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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), syanthetic 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,
=x10.4 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 sbsence 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, minéralogic 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 wmodeling of the sctual processes considered.

While the use of WAPPA as a licensing tool requires extensive data amnd
model validation, one may relax these requirements for use as a site screening
tool or as a tool for prelimipary 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 couvergence. The last difficulty may be
hard to remove even if sensitivity analysis 1is 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
enplaced 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 conditious 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) x 10* rad/h in an argon environment. The Phase II



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 pH, dissolved oxygen (DO), calculated Eh and the
concentration of thosa 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 sleave.

Trends in gas prassure 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 IIT 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 tasts, hy—
drogen was produced and oxygen was consumed, a3 determined by gas analyses and
dissolved oxygen measurements. More hydrogen was produced in the Phase II test
than in 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
non—~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 (CO, and CH,) and in the Phase II test (CO,
and CoHg) 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, thesa were, respective-
ly, 1.0, 0.6, and 2°C/mm. After cooling the autoclave over a period of 25 min-
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 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 matarial in amy of the tasts. The calculated
Eh values indicate that an oxidizing environment existed after quenching the
contents of the autoclave. Reducing envirouments were not achieved under the
current test conditions.

The concentrations of C1l™ and SObz' measured at room temperature were
greatar 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 tarms 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 XRD 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 <202 Cllle

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 HLW 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 902 of the elastic limit calculated for the umnotched conditiomn.
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 horizom.

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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l. INTRODUCTION

The NRC Rule for the Disposal of High Level Waste in Geologic Reposgi-
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 anor 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 oume part in 100,000 per year of the inventory of
radiocactive 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 compoments will degrade or fail by
chemical or mecharical 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 radiomuclide 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

¢. Groundwater penetrating the container/overpack system

d. Groundwater leaching radionmuclides from the waste form

e. Radionuclides transported through the failed container/overpack sys-
tem, packing material and disturbed host rock to the near field
envircnment. N

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 conditioms,
radiation effects, water flow rates, and lithostatic/hydrostatic pressures,
etc.



Estimates are given in Tables l.l through l.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 i3 a review of the Waste Package Performancs 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 i3 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 150°C 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
gases This was performed because high methane concentrations have been detect-
ed in basaltic water samplaes taken from Borehole RRL-2 in the Grande Ronda
formation. The Phase II1 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 C1~, total Fe (measured as Fet), and S0,2~ ions in the filtrate were also
measured, 3ince these ions are associated with the corrosion of carbon steel.
Gases generated during the irradiation period may include H,, 0y, N, and CO,.
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 matarial was also investigated.

The stress corrosion cracking program was initiated because of coancern
that some reference container materials being considered for a tuff repository
(Type 304L, 316L, 321 stainless steels and Incoloy-825) were susceptible to
strass corrosion cracking. The 1issue 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.
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Table l.1. List of estimated spent fuel waste package conditions for a
salt repository.
Escimaced Valuas
Operations Tharzal Period Transition Period GCeologic Concrol
Paraaetst Pariod (U=300 yr) (300=-1000 yr) (21000 yr)
Teapssaturs at 375°C aax. Approxizacaly 150-110°C <110°¢
Centerline
(Therasl Loag~
tag 12.4 W/a®)
Total Gauma 10’-1010 Licele Litele
Dose (rad) additional additional
irradiation. {rradiation.
Brine Plow Total of about 7 Lictle Little
Racs litsra par borehola additional brine additional brine
for 26,7 W/a taflow - {nflow

Srine Cheaistry

pd (measured st
3%

pl {at high

temperaturs)

Radax Conditions

Stress (MPa)

3rine A or Brize
B3 chesistrias
depending con
rapgaitory
location.

Stsaa/air plus
saall amounts of
HC1/S09/CO2/128,

Oxic

0.1

charmal loading.

Brine A or Brins 3
with significant
NaOH lavals.

Initially acidie
beins (pit »3,9)

dus to dissolution
of acid gasaw.
Changing to alkaline
brins bacause of
dissolution of
collotdal sodium by
brins inclusions.

pit could cise to 9.3
based on experinents
with irradisted salt
and daionized watar.

Brine A or Brine 3 with NaOH prasent.

Probabdly slkaline.

Probably alksline,

Lower than values massured at 25°C but oo raliable values can Sa
spacified becaugse of complax hydrotherzal reactions and irradiacioca

seffacts.

Probebly oxic due
to brina radlolysis.

Approaching Anoxic

Probably anaxic.

fnitially Q.1 MPa, tising to lithostatic strass of 16.2 “Pa as host

rock settlas.
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Table l.2. List of estimated spent fuel waste package conditions for a
basalt repository.

Escimated Vaiue

Operations Thermal Partiod Transition Period Geologic Control
Parasater Period (0-300 yr) (300-1000 yr) (>1000 yr)

Temperature sc 250°c 265°C max. 140-125°C <l125°C

Cantarline after «35 yr.

(Thernal Load-

tag 13.0 W/m?)

Total Gamaa 107~t08 Lictle No additional

Dose (rad) additional trradiaction.

frradiation.

Yercical Unknown, but likely to be much greater than

Hydrasulic that for horizontal flow becausa of buoyancy

Conductivity effacts.

(n/sec.)

Wster Chemistry Stean/sic. Significant increases ia X*, cal®, Pe, S4, Not known, but
and S0,"¢ in the packing mstarisl wazsr st thers should
higher tempecaturss. ¥V 18 reduced in be & tendency
concancracion. o rsturn to

aoriginal Grands
Ronde water
chunistcry.

pi (measured Inttially 8.0 in pack- Increasing ¢c approximscely 9.0.

at 25°C) ing matarisl wacer,
decraasing to 6§.5~7.5.

pd (ac high Lower than values messured at 23°C but mo reliasbls valuss can be

tsmperacures) specified bdacause of complex hydrothermal reactioans and irradiscion
effects.

Redox Conditions Oxic. Probably oxic due Approaching snoxic, Probably anoxic.
to water radiclysis.

Stress (MPs) Cel Initially 0.1 MPa, rising to & value betwesn hydrostscic and

lithostatic stresses (11 to 33 MPa),




Table l.3. List of estimated spent fuel waste package conditions. for a
tuff repository.
4 Estinated Value
Oparations Thermal Pariod Transition Perticd Geologic Control
Paraneter Period (0-300 yr) (300-1000 yr) (>1uuo yr)
Tamparaturs at 330°C aax. to 100°C 100-60°C <60"C
Canterline®
{Thernal Loasdiag
12,4 W/n?)
Tatal Ganaza -10‘“ Littla additional No additional
Dosa (rad) Leradiation. frradiacion.
Watsr 7low Stasn/air Stsam/air for firse About 3 ma/yr. About 8 ma/yr.
Rats conditions. several hundred
yaars followed by
liquid water flowing
st sbout 8 ma/yr.
Watar Chealstry Stean/sir Probably sizilar to Probably similar to J-l3 well water but
conditions. J=13 well watsr aftar could be more concentrated if precipitaced
stsan conditions sub=- salta redissolve.
sidss May bda mOTS®
concentrated than
J=13 watar 1f pracip~
{tated salts redis-
solve.
pH (Measuzed 7.1 for J=i3 well =7.1 s7.l
ag 25°C) water. May be acidic
because of radiolysis
of Np/04/H20 mixcures.
Redaox Oxie Oxic Oxie Oxte
Conditions
Serass (MPa) 0.l Inttially O.1 MPa, rising to ths lithoscacic stress of H.6 MPa as

“Calculations wars dade for wasts psckage without packing asCuciale

host crock ssttlus.
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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, §60.113 (June 1983)
requires that the gpplicant 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:

l. Containment of ELW 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 remainms
after 1,000 years of radiocactive decay.

