studied at three
temperatures.

(c) Corrosion Mechanisms:
1) TiCode; pH - I NaCl solution; 200*C: three weeks: represents

analysis of changes under limited set of conditions.
2) TiCode-12; 400-600C (in air): Single spectrum - work done pri-

marily to investigate usefulness of technique for studying cor-
rosion mechanisms.

(d) Radiation Studies: No individual point scatter indicated. Order of
magnitude increase for TiCode-12 in corrosion rate in Brine A with
factor of 2 increase in total dose. Very little increase in sea-
water corrosion with total dose. Order of magnitude difference in
rates at highest total dose between Brine A and seawater (seawater <
Brine A rate). For 304L Stainless Steel in Brine A a factor of 200
increase in the corrosion rate for factor 2 increase in total
dose. Only one temperature studied; increase in 2 levels noted.

(e) Environmental Cracking and Embrittlement:
1) Changes in mechanical properties vs strain rate: data are only

representative' of large data set - no errors or uncertainties-
indicated from sample to sample etc. Ratio in brine/air >1, but
scatter not indicated to show what the uncertainty may be.

2) Physical and Mechanical Metallurgy: Corrosion rates are given
in highly acidic medium; temperature is not indicated (boil-.
ing?). Data very atypical of anticipated repository condi-
tions. Data do, however, indicate an almost factor of two in-
crease in general corrosion rate between sensitized and
unsensitized material.
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DEFICIENCIES IN THE DATA BASE C
No indication is given of replicate reproducibility, i.e. point scatter.

The data represent single component tests under a limited range of conditions
some of which are not representative of anticipated conditions. Radiation
studies are limited and while a fairly large temperature range is
investigated, normally only three or four discrete temperatures are studied.

ORGANIZATION PRODUCING DATA

DOE/Sandia National Laboratory.

AUTHORS/REFERENCE

Molecke, M. A. and others, "Sandia LW Canister/Overpack Studies
Applicable for a Salt Repository," SAND81-1585j October 1981.

AVAILABILITY

Published.

KEY WORDS

Salt, corrosion, canister, brine, commercial wastes.

DATE REVIEWED

May 1984. C
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ABSTRACT

An experimental program to develop candidate materials for
use as high-level waste (HLW) overpacks or canisters in a
salt repository has been in progress at Sandia National
Laboratories since 1976. The main objective of this pro-
gram has been to provide a waste package barrier having a
long lifetime in the chemical and physical environment of
a repository. This paper summarizes the recent corrosion
and metallurgical results for the prime overpack material
TiCode-12 in the areas of uniform corrosion (extremely low
rate and extent), local attack, e.g. pits and crevices
(none found), stress corrosion cracking susceptibility (no
significant changes in macroscopic tensile properties
detected) and hydrogen sorption/embrittlement effects
(testing still in process), effects of gamma irradiation
in solution (still in process), and sensitization effects
(still in process). Previous candidate screening analyses
on other alloys and recent work on alternate overpack
alloys are reviewed. All phases of these interrelated
laboratory, hot-cell, and field experimental studies are
described.

A5-127



C

BLANK PAGE

C

A5 -128



WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Initial and final brine composition following a multicomponent" test,
analysis and depth of glass surface alteration product, pre- and post-test
analysis of TiCode-12, mechanical test results on TiCode-12.

MATERIAL

PNL-76-68 glass (w/3.5% 238U; S/V - 0.3 cm1l); 304L stainless steel can-
ister (1.3-mm thick), TiCode-12 (1-mm thick) with welds; 30% by weight
bentonite-clay/70% sand; saturated brine; rock salt "container," Inconel 600
autoclave liner.

CONDITIONS

PNL-76-68 glass encased in 304L stainless steel canister; overpacked with
TiCode-12 canister. Simulated waste package partially immersed in brine and
partially immersed in sand-bentonite; entire system placed in a "machined rock
salt container"; system flushed with He and pressurized to 13 Ma. Autoclave
heated to 250C for total of 95 days.

METHODS OF ANALYSIS

(a) Brine leachate: Inductively coupled plason spectroscopy and ion
chromatography.

(b) Glass waste form: optical and electron microprobe analysis.

(c) TiCode-12 overpack: weight loss, SEM, Auger, X-ray diffraction
tensile strength.

(d) 304L stainless steel: EDAX analysis, SEM analysis and optical
microscopy.

(e) Autoclave liner (Inconel 600): SEM

(f) Bentonite/sand backfill: X-ray diffraction; electron diffraction/
transmission microscopy, X-ray fluorescence.

AMOUNT OF DATA

1. Brine leachant: Initial brine leachant composition, composition
following mixing with backfill at room temperature; composition fol-
lowing 95 days of testing (13 cations; 4 anions; pH and concentra-
tions of U-238 in mg/L) no indication of replicate uncertainties, no
data on replicate tests.
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2. Glass waste form: Primarily qualitative surface alteration depth
after 95 days (0.8-0.1 mm) observation of surface spalling, partial C
analysis of major oxides in alteration layer (MgO2, SiO2, Fe203,
Na2O and ZO 2); observation of fractures parallel to glass, 304-L
canister surface; corrosion at glass-metal interface.