3. Pre~waste—emplacement groundwater travel time along the fastest path
of likely radionuclide travel from the disturbed zone to the acces—
sible enviromment 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 enocugh to be applied to hard rock
repositories., At present, development of the code BARIER has been dis-
coutinued, 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 WAPPA as it 1s presented in
the code manual ONWI-452 of April 1983 and in a subsequent, letter-form update
of December 1983 by the code custodianl. For clarity, the code WAPPA is
briefly introduced in Sectiom 2.1.2. This document's objectives and organiza-
tion are presented in Sectiom 2.1.3.

lprivate 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 rapresenting
five physical process models and a system drive model. With rafarence 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 ara 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 gsame 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 smpirical 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 brganization 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 f£irst tun 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
gource 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, MF 125,
126, 127, 132, 135, 141, 142, 149, 151, 1983 through 1984).

12
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Figure 2.1 Schematié representation of how WAPPA operates within each
time step.
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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 WAPPA'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 axisymmetric geometry with correc—
tion factors for finite length eaffects, where applicable., Systam 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. FEach 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 i3 to calculate radiation
induced effects that are required as input to other WAPPA procass 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 Tern,
(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 functioa of this submodel is to obtain the decay heat rate,
gamma ray and alpha particle emission rate, and radiocnuclide 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 i3 prepared by using the isotope buildup and
dacay coda ORIGEN2 (ORNL-5621).

The second function of this submodel is to calculata 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 wasta form properties. The gamma dose is used by the Radiolysis

14
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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 {s 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
mist 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.

15



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 overpradicts 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
overpradicts 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 attenuaticn 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. Howevaer, 3since WAPPA 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 wasta 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. Howaever, it requires the use of an empirically determined build-
up factor, defined as the ratioc 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 incresases.

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 d2, it must travel a distance R to reach point P.
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Howaver, 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 with distance, this assumption is
non-conservative. Heuristic arguments (Sullivan, T., MF-142, 1984), indicate
that the calculated flux will be within a factor of 10 of the flux obtained
using the distance R 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 addrassed 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 ccefficients 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 By for material "1" as:

-q, .t -a,.t
Bi Alie 1171 + AZie 2171 (2.1)

where Ay4, Az, G141, and @,y are material dependent empirical coeffi-
clents and tj is the thickness of material "i" normal to the line socurce.
In contrast, the Reactor Shielding Design Manual defines the buildup factor
as:

k T T

= ~k,,u ~k,,u

B, = 4,e 11711 + Ay e 247171 (2.2)
where A1y, Ay, Xkjj, and ko4 are material dependent empirical cceffi-

cients and u, is the adsorption coefficient of the medium, and T; is the

thickness of medium that the gamma ray passes through.

From these two expressions it {s clear that

a,, =k 1=1,2 (2.3)

31 %311
and the equations are similar. However, this discrepancy is not pointad 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 affact 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,
We Jo, 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 dces 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 Laach-and-Transport models.
Following a description of the modeling approach in Section 2.2.2.l1,

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 wasta form center—
linre. In the waste form it i3 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). 1In terms of the
temperatures at the waste form centerline and at the interfaces batween
adjoining barriers, the waste package temperature profile i3 expressed as
follows: :

2
q'(t)r,
T * T Y TR 24
‘ ' Qi(t)

where T, is the centerline temperature; T, is the temperature at the waste
form periphery; ry is the distance of the i-th interface from the waste form
centerline; Ty = T(ry,t); q'(t) is the volumetric heat generation rate in-
the waste form; H is the height of the waste package; ky(T;) is the effective
thermal conductivity of the waste form; ky(Ty4+;) 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:

x3 2 g Be AT i .

GR uz

whare X is the gap width; p 13 the density of the fluid; g is the acceleration
due to gravity; 8¢ is the volumetric expansion coefficient; AT is the
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temperature difference across the gap; and u is the fluid viscosity. When
convection is important, the parameter kjy 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 Qi(t) used in Equation (2.5) is the total heat flux minus the
total radiative heat flux, q4(t), which is defined as follows:

4

4
9 = AiFi,1+1 g (1‘i -7

where:

Ai - area of i-th interface
Fi,i+1 - view factor from i-th to (i+l)-th interface
o - 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 1 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 boundgry 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 X
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 WAPPA.

WAPPA is inadequate for reliable temperature pradiction during the first
few months after burial as the Thermal Model formulation bresaks down in the
limit when heat storage effects in the the waste package are important. How—
ever, the model would 3till 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 temperatura.
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, atc.

2.,2.3 WAPPA's Machanical Model (FMODEL)

In WAPPA's modeling approach three types of stress—assisted breaching of
waste package barriers cam occur: l. stress corrosion cracking of metallic
barriers, 2. fracture of metallic barriers at pre—existing cracks, and 3.
brittle fracture of the wasta 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. Thesa tasks are accomplished by coupling a Canister Fracture (CF)
Submodel and a Waste Form fracture (WF) 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 1is 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 subwmodel write~up does not give useful
references, therefore these equations must be accepted with reservations.

2.2.3.1.2 Waste Form Fracture Submodei

From the various components of the stress as calculated by the SA sub-
wmodel, 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-Trangport 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 conrsiders 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 ('Gr"ﬁ'e' ’ ,Ue-az, ’ ,cr-az,) 2 ayield

3. Packing materials are modeled as compressible elastic elements.
They yleld, i.e., they are extruded, when the Von Mises maximum
gtress exceeds the yield stress. That is when:
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¢, — the hydrostatic pressure.

B
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.a., 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 encireling 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 fallure 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, l.) 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 oot
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 thimnner due to corrosion and plastic yielding, it
may be subject, at ome 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.

FMODEL 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 WAPPA'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 corrosiom; 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, CMODEL 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 gemeral corrosion provides a spatially uniform thinning of
the barrier. The rate of degradation is determinred 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 1s a function of the gamma dose and flux. The net rate of corrcson 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 instantaneocusly at the beginning of the curreant time
step. Given user supplied empirical data for pitting/crevice/crack size and
density, the total "breached” area i{s 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 degradatiom, i.e., a conservative
estimate. However, before conservatism can be assured, the following points
concerning the data and numerical modeling must be coasidered.
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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, CMODEL uses empirical correlations to supply all the
information on corrosion rates for each of the variocus models and for each
barrier. The coefficients used in each correlation are supplied by the code
usaer as a function of temperature. No attempt is made at modeling the
influence of solution chemistry on corrosion rate. The effect of solution
chenistry is assumed to be incorporated in the empirical input supplied by the
user. Befors 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 conditioans.