3. TiCode-12: Two uniform corrosion rates (mmlyr) for abraded and
unabraded samples: SE24 analysis showed no localized corrosion of
base metal and weld; surface film (1.2 um) showed presence of 10
species including Cl and 238U; no Ti; X-ray diffraction of film and
surrounding area indicate precipitate of uranium oxide and magnesium
silicate; presence of titanium hydride throughout specimen; post-
test 2 levels of 600-700 ppm: percent change as measured in per-
cent elongation at 2C and 175'C and yield strength at 2C and
175"C.

4. 304L stainless steel: Qualitative observations of surface film and
general corrosion around canister; particularly at welds;
observation of cracking in both base and weld metal.

5. Autoclave liner: Qualitative observations: 70% of surface covered
with colored films; evidence of pitting.

6. Backfill material: No numerical data - qualitative observation.
a) Unglycolated samples: formation of a non-interlayered second

clay form

b) Glycolated samples: formation of a second smectite clay
observed.

UNCERTAINTIES IN THE DATA

1. Brine leachant: No indication is given of uncertainties in a single
measurement for a set of conditions. Replicate tests were not run.
Largest changes are observed for Na+, Mg+2, +2, Zn+2, MU+2, S0 4-2
and pH between pre-test and post-test brines.

2. Glass waste form: No indication of variation in surface film com-
position given or a comparison with surface film formed during
"single" component tests. Data qualitative in nature.

3. TiCode overpack: No indication of uncertainties in estimates of.
uniform corrosion rates. Factor of 12 increase in HZ content be-
tween pre- and post-tested samples; 13% increase in elongation ongo-
ing from 20' to 175C. Spread in decrease of yield strength
(13-34%) at either temperature (factor 3).

4. 304-L stainless steel: Only qualitative data.

5. Backfill: Identification of major specie changes - no quantitative
data.
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DEFICIENCIES IN THE DATA

The data and qualitative information reported in this report represent
information on a single package' test. Replicate testing would help estab-
lish the uncertainties in the data. In addition, this work was conducted in
the absence of radiation. To further reduce or define uncertainties and the
changes occurring in whole package interaction tests, replicate tests run as a
function of time and in a radiation field would be advantageous. Temperature
is yet another variable that should be included in most component tests.

APPLICATION OF DATA TO LICENSING KEY DATA ( ), SUPPORTING DATA (X)]

General Comments:

Evaluation performed on a borosilicate glass waste form doped with
fission products and U, surrounded by a T304L stainless steel/TiCode-12
container/overpack system, a bentonite/sand backfill, excess brine and a salt
host rock. The components were all breached prior to test to determine
synergistic effects in a 95-day, 250C test in an autoclave.

The brine pH decreased from 6.8 to 3.8 after test which is stated to be a
result of reactions between MgC12 and SiO2 and aluminosilicates. It could
also be due to release of Cl from the salt during heating. An analysis of
the glass surface showed the presence of SiO2, MgO2, Fe2O3, Na2O, and ZrO2
plus small amounts of Zn, U, Nd, Ni and Cr. The TiCode-12 container contained
TiH2 platelets throughout the thickness, omega phase in the beta phase, and
Ti2Ni on a/6 interfaces. The 2 content increased from 50 to 600-700 ppm. At
this level, embrittlement effects are likely, as shown by other SNL and BNL
work. The 304L stainless steel container suffered extensive general
corrosion, particularly at welds. Brine interaction caused significant
changes in the bentonite clay.

These data are of significant value in assessing synergistic interactions
between waste package components and address mainly early waste package
failure at high temperature. It has been shown that many of the effects are
similar to single component tests and thus help validate the latter.

ORGANIZATION PRODUCING THE DATA

DOE/Sandia National Laboratory and Battelle Pacific Northwest Laboratory.

AUTHORS/REFERENCE

Molecke, M. A. and others PNL-Sandia LW Package Interaction Tests:
Phase One," Scientific Basis for Radioactive Waste Management, Materials
Research Society, Volume 6, North-Holland, NY, 1982, pp. 337-45.

AVAILABILITY

Published.
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Waste package tests, component interactions, hydrothermal conditions,
brine, salt repository.

DATE REVIEWED

May 1984.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

(a) Compositions of saturated salt brines at 25%C in ppm for Na+, K+, Ca2+,
Mg2 , Sr2+, Zn2+, Cl, S04

2 , HC0 3 , Br-, B03
3 , and S2- for Permian

Basin Cycles 4 and 5 and Paradox Basin Cycle 6.

(b) pH values versus accumulated gamma dose (in rads) and versus annealing
temperature for Harshaw NaCl and Permian Basin Cycle 4 rock and brine.

(c) pH vaues and gas composition of Cycle 4 synthetic Permian brine doped
with Cm to study alpha radiolysis effects.

MATERIAL

Permian Basin Cycle 4 and 5 rock and brine. Paradox Basin brine.
Harshaw NaC1 crystals.

TEST CONDITIONS

The temperatures at which the experiments were carried out is not
specified. The composition of he brines is given for 25°C. Gamma
irradiations between 10 and 10 0 rad were performed on solutions of 0.1 g
salt in 1.0 m deionized water. Annealing temperature of rock salt prior to
further studies had a maximum of 400'C.

METHODS OF ANALYSIS

Not stated. No statistical information given.

AMOUNT OF DATA

(a) 25 19ata points for pH versus accumulated gamma dose ranging from 108 to
10 rad.

(b) 12 data points for pH versus annealing temperature.

(c) Composition of six cations and six anions in brine.

(d) Four data points each for alpha radiolysis studies:

1. pH
2. gas composition (): H2, 20, N2 , 02
3. Nitrate, mg NIL

AS-135



UNCERTAINTIES IN THE DATA

Statistics not given. Temperatures not stated.

DEFICIENCIES IN THE DATA BASE

See General Comments.

APPLICATION OF DATA TO LICENSING

[Key Data ( ), Supporting Data (X)].

GENERAL COMMENTS

This is a review of some studies dealing with the alteration of brines by
radiolysis. The statement is made that if C12 does not escape the system,
then the solution pH will be nearly neutral. Graphs showing pH versus total
gamma dose only consider the range of pH 7-14. The presence of gases such as
N2 and the formation of nitric acid are not discussed in regard to effect on
the pH of the solution. An evaluation needs to be performed to determine the
identity and contact of significant radiolysis products and what the signifi-
cant dissociation reactions are that control pH over the range of anticipated
temperatures.

ORGANIZATION PRODUCING DATA

Pacific Northwest Laboratory.

AUTHORS/REFERENCE

Pederson, L. R. and others, The Expected Environment for Waste Packages
in a Salt Repository," in The Scientific Basis for Nuclear Waste Management,
VII, Vol. 26, G. L. McVay, Editor, New York, Elsevier Publishing, 1984, pp.
417-426.

AVAILABILITY

Published Proceedings.

KEY WORDS

Near-field, salt, brine, pH, radiolysis, gamma, alpha.

DATE REVIEWED

September, 1984.
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ABSTRACT

This paper discusses results of recent efforts to
define the very near-field (within approxiately 2)
environmental conditions to which waste packages will be
exposed in a salt repository. These conditions ust be
considered in the experirental design for waste package
materials testing, which incluees corrosion of barrier
materials and leaching of waste forms. Ste-specific brine
Corposit10ns have been determined, and standard' brine
compositions have been selected for testing purposes.
ctual brine compositions will vary depending on origin.

teaperature, irradiation history, and contact with
irradiated rock salt. Results of irradiating rock salt,
synthetic brines, rock salt/brine mixtures, and reactions of
irradiated rock salt with brine sniutlons are reported.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Estimates for total mass, in kg, of radiation-induced Na-metal colloid
that would be produced in natural rock salt from the WIPP site by gamma-ray
irradiation for four packages at various times after emplacement.

MATERIAL

Packages in WIPP salt are: CHLW-2.16 kW, CHL-9.5 kW, SF-0.55 kW, SF-3.3
kW.

TEST CONDITIONS

Experimental irradiation data previously reported for WIPP salt were used
to estimate amount of Na-metal colloid formation. See AMOUNT OF DATA Section
for details of irradiation conditions.

METHODS OF ANALYSIS

Not specified. No statistical information was given.

AMOUNT OF DATA

Radiation-induced colloid growth curves previously developed for W4IPP
salt at accumulated doses ranging from 106 to 1-2x108 rad at various dose
rates of 3x107 rad/h, 6x107 rad/h, and 1.2x108 rad/h were used to generate
estimates of quantities of colloidal sodium (in kg) produced as a function of
distance (1-15 cm) from the following packages: CHLW-2.16 kW, CHLW-9.5 kW,
SF-0.55 kW, SF-3.3 kW as a function of time (10, 25, 50, 100, 200, 300, 400,
500 years).

UNCERTAINTIES IN THE DATA

Author states that information needed to make reliable estimates of radi-
ation damage in rock salt surrounding radioactive waste canisters does not
exist at this time. The data used in the estimates were obtained at dose
rates orders of magnitude higher than those anticipated in a repository and at
accumulated doses orders of magnitude smaller than those anticipated in a
repository.
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-DEFICIENCIES IN THE DATA BASE

These preliminary data were obtained for one type of salt. Measurements
of colloid levels on a statistically reliable number of different salt samples
from each potential repository site need to be made. The effects of high accu-
mulated dose to 1-2x1 1 0O rad, low dose rate, and straining of salt before and
during irradiation, need to be assessed. The amount and effects of alpha and
beta radiation at a salt-waste interface over long periods of time must also be
determined.

APPLICATION OF DATA TO LICENSING

[Key Data ( ), Supporting Data (X)].