Seccnd, 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 i3, 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 befora CMODEL calculates the
temperature dependent corrosion rate. If the temperature is decreasing with
time, this is the expected coundition after the first few hundred years, the
corrosion rate is calculated basad on a lower tamperature and therafore the
calculation i3 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 arror 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 realationships based on isothermal
axparimental data. For this non—isothermal system, care must be taken to
account for the influenca 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
varsus 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, 4,.
In the subsequent time step, time t; to time t,, the system temperature has
been updated and is T,. WAPPA calculates the incremental oxide growth, Ad,,
as the amount of growth that would have occurred over the time interval t,-t;
provided the system had been held at temperature T, for the entire calculation
time. This growth is represented by the curve through points b and ¢ on the
graph. The total oxide thickness is obtained by summation of d;, the oxide
thickness and Ad,, the incremental growth. Viewing each time step as a new
initial value problem, it i3 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 procadure is incorrect.

A bettar 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 T,. In
this case, growth of the oxide is calculated starting from a depth d, on the
isothermal curve for temperature T,. This is point b in Figure 2.5. Growth
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Figure 2.4 Schematic representation of oxide thickness versus time.
WAPPA considers thickness as a function of temperature and
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Figure 2.5 Improved oxide thickness calculation considers thickness as a
function of temperature and previous history.
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‘progresses along this isothermal curve for a time period corresponding to the
length of the time step, t; = 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 Ad,, 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 1s 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-
rantly 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 exclusively 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-énd—Transport Model (WMODEL)

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

The purpose of WMODEL 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
WMODEL relies on a leach submodel and on a transport submodel.

A description of the modeling approach is provided in Sectiom 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 Raview of Modeling Approach
2 02.5 el 1 Leach Su.bmodel

The leaching submodel i3 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:
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where:
QL = mass leach rate from waste form to solution (5/3),
kqif = leach rate coefficient for diffusion (g/m? -3
kyig = leach rate coefficient for dissolution (g/m?-3);
Apy = total surface area of the waste form, including

geometric and fractured areas (m?);

LEF = combined leach enhancement factor, the product of leach
enhancement factors for alpha damage and y-radiolysis as
obtained in RMODEL (dimensionless);

SDENSF = dengity degradation factor due to alpha damage as obtained
in RMODEL (dimensionless);

Cum = concentration of the solute in the fluid at the waste
form/canister boundary (g/m?);

Csat = saturaticn concentration of the solute (g/md);
To = reference temperature for kgyg and kgyg (°K)
B = activation energy (kcal/g—mole),

R = gas constant (kcal/g-mole-°K);

T = temperature of the waste form (°K).

The release rate depends on which species is being modeled as the two
leach rate coefficients and the saturation concentration vary for each nuclide
undar 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
thrze 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 aquations in terms of
the concantration 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 ucnlinear ordinary differen—
tial equation. Proceeding from the waste form radially ocutwards, the refe~
rence equations of the WMODEL are as follows:

(a) The first equation describes the rate at which any selected species
i3 transferrad from the waste form to the contacting aqueocus 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, ac-damage to the waste form
structure, and y-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 systenm,
solution of the diffusion equation yilelds a concentration profile
which drops logarithmically across the flooded barriers.

(¢) 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,
{.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 retardatiom
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 WMODEL
relates the two concentrations through a proportionality comstant
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 incounsistency in the calculated mass released to the
repository when the waste form is depleted.

Limitation(1l)

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 ccefficients, kgjf and kgqy1g, which are to be
determined empirically from experimental results and are specified in the code
as input parametars that are constant with time. However, it can be shown
theoretically (Pescatore, C., 1983) that both kyjf and k4qjg 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, u(t):

kyig = u * C(t). (2.9)

Since the waste form concentration is a function of time due to leaching
and radioactive decay,. kjig, as expressed in Equation 2.9, is also a func—
tion of time aven Lf the dissolution velocity were constant.

To make the release rate a function of waste form concentration, k4ig
and kg4ig 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, k4y4 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 k4if.

The release rates of Cm=244 and Cm—245, as obtained from WAPPA's complex
‘verification test case (Pescatore, C. and Sullivan, T., MF-127, 1983;
Sullivan, T., MF-135, 1984) provide an example of the problems that can arise
by not coupling the leach rates to the mass inventory in the waste form. Since
Cm—-244 and Cm—245 are isotopes of the gsame slement, they were given identical
leach rate coafficients in the test problem. Therafore both nuclides were
calculated to be released from the waste form at the same rate, despite a
l4-orders—of-magnitude mismatch in their initial inventories. In fact, WAPPA
predicted all of the Cm244 to be released from the waste form within the
first second of leaching.

34



N’ N’

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 5x107 g/m However, the total inventory a supplied by the
data base is 6x10‘lsg. 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 seccnd 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-comnservative
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 tepository over the first
time gtep since the ounset of leaching. At this time, this was the entire
Th-229 invencory. Therefore, WAPPA stopped calculating release of Th-229 and
2.6x10~3 g remained as the total release to the repository. BHowever, the
inventory of Th-229 continued to increase reaching a value of 2.l1g at the end
of the calculation. Thus, there is a non-conservative discrepancy between the
amount of mass in the gsystem and the amount of mass in the repository.

Limitation (3)

The third problem cccurs because WAPPA takes an inconsistent approach to
mass conservation within the repository. In most cases, radioactive decay
within the repository 1is not taken into account. The output data for Tc-99
provides an example: after 108 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 pr:oblemé 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 accourt for radiocactive 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 radiocactive decay provides a conservative estimate of the mass in
the repository.
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However, there i3 one exception when radiocactive 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 regsults of this logic. After 10 years, the calculated release to the
repository is 34.4 grams. At 2x103 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 1s 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
pradicts for these species an initial inverse—square-root—-of-time law for the
release rate followed by a constant release rata at longer times, which is
contrary to experience at low flow rates. This however does not constitute a
sarious 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 raspect 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 - CyM/Cgat;
to:

1-7 CWH,i/Csat3

where the summation on i1 represents the addition of all isotopes. This change
would also require a new concentration boundary condition as the curreant 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 dces 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 tarm to raflect a logarithmic concentration profile across the
flooded barriers. Since this corraction is very small, the barriers do not
play any meaningful retarding role. Thus, under the logic of the WMODEL, a
marked decrease in leach rates occurs only when solution saturationm 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 ome, 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 comnstant. However, as the solution concentration increases this is
often no longer true (REO-BWI-LD-48, 1981) and retardation decreases. There-
fore, since the solution will be near the solubility limits around the waste
package, a comstant retardatiomn coefficient may not be justified everywhere in
the packing materials. '

Furthermore, the retardation coefficient is expressed in terms of an
experimentally determined distribution ccefficients K4 and before the retar—
dation coefficient can be useful for WAPPA it must be shown that the K4's
used are relevant to the situation. In particular, current Ky 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 sclution. 1In genmeral, sorption is a complex
phenomenon which depends strongly on solution chemistry. Therefore, single .
compounent 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 Ky (and there-
fore constant retardation coefficient) coefficient have been enumerated
(Sullivan, T., MF-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 " f(t,CB) . (2.10)
in terms of the space—-averaged concentration of radionuclides in the packing
materials, Cg(t), during a time step (tg, ti+;), where £(t,Cg) is a

nonlinear function of time. The quantity Cg(t) is related to the comcentra-
tion at the outer surface of the metal, C;, through a practically coastant
factor, b, comprised between 1 and 2 (Section 2.2.5.1.2):
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C_(£) = b Cy(t) (2.11)

The concentration at the waste formmetal barriers interface, C;, is related
to Cg through the following relationship:

o
C(e) = C (0 + d . (e P k) (e )
sat (2.12)
= bCy(t) +d . (kye + kp) (1= =)
sat

where d is nearly constant, and k;, %, and Cgyr are constants. The WMODEL
solves the above problem by taking t in the RHS of Equation (2.9) and

t=2/2 in Equation (2.11) as constant over the time step, which 1is

obviously a poor approximation if the time step is large. Thus, aeven if, with
adequate data, the logic of the WMODEL would insure conservatism, one can not
guarantee it until a numerical error amalysis is made.

2.2.5.3 Conclusions

WAPPA's Leach—and-Transport Model 1s inadequate in that it does not cono~
gerve 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 matarials, and in solutilon 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.

2.2.5 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 i3 presented in Table 2.l.
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Model

General

Radiation

Thermal

Mechanical

Corrosion

Leach~and-
Transport

Table 2.1

1Y)
2)
. 3)
4)
1)
2)

1)

1)
2)
3)
&)

1).

2)

1)

2)
3)

4)
5)
6)

N’ N

Significant limitations of WAPPA's modeling.

Limitations

Most models are empirical and extremely data inten—
sive.

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

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

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

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

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

All corrosion processes depend cnly on temperature.
Data for pitting, crevice, and/or crack size and den-
sity may not be available.

No global mass balance.

Leach rate independent of mass in the waste form.
Leach rate does not consider radionuclide inventory
increasing due to decay of other nuclides.
Incounsistent approach in calculating mass released to
the repository.

Leaching and transport retardation are independent of
solution chemistry.

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 reasults, 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 raquire comparison with more detailed analyses and initial informa-
tion that is difficult to obtain from or may not even exist in the litera-
tura. 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 rapository 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 3solved.

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 burdenm 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 i3 more empirical than mechanistic, which
places the task of preparing extensive data files to rum the code for each
problem at hand on the user.

In order to maka clearar how the code operates, user's input specifica-
tions to WAPPA are raviewed in Section 2.3.1. Output specifications are
briefly touched upon in Section 2.3.2. Conclusions are drawn in
Sectiocn 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 Counfiguration and Materials Specification

With referencea 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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Figure 2.7 Initial configuration of the waste package in WAPPA's complex
verification test case.
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Proceeding from the inside of the waste package outwards, materials
specifications are indicated by entering the material identifier and 1its 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 corrosicn layer on the outside of each metal bar-
rier. As a minor point, however, since WAPPA acccunts 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 i3 complemented by inputting the waste package
length, the volume fractiom of the waste form which i3 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 contiauing 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 i3 small when changes are most rapid and increasing the time step when
the rate of change dacreases. 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
~ eontact the next barrier. Since the user specifies the time step thrcugh 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 & 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
masse.. Thus, 43099 1s 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 ome 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 WAPFA.
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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 radiacion 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 increasas 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—cowmponent 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 onercus 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 Specificatioms

WAPFA allows many optioms 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
cousidered 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 wroag
dimensions.

2.3.3 Conclusions

The operation of WAPPA involves the preparatiou of extensive input and
support data files. These should be prepared by qualified perscmnel who are
thoroughly acquainted with the assumptions which went into the formulatiom 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 internsal 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 rum.

2.4 Conclusions and Recommendations

2.4.,1 Conclusions

WAPPA 1s 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 procasses 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 comservative 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 esach of the processes con-
sidered. In particular, since individual validation of each process model
neglacts 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 i3 determined from a user supplied input table which
doas not necessarily reflact the physical processes that occur, such as the
breach of a barrier. Therefore, to insure the calculation 1is 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 Hypercube 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.

2.

3.

be

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.

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 comstruct the data base.

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.

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, WAPPA 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.

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 preparad in accor-
dance with the "Draft 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 rangs of validity of the models, and did not address the
problem of numerical stability and accuracy.

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 ares incorpo-
rated in the code. If available, this FMEA should at least be
refaerred to in the code manual.

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. ‘
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3. DETERMINATION OF LOCAL CORROSION CONDITIONS APPROPRIATE FOR A -HIGE 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 150°C 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 10"
rad/h. The Phase I irradiation test used an inert argon enviroomment 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 enviromment,
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®. The concentrations of Cl-,
total Fe (measured as Fe2+), and souz' fons 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 Ejy, 0, N, and CO,. 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 corrosionm.
Hydrothermal alteration of the rock and clay coustituents of the packing
material was also investigated.

lthere 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
HyS and S=2 yere to be performed in the current study to determine if

quantitative tests were needed.
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3.2 Materials A -

Basalt from the Cohassett Flow of the Sentinel Bluffs Sequence of the
Grande Ronde Formation (see Figure 3.l) and bentonite clay from Wyoming~,
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-l 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 0.052 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 (5.1%) and CO,] (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, H., 1979). The availability of information, e.g., the infrared
spectrum, and the characterization of the standard clay, SWy-l, 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 o /g (Van Olphen, H., 1979), as determined
at 77K using the BET gas (N,) adsorption method designed by S. Brunauver, P. H.
Emmett and E. Teller (1938). However, it should be noted that surface areas
determined by gas adsorption techniques on SWy-l 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 overprassure
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 25 MPa 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 1is 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. Thesa 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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Table 3.1.

Compositions of Middle Sentinel Bluffs Flow basal:

and reference Wyoming bentonite.

Oxide Basalt Bentonite
Component (Weight Percent) (Weight Percent)
(DOE/RL 82-3, Vol. II, 1982) (Van Olphen, H, 1979)

$10, 53.4 62.9

T10, 1.79 0.09
Al,04 15.0 19.6

FeO 11.7 0.32

Fe203 — 3.35

MnO 0.21 0.006

Mg0 4.99 3.05

Ca0 8.86 1.68

Na,0 2.48 1.53

K,0 1.03 0.53

P,0s 0.29 0.049

Mineralogically, bentonite is montmorillonite clay with some quartz
present (Van Olphen, H., 1979)*. Steindler and others (ANL 83-19, 1983)
reported the mineralogical composition of SWy-l clay to consist of
montmorillonite, quartz, calecite, 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

“Montmorillonite 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:

3+
(AL, 53 Fe™") ;g M80 33)(Al; ;5 Si; g5) 0, (0H),

(Grimshaw, R. We, 1971). (This notation indicates that Al, Fe, and Mg are
present in dioctahedral coordination and that Al and Si are present in tetra-
hedral ccordination. There are also ten divalent oxygen and two hydroxyl
anions per packet, as shown by the formul%.) The presence of adsorbed cations
(i.2. the exchangeable catioms such as Ca*, Na*, Mg?*, K* and H*) 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 Si0,. 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 2 Chemical Formula
Plagioclase (anorthite) 25-50 CaAl,si,04
Pyroxene
Augite 20-45 (Ca)( re2+,Fe3+ A1,T1)(S1,A1),0
Pigeonite 0-10 (Mg ,Fe<t Ca Mn)(Mg,Fe Mh)[Si Al?zos
Orthopyroxene O-trace (Ca,Mg, Fe +)(SiO )
Glassy Mesostasis 15-70 '5102 = 60 to 742 (by weight)
Titaniferous Magnetite 0-7 'Fe6°(Fe203,T102)
Apatite 0-2 Cag(P0,)3F, occurs as acicular crystals
in the mesostasis.,
Olivine 0-3 (Mg,Fe2*), 510,
Alteration Products 1-9 Includes smectites, zeolites, Si0,