GENERAL COMMENTS

These estimates for production of colloidal sodium are based on severely-
limited data from WIPP salt. The amount of colloidal sodium produced is very
dependent on specific salt characteristics, e.g. impurities and voids.

The radiation induced F-center and colloid growth rates and induction
period properties are strong functions of irradiation temperature, gamma dose
rate, the strain state of the salt and other factors. For WIPP salt, at a sin-
gle dose rate, the F-center plateau is highest at 90'C and decreases monotonic-
ally as the irradiation temperature increases. The F-center growth rate in-
creases with crystal strain. The colloid growth rate is low at 90'C, increases
with increasing temperature to a maximum at 150-175C and, decreases to neglig-
ible level at 250-300'C. The induction period is >104 see at 100'C, decreases
to a minimum <3000 sec at 150C and is 104 sec at 2500C. The colloid formation
dose rate dependence is unusual. As the dose rate diminishes, the colloid
growth rate increases and the induction period decreases. In other words low
gamma dose rates are more effective in producing colloidal Na than high dose
rates. For the estimates described below, the data used were obtained at dose
rates 103 to 10 4 times larger than those expected from canisters (1-2x104
rad/h).

Strain effects are likely to control the total colloid produced in a re-
pository. Repository salt will be subject to non-isotropic strain, starting
with mining and coring operations and continuing until isotropic equilibrium is
established. Straining salt prior to irradiation increases the colloid forma-
tion rate and decreases the induction period, for strains up to roughly 10 per-
cent. Apparently studies on strains applied during irradiation have not been
attempted. Presumably, straining NaCl during irradiation will cause large
increases in the F-center and colloid formation rates.

ORGANIZATION PRODUCING DATA

Brookhaven National Laboratory.
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AUTHORS/REFERENCE

Levy, P. W. and J. A. Kierstead, Very Rough Preliminary Estimates of the
Colloidal Sodium Induced in Rock Salt by Radioactive Waste Canister Radia-
tion," in The Scientific Basis for Nuclear Waste Management,VII, Vol. 26, G.
L. McVay, Editor, New York, Elsevier Publishing, 1984, pp. 727-734.

AVAILABILITY

Published proceedings.

KEY WORDS

Salt, colloidal sodium, radiolysis, gamma radiation.

DATE REVIEWED

September, 1984.
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ABSTRACT

Very rough stimntes hove been mde of the total nmotnt,
the formatio rnte nd spntnlo dtrlhibtfon of the N metalcolloid particles induced in rock salt adjacent to four
types of radioactive waste canisters. A number of extra-pnIntInnn wre required. Salt ImmiedlAtely ndjncent n a
lightly shielded, 2.16 k, high level waste canister couldbe converted entirely to colloidal N (and presumably chlo-rine 'na) in 2-400 yearn. Th total N netnl formed will
be 250-300 kg. A heavily shielded, 3.3 kW, spent fuel can-ister will convert roughly 0.3 percent of the salt At thecanister surface to colloidal Na and the total sodium metalwill be roughly 0.5 kg. Even at the lowdst colloid levelsthe Na metal formed hould grently nfIlence Interactinns
between canisters and the surrounding salt, particularly if
brine enters.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

No original data is provided. This report comments on the validity of
the conclusions reached by Jenks and Clarborne as a result of these calcula-
tions of expected brine inr-flow to a nuclear waste repository in salt by dis-
cussing uncertainties and errors in input.

MATERIAL

Domal and bedded salt formations.

TEST CONDITIONS

Not applicable.

METHODS OF ANALYSIS

Not applicable.

AMUNT OF DATA

Not applicable.

UNCERTAINTIES IN THE DATA

According to Roedder and Chou, the conclusions reached by Jenks and
Claiborne as a result of calculations of expected brine in-flow to a nuclear
waste repository in rock salt are not truly conservative when the observa-
tional and theoretical bases are considered. A truly valid calculation is not
possible at this time, as there are too many uncertainties, but Roedder and
Chou suggest that the in-flow calculations of Jenks and Claiborne are low,
perhaps by several orders of magnitude, as a result of a combination of the
following:

1. Assumption of a value of 0.19 wt.% H20 for bedded salt, whereas the
true in situ value is almost certainly much higher, perhaps by a factor of
10 or more.

2. Assumption of a Soret coefficient (-a) of 0.0004 to 0.005'C- 1 be-
tween 50° and 200'C, whereas the true value is almost certainly much higher,
perhaps even greater than 0.01'C-1.

3. Assumptions about the existence, and magnitude, of a threshold value
for the thermal gradient, below which migration is assumed to cease.
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4. Assumption that rock salt formations of repository size can be coa-
sidered to be isotropic and uniformly extremely low in permeability.

5. Assumption that the original location of the water is as intracrys-
tralline inclusions, whereas some and possibly much of the water in any given
salt bed is more likely to be already on halite grain boundaries, as inter-
crystalline fluid inclusions and hydrous mineral impurity grains.

6. Assumption that fluid migration through a polycrystalline, polymin-
eralic rock salt mass can be modelled mathematically as though it were a large
single crystal of salt.

DEFICIENCIES IN THE DATA BASE

See uncertainties.

APPLICABILITY OF DATA TO LICENSING

[Key Data (X), Supporting Data ( )].

GENERAL COMMENTS

The amount of water reaching a waste package in a salt repository is a
critical factor to consider during the breach of containment period. It
appears that much uncertainty exists concerning this amount. During the con-
trolled release period, the amount of water reaching the package may not be as
critical if it can be shown that the water will not be able to migrate to the
accessible environment in 10,000 years.

ORGINIZATION PRODUCING DATA

U. S. Geological Survey

AUTHORS/REFERENCE

USGS-OFR-82-1131, A Critique of 'Brine Migration in Salt and Its Impli-
cations in the Geologic Disposal of Nuclear Waste,' Oak Ridge National Labora-
tory Report 5818, by G. H. Jenks and H. C. Claiborne, E. Roedder and J-Ming
Chou, U. S. Geological Survey.

AVAILABILITY

NTIS
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KEY WORDS

Brine, salt, waste package, mitration, accumulation.

DATE REVIEWED

October 1984
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A critique of Brine igration in salt and its implications in the geologic
disposal of nuclear waste," Oak RidlJe National Laboratory Report 5818, by
G.H. Jenks and H.C. Claiborne

by Edwin Roedder and [-Ming Chou
U.S. Geological Survey, 959 National Center, Reston, VA 22092

ABSTRACT

Jenks and Claiborne in 1981 published a 164 page "...comprehensive
review and analysis of available information relating to brine migration in
salt surrounding radioactive waste in a salt repository." Calculations are
presented in that publication, that are called "reasonably conservative," to
show that the rates and total volumes of brine expected to migrate into a
given emplacement hole in bedded salt over the first 100 years are sufficiently
low (e.g., 250 mil/year) that they are of relatively minor concern in the
engineering design of a nuclear waste repository. We believe that because
the values used for the major input parameters are either nonconservative,
selected numbers, or are based on inadequate data, the results of these
calculations are invalid. Neither we nor others are able to make a truly
valid calculation at this time as there are too many uncertainties, but we
show that conservative estimates should be larger, and perhaps two orders
of magnitude larger, than those made by Jenks and Claiborne.

INTRODJCT ION

One of the factors in establishing the safety, cost, and engineering
complexity of any proposed nuclear waste repository in salt centers on
the possible migration of brine from the salt into the immediate vicinity
of the waste package. Jenks and Claiborne (1981; hereafter abbreviated
J-C) have presented a "comprehensive review and analysis of available
information relating to brine migration in salt surrounding radioactive
waste in a salt repository." The major conclusion of this report, for most
potential users, lies in the very low (and hence readily manageable) values
that they calculate for the possible rate of inflow of water into a canister
chamber (<250 ml/yr.). Although some caveats are mentioned in their report,
this value (stated to be "reasonably conservative"), will obviously be
used in discussions of the feasibility of such repositories.

This low value is based, however, on a series of assumptions and
choices of data from the literature, many of which we show are invalid to
some degree, and which taken together have the net effect of greatly reducing
the calculated rate of inflow, thus making the result far from conservative."
The most important of these assumptions and choices pertain to: 1) the
water content to be used in the calculations; 2) the rate of migration of
fluid inclusions through single salt crystals; and 3) the behavior of
migrating fluid inclusions when they intersect a grain boundary. Although
we take similar issue with numerous other points made by J-C, and have so
informed them in the past, the following critique centers on the nature
and validity of the assumptions in these three key areas.

It is not now possihle to calculate the expected rate of inflow with
any confidence, as there are far too many uncertainties and nknowns.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

For the determination of the composition of the rock beds, gamma-ray
scattering to locate differences in rock density and neutron scattering to
locate hydrogen nuclei in the rock were used. Chemical analyses data for
Ca2+, Mti+, Na+, K+, S042-, and C- were tabulated for Palo Duro
brine/inclusions and WIPP Brines A and B and inclusions.

MATERIAL

Palo Duro salt beds and brine/inclusions.

TEST CONDITIONS

Not stated.

METHODS OF ANALYSIS

Not stated.

AMOUNT OF DATA

(a) Percentages of anhydrite, clay, and halite for one salt bed in deposi-
tional Cycle 4, Lower Andres Formation, Palo Duro Basin, Texas, J.
Friemel No. 1 drill hole.

(b) Composition of fluid inclusion from above salt in ppm for six ions was
determined.

UNCERTAINTIES IN THE DATA

Not stated.

DEFICIENCIES IN THE DATA BASE

(a) No statistical information is provided.

(b) Composition of brine/inclusions are initial.

(c) The radiation alteration of the environment is not considered in the
alteration of the brine contacting the package.

(d) CaSO4 will change to gypsum CaSO4,2a2O. This is soluble in acidic
media. The effect of the change in environment on solubility is not
considered.
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APPLICTION OF DATA TO LICENSING

[Key Data ( ), Supporting Data (X)].