(secondary phases)

The nominal composition of the synthetlic Grande Ronde water identified as
GR-3 is given in Table 3.3. 1Its pH at 25°C is 9.74 (RHO-RE-SR-5, 1982)., In
addition to the components listed, GR water has been found to contain the fol-
lowing gases: 25 ppm Ny, 10 ppm Ar, and up to 700 ppm CH, at 25°C (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 comparisom
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 GR-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
Conposition Experimental Composition
(ppm) Ccomposition (ppm)
Chemical Species (RHO-RE-SR-5, 1982) (ppm) (SD-BWI-TP~022, 1984)
Na* 358 363 334
c1- 312 312 405
5042 173 165 40
Si as Si0,* 76.2 79.3 96.4
Inorganic C as HCO3™ 54.6 — 92.0
F~ 33.4 29.9 19.9
Kt 3.43 3.63 13.8
ca2+ 2.78 2.10 2.20
Mg?* 0.032 0.030 —_

*Total dissolved silica content is not partitioned in its speciated forms,
H4510,~ and H,S510,.

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 CH, to ap-
proximately 6.9 MPa (1000 psi) at room temperature to obtain the expected hy-
drostatic pressura at temperature. {(The contribution to the pressure due to
water vapor at 150°C is 0.52 MPa, 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
cm in depth and has an. intarnal diameter of 6.3 cme A rod-shaped resistance
heatar 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 mm in diam
eter, 143 mm in length and 2 mm in thickness. ‘The slesve was heated to 150°C
and a temperature differential was established across the 38-mm thickness of
the packing material. The temperatures at the heater (Tz) and at the wall (T;)
were monitored by Type 316 stainless steel thermocouples which were 3 mm in
diameter and were inserted to a depth of approximately 75 mm 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 1 test an attempt was made to obtain water samples for analysis by
incorporating two Type 304 stainless steel sampling tubes in the packing
material. These were 7 mm in diameter and 150 mm 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 collectad by their use were
minimal.

CARBON STEZL SLELEVE
HEATER
f=——SATLING TUDE

THERMOCQUPLE

THERMOCOUPLE
SAMPLING TUBE

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

3.4 Experimental Procedures

3.4.1 Slurry Preparation

The bentounite 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 bentoanite with 478 mL of freshly-made synthetic groundwater
which was prepared using details given in the literature (RHO-RE-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 that 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 =230 =L.)

3.4.2 Autoclave Pressurization

In the Phase I test, the slurry was placed in the autoclave leaving a void
space of =30 mL. The autoclave was flushed with argomn 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 150°C % 2°C over a period of 24 hours. A mean temperature differential of
237°C 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 pressura.

In the Phase II test, slurry was placed in the autoclave, with a void
space of =220 mL 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 MPa with argon at room temperature to check
for leakage. The argon was then bled off and methane (99.93Z pure, ethane
0.07%Z) was added to attain a pressure of 6.2 MPa (900 psi) at 18°C. 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 150°C was in excess of 13.1 MPa (1900
psi). Aftgr lowering the autoclave and monitoring/control attachments into the
gamma pool”, the temperature at the heater was slowly raised to 150°C & 4°C
ovar a period of 52 hours. A temperature differential across the packing of
222°C %+ 4°C 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 108°C at the heater (T,;) by morning. After the regulator was re-
placed, the temperature was increased to normal over a period of ll 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 1II ctest.

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 MPa, with the
addition of the water vapor pressure coantribution. The actual pressure attain-
ed was =10.6 MPa. 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 1ts 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 1Irradiation Procedure

The ambient air temperature in the gamma pool test hole was 22°C. A do-
simetry measurement, which was Eerfotmed on the empty autoclave, indicated that
a dose rate °f683'8 £ 0.5) x 10" rad/h was delivered to the interior of the
vessel by the ~ Co source. The dose rate was measured by use of radiochromic
film which is calibrated to a Nationmal Bureau of Standards (NBS) standard by
comparing optical densities. No measurement of distribution of the gamma ener-
gies from the 0Co "source is available. In the Phase I test, the autoclave was
irradiated for 1486 h, to a dose of (5.6 t 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 5°C/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 25°C, 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 H 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 mL 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 ym. The filtrates were analyzed for Fe, Si, Cl~, and 5042‘ con~
tent®, 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 .
stesl slesve 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 racorded. The following ranges of pressuraz were found for the three tests
over the two-month test periods:

9.3-9.7 MPa (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 ars not
included.

®The 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 C1~ and SOQZ' contents were measured by ion chromatography
(IC). This analytical technique gives quantification of ionic species in the
sub ppdb to ppm range and allows for the analysis of small volumes (=l 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/T; 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 P/Tl = nR/V, where R is the gas constant. It is assumed that Ty,
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/T, values for the three tests conducted. Fluctuations in the P/T, values
from the mean are less than %l 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/T,
scale. Although the pressure at the end of each test never exceeded the
initial pressure, it is possible that very long term reactiom could lead to
monotonic pressure increases.

Reasouns 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 0.1l4, 0.83, and
0.48 MPa (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%, 7Z, 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 bentornite 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 comnsumption 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 II 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 (counstant volume) in the Phase I and I1 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 coutaining 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 H, from the radiolysis of water
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Figure 3.5. Pressure changes with time and temperature in the autoclave
system for the three phases of the experiment: Phase I
(absence of methane and presence of radiation), Phase II
(presence of methane and radiation), Phase III {presence of
methane and absence of radiation.)
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was dependent upon the dose rate; but as the H, pressure increased, a reaction
removing Hy 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 O, content from the air sealed within
the concrete was 95% consumed and N, content was unchanged. In water contain-
ing oxygen, the oxidizing power of the dissolved oxygen is made available by
reactions of e~(aq) and He to give 0,7, which is a powerful oxidizing spe-
cles. 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 H, pressure.

It is also known that 1if 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
OH] and a decrease in the number of molecules (H, or Hy0,) (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 H, (Draganic, I. G.,
1971). Thus, we assume that the dose rate is the determinant of the final H,
pressure from the radiolysis of water. 1f we chose the largest pressure at the
radiation dose of (3.8 t 0.5) x 10* rad/h, which is what the packing slurry re-
ceives in this experiment, this value is less than 0.17 MPa (25 psi) (assuming
linear extrapolation) under ambient conditions. For a temperature of 150°C,
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 Hj production on the order of 0.24 MPa, and any decrease in
pressure due to Oy 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 coanstituent in
the Saddle Mountains and Wanapum basaltic groundwaters, comprising 60 to 98
percent of the total dissolved gas. Methane comprises from <0.0l1 to 1.6 per-
cent of the total dissolved gas ir the groundwater of the Grande Ronde in Bore-
holes DB=6 and DC-14, but comprises 98 percent of the total dissolved gas _in
the Grande Ronde groundwater in Borehole RRL-2 (on the order of 102 to 103 ppm)
(NUREG-0960, Vol. 2, '1983).

Methane (99.932) was used to attain a pressure of 7.4 MPa (1074 psi) at
18.4°C in the Phase II test. The solubility of methane in water at 25°C at 1
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 10* 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 MPa pressure. Solubil-
ities at high temperature and high pressure conditions are graphically repre-
sented in Figure 3.7. At 150°C and 10.4 MPa (1500 psi) (see arrows in Figure
3.7), the solubility is approximately 1500 ppm.
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Figure 3.6. Effect of dose rate on Hj equilibrium pressures for concrete
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Mn0, (DP-MS-76-51, 1976).
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Figure 3.7. Solubility of methane in water at high temperatures and
pressures (Bonham, L. C., 1978).
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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 reactfon. 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, l-butene and polymeric type molecules (Arai, H., 1981).

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

The largest G(H,) value from the radiolysis of methane in the gas phase
and subsequent reactions is 13.26 molecules/100 eV of absorbed radiation
(Arai, H., 1981). No G(H,) value for the aqueous methane solution was
reported in the Stevens (1972) study. Although this G(H,) value is much larger
than that obtained for water (0.45), it should be noted that the methane con—~
tent (=0.1 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, mora 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 gd4s 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 affact
the dominant mechanisms in the radiolysis of methane. However, some specific
effects from other studies which varied single parametars are summarized as
follows:

» The G valuas 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(H,) and G(C,Hg)
(Maurin, J., 1962).

e 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 did 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 I2 Phase IID Phase IIIC
Hy 2 3.71 17.6 4,21
CH, 16 0.019 78.3d 91,5d
NHgq 17 Npe ND ND
H,0 18 0.020 0.028 0.063
co 28 ND £ ND
CoH, 28 ND ND 0.03
N, 28 1.00 0.18f 0.28
CoHg 30 ND 0.434 NDd
NO 30 ND ND ND
0, 32 0.027 ND& 0.020b
H,S 34 ND ND ND
"Ar 39.91 95.1 3.04 3.84
CO, 44 0.12] 0.173 0.04]
NO, 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%.

€ND is an abbreviation for not detected.

fCarbon monoxide and nitrogen concentrations are not distinguishable at
these low levels. '

EMinimum 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 <0.001l% oxygen.

IDry air contains by mole percent: 782 N,, 20.9% 0,, 0.9% Ar, 0.03%
COy, 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 prasent 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 reactiom, hydrogen, ethane, and carbon dioxide are produced
and oxygen was consumed overall. A small amount of carbon monoxide may have
been produced. There i3 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 bgntonite at
150°C for 72-hour periods at dose rates ranging from l.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 70-85X. This decrease is
due to the radiolysis of methane. Hydrogen was produced and its content in the
vented gas ranged from 9.9 to 24Z. In the Phase II test, the methane content
was decreased to %787 and =187 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% ¢, 0.3% H, and <0.03% N. The polymeric solids formed in
the PNL work were mainly organic and contained =86Z C, =12Z H, and =12 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 250°C (in
argon and in the absence of irradiation) showed that carbon dioxide, hydrogen,
and methane were produced. However, it i1s 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 pressurizatiom.

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 reactioms.

+ 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.Il.

e There 1s 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.

e 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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Figure 3.8. Solubilities of 0,, Ny, and H, in water as a function of
temperature (Himmelblau, D. M., 1960). Note that the
solubility of O, goes through a minimum 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 ppme. 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 1ls 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.

3e5+44.2.1 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 pH values averaged 6.92. If the average pH value at the heater is com—
pared to the average pE value at the wall, there does not appear to be a sig-
nificant difference across the thermal gradient. The average pH of the Phase 1
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
ppa 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 24°C (297.2°K) to compare with BWIP estimates:

Eh (V) = 1.23 + 0.0147 log £0, - 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 pPa)®
leads to a smaller value for f0,, 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)s. Accordingly, the Eh is +0.85 V, indicating that an oxidizing
environment existed in the Phase I test after quenching the autoclave.

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

Measurements for the Phase II test were gimilar 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 6.6l. 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

"The total range of Eh values for the Middle Sentinel Bluffs and Umtanum flows
from 51°C to 300°C 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 3 tempera-
ture of 24°C, because the equations for pH and fO0; used in the derivation are
valid at this temperature (Equations 11-6 and 11-16, DOE/RL 82-3, Vol. II,
1982).

aBy use of the Henry's Law coefficient for oxygen at 25°C (=5 x 10* atm/mole
fraction), it was calculated that an overpressure of 0.0165 atm of oxygen is
needed to sustain an oxygen solubility ig water of 0.6 ppm (The mole fraction
of oxygen was calculated to be 3.3 x 107°,) The' amount of oxygen overpressure
expressed as a volume per cent of the mixture of gases at 1000 psi (68 atm) 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 25°C 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 0.0177%.

The 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 1s calculated (Braker, W., 1980). It {s 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.

74



-’ N\
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 0.2l 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.l4.
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 24°C 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.S5.

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 systeums,
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)® Eh (V)¢
Phase I taest 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(2¢) 0.76

Unreacted bentonite +

basalt slurry 8.0(mean) 4.3(mean) * 3(2q) 0.79

I+

Unreacted groundwater 9.7 £ 0.05 3.4 0.70

dThese 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 Concentratioms 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 souz' in W samples (filtered) and H sam
ples (filtered) were measured as detailed in the experimental section. These
concentrations in R samples (unfiltered) were also measured to determine dif-
ferences in coantant between filtered and unfiltered samples. The concentration
of Si, reported as Si0;, was also determined but only for the Phase I test sam-
ples. Rasults 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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occurredlo. 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 indicatiomns of
possible differences in fonic concentration across a thermal gradient.

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

Sample c1- $0,2 Fe(Total) $10,
GR-3 (initial composition) 312 165 0 79
Sample H-I (filtered)? 3056 260+5 ND(<2) 29
Sample W-I1 (filtered)P 3216 3006 ND(<2) 39
Sample R-I (unfiltered)® 35717 330+7 500£100 116
Sample H-II (filtered)d 263+5 220 +4 1.4 —
Sample W-II (filtered)D. 32827 27245 0.9 —_
Sample R~II (unfiltered)®© —-d 33027 700+140 —
Sample R-II (filtered)® 17743 14543 2.4 —
Sample H-III (filtered)? 388+8 204 +4 0 —
Sample W-III (filtered)b 42919 2585 1.0 —_
Sample R-III (unfiltered)¢ —d 345+7 500£100 —
Sample R-III (filtered)®© . 368+7 20024 2.5 —

2Sample H 1s the designation for the supernate of the centrifuged slurry
removed from the heater region in the autoclave. Experimental phases are
designated by Rowman 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.