GENERAL COMMENTS

It is stated that the chemical conditions around the waste package may be
significantly altered by the anhydrite in Palo Duro salt. It is proposed that
anhydrite will form a protective coating on the canister. CaSO4 can be corro-
sive to carbon steel. Anhdyrite when it becomes hydrated will form gypsum.
Gypsum is soluble in acids. Any change in pH that produces acidic conditions
will cause the dissolution of gypsum. The solubility behavior of CaSO4 in a
groundwater system may be significantly different than solubility in a pure
water system. It must also be noted that there can be mutual interference
effects on solubility. If NaCl and CaSO4 are dissolved in water together, the
solubility of CaSO4 becomes independent of temperature and is dependent on the
NaCl concentration (H. J. Neumann, B. Paczynska-Lahme and D. Severin, Composi-
tion and Properties of Petroleum, New York, Halsted Press, 1981). This leads
to the general observation that one must consider the effect of the altered
environment on the package. The definition of initial conditions is of impor-
tance, but behavior of the package will depend on the change in conditions
arising from the presence of the package in the environment.

ORGANIZATION PRODUCING DATA

Battelle Memorial Institute.

AUTHORS /REFERENCE

Hubbard, N., D. Livingston and L. Fukui, "The Composition and Strati-
graphic Distribution of Materials in the Lower San Andres Salt Unit 4,' in The
Scientific Basis for Nuclear Waste Management, VII, G. L. McVay, Editor, New
York, Elsevier, pp. 405-415.

AVAILABILITY

Published Proceedings.

KEY WORDS

Brine, bedded salt, Deaf Smith, anhydrite.

DATE REVIEWED

September 1984.
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10/1/84
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ABSTRACT

The salt bed In depositional cycle 4 o the Permian
Lower Snn Andres Formntlon, Palo Dtiro nnrin. Deaf Smith
County, Texas consists of massive salt nterlayered with
discrete bands and beds of anhydrite and claystone. The
mnsnavo nnlt ennnintn of aihoit 9% Ihtimlt, wth 7% nhydrito
and 3 clays disseminated In and among the halite crystals.

The halite n this salt bed contains fluid nclusions
filled with a (Na, , Mg)CI brine, with an average Mg
concentration of about 50,000 m/liter. The anhydrite in
tho salt will saturate the brinoo in CaSO4, which In turn
may coat the waste package with anhydrite because of the
retrograde solubility of CaSO4. This may increase waste
package lifetime to failure by corrosion.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

No test data are provided. The results of WAPPA for the following are
presented in graph form: temperatures at salt-overpack interface, stress
boundary conditions, dose rates from centerline CHLW and SF packages, brine
migration inflow rates per canister, penetration rate, failure thickness,
accumulated brine.

MATERIAL

Not applicable.

TEST CONDITIONS

Not applicable.

METHODS OF ANALYSIS

Not applicable.

AMOUNT OF DATA

WAPPA results for CHLW and SF P waste packages in Palo Duro (PD) bedded
salt, Gibson Dome (GD), and Richton Dome (RD) are presented in graphical form.

Boundary Temperatures: Peak temperatures are reached within one to 20
years after burial. They are higher in domal salt than bedded salt. The
highest temperature for a SF PWR package is 170'C; for a CHLW package is
270°C.

Boundary Stresses: Assumed normal stress boundary conditions (vertical
and radial) at CHLW waste package midplane within 20 years of burial range
from 13 Pa to 36 MPa.

Radiation Fields: A SF PWR package at burial generates a radiation dose
rate of 3-4 rad/h at the salt-overpack interface in a non-corroded overpack.
Initially the intact overpack shields the canister metal-brine interface from
two orders of magnitude higher radiation fields. A CHLW package at 100 years
generates a radiation dose rate of <3 rad/h at the salt-overpack interface in
a non-corroded overpack.

Brine Migration Rate: The brine migration inflow rates per canister are
the greatest immediately after burial and range from 2 yr to =95 L/yr. At
100 years after burial, the rates range from 0.13 /yr to 1.3 /yr.
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Accumulated Brine Volumes: The maximum accumulated volume of brine at a
SF PWR waste package in Richton Dome is 100 before corrosion. The maximum
accumulated volume of brine at a CHLW package in Palo Duro Basin is 900 be-
fore corrosion. But it is proposed that all of the brine reaching the package
is immediately used up by reaction with the overpack.

Corrosion and Failure of the Waste Package: The wall thickness at which
the CHLWJ package in Palo Duro Basin would be crushed (i.e. failure thickness)
is =10 cm. Graphs are presented to show loss of thickness due to corrosion in
comparison to failure thickness.

The waste package is not expected to fail from corrosion for thousands of
years in the Richton Dome with low Mg thermally-migrating brine. In any of
the salt formations, the low Mg dissolution brines used in intrusion scenarios
are not expected to cause the waste package to fail unless pitting and stress
corrosion cracking cause much greater penetration of the overpack than uniform
corrosion.