10gvidence exists (RHO-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 150°C 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 Cl7, 30“2' and Si were greater near the cooler end
(the wall) of the thermal gradient which was at approximately 113°C. The
change in concentration of Cl™ across a thermal gradient may be significant.
However, the difference in concentration of SO,“T across the gradient does seem
significant, basad on these single measurements. It i3 not known whether the
S1 concentrations are significant, since the precision _is not known and they
are an order of magnitude smaller than the Cl™ and SOQZ‘ 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 50,°~
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 HF. It
was also determin%d fhat a significant portion of the total Fe was in the
ferrous stata (Fel*)!l,

It appears that the bulk of the Fe and Si content of the unfiltaered 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, bentonita, or carbon steel.

3.5.5.2 Measurement of Ionic Concentrations in Phase II Tast

The only measurements that appeared to change significantly across the
temperature differential of 222°C were the concentrations of souz‘ and C17.
Concentrations were lower at the hotter end of the gradient, i.e. near the
heated carboa steel sleeve.

From chg results of these single determinations, it appears that less Cl™
and more S0,°“" than are present in the starting groundwater would be found near
the carbon steel sleeve. It i3 clear that, for the Phase I teast 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 supernates.

3.5.5.3 Measurement of Ionic Concentrations in Phase III Test
As was the case in the previous tests, concentrations of Cl~ and 80“2‘

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

llrye Fet? content was estimated using the phenanthroline standard method.
Three molecules of 1,10-phenanthroline chelate each atom of ferrous ion to
form an orange~rad complex. The intensity of the color is dependent on the
amount of ferrous ion prasent. A visual comparison with color standards was
made to determine content of ferrous lon. Another portion of Sample R was
treated to coavert 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 lonic Concentrations For All Tests

The results of the water analyses for Fe(total), Cl1~, and 30“2' 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 2°C/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 informatiom, a
difference is deemed significant 1if 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 22%Z. 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 usuvally 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. WNevertheless, 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 1s 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 Si0; and total iromn, 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 sxstems containing Umtanum basalt (free of fines) or
Baroid National Western'? bentonite and GR-3 synthetic groundwater at 300°C

12The Baroid bentonite contained 85% montmorillonite, 5% quartz, 52 feldspar,
2% illite, and 1% calcite and gypsum.
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and 29.9 MPa 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 coantaining
bentonite/basalt/groundwater reacted under the same hydrothermal conditions for
three months showed that sulfata 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 36 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.l4 ppm) and
similar for basalt/watar and basalt/bentonite/water systems (up to 0.08 ppm).
This indicates that bentonite is a prime source of iron in the water. 1In
another study, carried out at a 200°C 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 tread 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 stasel present in
the system and iron was present in colloidal form which was not reported as
prasent in Wood's work.

3.5.6 SEM-EDX Analysis of Colloidal Material

A part of R sampla from each of the tests was passed through a 0.025-um
membrane filter to collect colloidal material for amalysis. The lattar was re-
moved as a film from the filter when it dried. They were mounted with epoxy on
a graphite holder and examined by SEM-EDX (17-kV electroms). It should be
noted that comparatively less colloidal material was extracted from the Phase
I11 (non—-irradiated) test.

3.5.6.1 SEM-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 miror proportion
of Si. The colloidal matarial substratz 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
i3 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 II1 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 Si1 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 TEM-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:

e 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.

Figure 3.10.
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Micrograph of colloidal material recovered from the
Phase I taest (800X).

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).
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Figure 3.14. Micrograph of colloidal material recovered from the Phases I
test heater region (1000X).
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Figure 3.15.

Micrograph of colloidal material recovered from the Phase
test wall region (1000&).

Figure 3,16.

Micrograph of colloidal material recovered from the Phase
test heater region (300X).
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Figure 3.17.

Micrograph of the colloidal material recovered
Phase III test heater regiomn (100X).
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Micrograph of the colloidal material recovered from the

Phase IIl test wall region (100X).
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Figure 3.19. EDX analysis of colloidal material recovered from the
Phase III test heater regiom.
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Figure 3.20. EDX analysis of colloidal materisl recovered from the

Phase III test wall region. The presence of oxygen was
confirmed by EDX, see Figure 21,
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EDX(TEM) analysis of colloidal material recovered from the

Figure 3.21.

Phase III test wall region.

crograph of unreacted bentonite clay (100X).
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Figure 3
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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¢547.1 Analysis of Bentonite

A micrograph of unreacted SWy—-l 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%Z), Al (=15%), Fe (=6%), 4% (Mg, K, Ca,
vV, Na, Cu, Zn, Ti). .

Reacted bentouite 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 coaverted 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 and D in Figure 3.26) were a combination of orange, white and tan in
color. Material sdmples 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 Bentounite

The major peaks attributable to the montmorillonite in the control samples
appear in the range 26 = 7.1 (d = 12.4 A) to 26 = 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 strougest 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 =28 = 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 patterans of rsacted and unreacted
bentonite present in the Phase I centrifuged packing material
3lurry samples prepared as oriented clay mounts by evaporation of
slurry on glass slides. [(Range of scan: 20 = 3-37° (d = 2.43-
29.4 A).](Control sample consistad 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
gcan: 20 = 3-37° (d = 2.43-2.94 A)]. (Control sample

consisted of a slurry of bentonite with synthetic
groundwater.)
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Comparison of X~-ray diffraction patterns of reacted and

unreacted bentonite present in the Phase III test
centrifuged packing material slurry samples prepared as
oriented clay mounts by evaporation of slurry on glass

slides. [Range
(Control sample
basalt with syn

of scan: 20 = 3-37° (4 = 2.43-29.4 A)].
consistad of a slurry of bentonite and
thetic groundwater.)
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Figure 3.26.
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Appearance of Phase 1 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

(E) Sampled near autoclave wall.
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Table 3.7. Comparison of (00%) d~spacings based on X-ray diffractometer
studies of rzacted and unreacted bentonite portions of centrifuged
packing material slurries prepared as oriented clay mounts by
evaporation of centrifuged slurry on glass slides. [Intensities
not svecified. Range of scan: 28 = 3-37° (d = 2.43-29.4 1).]

d (1) d (R) d (A)
Wall Sample Heater Sample Control Sampled
Phagse I Test
l14.7 14.7 12.4
— 9.9 9.9
Sel 5.1 —
4.4 4,4 4.4
4,2 4,2 4,2
— — 4,17
3.3 3.3 3.3
— —_— 3.26
— — 3.23
3.2 3.2 - 3.22
3.1 3.09 3.1
—— 3.0

Phase I1 Test

13.6 13.4 11.3
6.50 — ——
—_ — 5.53
5.09 5.01 —
4,47 4,48 4.49
4.27 4.27 4,25
3.77 3.77 3.77
3.34 3.35 3.34
3.28 — ——
3.25 — —
3.23 3.22 3.22
3.11 3.13 3.14

Phase I1I Test

11.3 11.5 11.5
4,44 4,48 4.49
4,25 4.26 4,28

I 3.77 —
3.34 3.34 3.35
3.30 — 3.29
—asens —— 3026
3.22 3.21 3.23
3.15 3.14 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 (00L) 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 300°C for ome hour.
[Intensities not specified. Range of scan: 26 = 3-9,5° (d =
9.30~-29.4 A4).]

d (A)
Heater Wall Control Heater Wall Control Heater Wall Control
Samples Samples Samples
Glycolated Glycolated and Heat Treated Untreated
17.0 16.0 16.6 15.2* 15.2% 15.5* 14,7 14.7 12.4
9.9 9.7 9.9 —————ee 9o9 —— 909 9.8 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 glycolation®” and heat
treatments to study the changes in the (001) reflections of the montmorillomite
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 3.27¢ 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 montmorillonite present in the centrifuged packing
material slurry samples preparad as oriented clay mounts by
evaporation of slurry on glass slides; tresatment by glycolatiom,
followed by heating to 300°C for one hour. [Range of scan: 29 =
3.9-5° (d = 9.30-2904 A)]o
(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
(e) Glycolated (60°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)

(1) Heat-treatad (300°C) slurry sampled from wall region.
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Figure 3.28.
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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 300°C for 18
hours, followed by glycolatiom at 60°C. [Range of scan: 20 =
3-9.5° (d = 9.30-29.4 A)}.