In the bedded salt formations, with high Mg thermally-migrating brines it
is necessary to take credit for the ability of the overpack to react with and
use up the water in the brine to prevent package failure within 1,000 years
after burial. If the brine is uniformly distributed over the package surface,
the brine will be used up before corrosion proceeds to package failure. How-
ever, more detailed modeling of the emplacement procedure and early package
history will be necessary to determine whether the brine will actually be un-
evenly distributed. For example, 2.5 times the even-distribution corrosion
could fail the package within 300 years. These constraints are based on
preliminary corrosion data and on conservative stress analyses in ONWI-438.

UNCERTAINTIES IN THE DATA

Results of the WAPPA code will depend on assumptions made in the code and
input. Uncertainties in results were not provided.

DEFICIENCIES IN THE DATA BASE

See GENERAL COMMENTS. Identification of deficiencies would require eval-
uation of the WAPPA code and details of input into the code. These results
for package failure were based on preliminary data for uniform corrosion. The
effects of alpha and beta radiation dose rates were not discussed.

APPLICATION OF DATA TO LICENSING

[Key Data ( ), Supporting Data (X)].
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GENERAL COMMENTS

The near-field conditions predicted by the WAPPA code are based on unsub-
stantiated assumptions and conceptual waste packages. Graphs are presented
with little explanation of the significance of the results. Undefined termi-
nology and different time periods considered in the presentation of the
information make it very difficult to assimilate and assess the results.

ORGANIZATION PRODUCING DATA

Office of Nuclear Waste Isolation.

AUTHORS/REFERENCE

Jansen, G., Performance Analysis of Conceptual Waste Package Designs in
Salt Repositories," in The Scientific Basis for Nuclear Waste Management, VII,
Vol. 26, G. L. McVay, Editor, New York, Elsevier Publishing, 1984, pp.
445-454.

AVAILABILITY

Published Proceedings.

KEY WORDS

Salt, Palo Duro Basin, corrosion, brine, magnesium, WAPPA, waste package,
failure analysis.

DATE REVIEWED

September 1984.
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10/1/84

A5-153



ABSTRACT

A performance analysis of commercial high-level waste and
spent fuel conceptual package designs n reference repositories
in three salt formations was conducted with the WAPPA waste
par.k.vle code. ExpecLed cndiLlons for Ltneprature, stress,
brine composition, radiation level. and brine flow rate were
used as boundary conditions to compute expected corrosion of
a thick-walled overpack of 1025 wrought steel. In all salt
formations corrosion by low Mg salt-dissolution brines typical
of intrusion scenarios was too slow to cause the package to
fall for thousands of years after burial. In high Mg brines
judged typical of thermally migrating brines in bedded salt
formations, corrosion rates which would otherwise have caused
the packages to fail within a few hundred years were limited
by brine availability. All of the brine reaching the package
was consumed by reaction with the iron in the overpack, thus
preventing further corrosion. Uniform brine distribution over
the package surface was an important factor in predicting long
package lifetimes for the high Mg brines.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Shielding calculations (DOT-IV and FALSTF codes) for a 10-year old PR
fuel assembly which result in the prediction of gamma dose rates as a function
of position relative to the assembly (i.e. two-dimensional) for a bare PWR
fuel assembly.

MATERIAL

The PWR assembly considered in this report contains 264 stainless
steel-clad fuel rods with a burnup of 33,000 MWd/MTU.

TEST CONDITIONS

Two-dimensional rates are presented for two cases:

(a) The radiation source is non-uniformly distributed fission products (i.e.
a nonsymmetrical burnup distribution is assumed) or

(b) the radiation source is a uniformly distributed spike (60Co).

METHODS OF ANALYSIS

Codes used to calculate absolute dose rates were DOT-IV and FALSTF, with
input to the codes based on ORIGEN fission product inventory.

AMOUNT OF DATA

The dose rates were calculated for six areas: on the sides and the end
surfaces of the fuel assembly, on spatial surfaces 1 m from the side and the
end of the fuel assembly, and on spatial surfaces 2 m from the side and the
end of the fuel assembly. Data is depicted in the figure below for the
fission product (non-uniform burnup) dose rate from a 10-yr old PWR fuel. A
similar set of data was generated for a uniform source distribution within the
assembly (i.e. 30 ppm of 60Co).
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UNCERTAINTIES IN THE DATA

This was not stated. This depends on assumptions implicit in the code
and assumptions made for data input.

DEFICIENCIES IN THE DATA BASE

It was considered necessary to simply the square PWR assembly design in
order to make input for the shielding calculation feasible. The assembly was
assumed to have the symmetry of a right circular cylinder and to be of homoge-
neous nature within the assembly volume. Due to the assumed symmetry, only
one-fourth of the assembly was considered in the calculations, i.e. upper
right quadrant. Since no cross-section data were readily available for Zirca-
loy, stainless steel was substituted for the Zircaloy in the fuel assembly.
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APPLICATION OF DATA TO LICENSING

[Key Data ( ), Supporting Data (X)].

GENERAL COMMENTS

This report is not directly related to the waste package but it
highlights types of dose rate calculations that should be performed on the
package. Most dose-rate calculations treat the fuel assembly as an infinitely
long source of radiation emitting a specified number of gamma rays per unit
length. The dose rate is then calculated as a function of one dimension, the
distance from the line source. This approach ignores the decrease in dose
that results from the finite length of the assembly and the lower burnup at
the ends of the fuel assembly. A one-dimensional calculation cannot predict
the dose rates near the corners and on the end of the fuel assembly.

ORGANIZATION PRODUCING DATA

Oak Ridge National Laboratory.

AUTHORS/REFERENCE

ORNL/TM-6754, "Calculated, Two-Dimensional Dose Rates From a (Bare) PWR
Fuel Assembly," A. G. Croff, . W. Hermann, and C. W. Alexander, Oak Ridge
National Laboratory, March 1979.

AVAILABILITY

NTIS

KEY WORDS

Spent fuel, PWR, dose rate, gamma radiation.

DATE REVIEWED

September 1984.

gfs
10/8/84
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ABSTRACT

'Mis report first describes te physicl caractristics
of r fel n.sbly. A odel of the :Issombly s tendefined, nd a two-dimcnstonal gw.i-rny silelding coe Isapplied to the odel to cLlctlatC ho dose rate from breriie ;sty. Tihe results of the calctlations are the doserates fro the assenhly .it pnt.4 en the surface f the
asseombly, on sp.t131l srfaces from a side nd the endpieeo of the sseobly, .and n spntinl srrice.s 2 : frem as ide and il enud pece of the iassemhly. Diose rtes are
callulnted or as-e:nerated -Ifxed fission prodticts ardfor .a intlrnlv d istri)uted tCo spike. Factors are give
to .trcount for the effect of dlecav nn the dose rtes.
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WASTE PACKAGE DATA REVIEW FORM

TYPE OF DATA

Qualitative and quantitative analysis of gases (1) produced by radiolysis
(gammaz of rock salt at 60%C to an accumulated dose of 1.5 x 108 rad (rate
2.3xlO rad/h) and (2) released by irradiated salt upon heating to 320C.
Reported in (by volume) for (1) and in ppm for (2). Analysis by mass
spectrometry.

MATERIAL

Halite from the Asse salt mine, anhydritic rock salt, gypsum, kieserite
with 2 weight percent halite and trace minerals. The water content ranged
from 0.3 to 21 weight percent.

TEST CONDITIONS

For radiolysis studies, 500 g ground salt were irradiated at 60C for 65
h at a dose rate of 2.3x106 rad/h gamma in glass ampoules (O.D. 55 mm and
length 650 mm). Only half of the volume in the ampoule was filled with salt.
Ampoules were purged with nitrogen and sealed. After completion of irradia-
tion, ampoules were opened. The irradiated salt was heated up in a vacuum
(<10-4 mbar) of a mass spectrometer to 320*C.

METHODS OF ANALYSIS

No information on statistics was provided. It is not stated that
replicate samples were studied.

AMOUNT OF DATA

Qualitative and quantitative gas analyses (seven gases) for five salt
samples with varying water content.

UNCERTAINTIES IN THE DATA

Not provided in the document. Detection limits were not specified.

DEFICIENCIES IN THE DATA BASE

(a) Replicates need to be studied and statistical information provided.

(b) Tests were performed in a nitrogen environment. They should also be per-
formed for a more realistic repository environment, which would include
some oxygen and carbon dioxide.
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(3) Tests should be performed to determine if there is a dose rate effect and
if there is an equilibrium established in gas production at some dose and
time.

APPLICATION OF DATA TO LICENSING

(Key Data ( ), Supporting Data (X)J.

GENERAL COMMENTS

This study identified gases that were produced when Asse salt mine rock
was gamma-irradiated at 60%C in a nitrogen atmosphere. This data may or may
not be relevant to the environment that a waste package will experience in a
repository. The effect of these gases on brine chemistry should be
investigated.

ORGANIZATION PRODUCING DATA

Gesellschaft fuer Strahlen - und Umweltforschung mbH Muenchen Institut
fuer Tieflagerung, Federal Republic of Germany.

AUTHORS/REFERENCE

Jockwer, N., "Laboratory Investigations on Radiolysis Effects on Rock
Salt With Regard to the Disposal of High-Level Radioactive Wastes,' in The
Scientific Basis for Nuclear Waste anagement,VII, G. L. McVay, Editor, New
York, Elsevier Publishing, 1984, pp. 17-23.

AVAILABILITY

Published Proceedings.

KEY WORDS

Salt, gamma radiation, gases, radiolysis.

DATE REVIEWED

September 1984.
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ABSTRACT

As a result of the heat producing high-level rdinnetivn
waites, vo1l.l.te- cnponcnt.s which are in the host rock will
be liberated and further (Iafos wil h rInrnitcd by thermal
erfrkinn and radiolysis.
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