(a)
(b)
(e)
(d)
(e)
(£)
(g)
(h)
(1)

Untreated slurry sampled from heater region

Untreated slurry (control)

Untreated slurry sampled from wall region

Heat-treated (300°C at 18 h) slurry sampled from heater region
Heat-treated (300°C at 18 h) slurry (control)

Heat-treated (300°C at 18 h) slurry sampled from wall region
Glycolated (60°C) slurry sampled from heater region

Glycolated (60°C) slurry (control)

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 300°C for at least one hour. The interlayer water is remov-
ed by this procedure and, characteristically the original (00l) reflection col-
lapses and is replaced by ome in the *9-10 A region. This is evident upon com-
parison of Figures 3.27a and g; Figures 3.27b and h; and Figures 3.27c¢c and i.
See Columns four through six of Table 3.8. Although these heat-treated samples
were not rehydrated to ses if the (00l) reflection due to swelling would
reappear, it is obvious that aftar heating to 300°C, the expandability has been
drastically reduced. The raflection at =9-10 A attributable to the formation
of a noan-expandable clay was not observed. Additional heating at 300°C may be
needed to see this effect. With the loss of interlayer wataer, montmorillonite
may be transformed into hydromica (illite) if sufficient potassium is
available, or into chlorite, if sufficient magnesium is present. The main
effact 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 Montmorillonite 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 (00f) d-spacings based on X-ray diffractometer
studies of Phase II reacted and unreacted montmorillonita,
prepared as oriented clay mounts by evaporaticn of centrifuged
packing material slurry on glass slides; treatment by heating
to 300°C for 18 hours, followed by glycolation at 60°C.
{Intensities not specified. Range of scan: 29 = 3-9,5° (4 =
9.30—2904 A)o]

d (R)
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* 16.3*

*Peak intensity 1is drastically reduced when compared to the peak intensities in
tha 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

(a)
(b)
(e)
(d)
(e)
(£)
(g)
(h)
(1)
(1
(k)
(1)
(m)
(n)
(o)

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 150°C,
followed by glycolatiomn at 60°C, followed by heat—treatment at
300°C, followed by glycolation at 60°C. [Range of scan: 20 =
3-9.5° (d = 9.30-29.4 A)].

Untreated slurry sampled from heater region

Untreated slurry (control)

Untreated slurry sampled from wall region

Heat-treated (150°C) slurry sampled from heater regiom

Heat-treated (150°C) slurry (control)

Heat-treated (150°C) slurry sampled from wall region

Glycolated (60°C) slurry sampled from heater region after heating to 150°C

Glycolated (60°C) slurry (control) after heating to 150°C

Glycolated (60°C) slurry sampled from wall region after heating to 150°C

Heat-treated (300°C) slurry sampled from heater region

Heat-treated (300°C) slurry (control)

Heat-treated (300°C) slurry sampled from wall region

Glycolated (60°C) slurry sampled from heater region after heating to 300°C

Glycolated (60°C) slurry (control) after heating to 300°C

Glycolated (60°C) slurry sampled from wall region after heating to 300°C)
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Swelling of the montmorillonite occurred im the Phasa II tast as evidenced
by the shift in d-spacing from 11.3 A to 13.3 A (in the sample taken from the
heatar 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 300°C, 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 smectita structure. See Figuras
3.28d to f for the XRD patterns of the heated samples. These samples wers sub-
sequently glycolated and some swelling did occur as can be seen in Figuras
3.28g to 1 by the shift in the d—-spacings to a range of 15.6-17.83 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 ¢). This
seaems to indicate that dehydration may not be raversible.

3.5.7.2.3 Montmorillonite XRD Phase III Tast

The X-ray diffraction patterns of the samples from the Phase I1II unirradi-
ated tast 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 untreatad reactad samples when compared to the
untreated unreacted gample. See Figures 3,293 to c. After heating the samples
to 150°C for 12 hours, dehydration with the accompanying decrease in basal
spacing occurrad, as shown in Figures 3.29d to f. Up to this point, all XRD
pattarns for tha Phase II1 test samples were very similar to each other. The
samples were subsequently glycolated at 60°C to determine differences in
expandability. The XRD patterns of the glycolated Phase III test control sam—
ple and the Phase II1 test sample taken from the heater region shown in Figures
3.29g and h show a large increase in the montmorillonite basal spacing, along
with the appearance of a new peak. Intensities of these two peaks are similar
and are much greatar than the corresponding intensities in the XRD 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 montmorillonite and decreased intensities of the montmorillonita
major peak and of the newly formed one. These samples weras then heatad to
300°C for several hours and XRD patterns wera obtained. Significant and simi-
lar decreases in basal spacings are evident in all three samples, as shown in~
Figures 3.29j to 1. Samples were then subjected to glycolation at 60°C. Simi-
lar expansion of the basal spacing occurred in all samples, indicating that
swalling 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 (002) 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
150°C, followed by glycolatiom at 60°C, followed by heat-
treatment at 300°C, followed by glycolation at 60°C. [Intensi-
ties not specified. Range of scan: 26 = 3-9.5° (d = 9.30-29.4

A.]
d(’)
Heater Wall Control
Untreated 11.5 11.3 11.5
Heat-treated (150°C) 9.6 9.7 9,8
Glycolated (60°C) 17.0 15.8% 17.1
8.6 8.0 8,6
Heat—-treated (300°C) 9.8 9.7 9.7
Glycolated (60°C) 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 ylelded the following conclusions:

+ The basal spacings in the samples taken from the wall and heater
regions of the irradiated systems are increased in couparison to an
unreacted control sample. This suggests that irradiation may enhance
expandability.

+ 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 XRD 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 Reactad Basalt
3.5.8.1 Comparison of XRD Pétterns 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 wera pulverized and
analyzed by XRD to detect any differences due to reaction. Intarpretation 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 axamined
with a polarizing microscope to help detect changes in basalt mineralogy.

The XIRD patterns for all basalt samples are reproduced in Figurs 3.30.
The data for the observed (hk2) reflections are summarized in Table 3.1ll. If a
comparison of the patterns shown in Figure 3.30 is made, it is obvious that
there ars differences among the pattdrms, showing that changes occur in the
mineralogical composition of the dasalt upon reaction. For exampla, 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. Mora detailed and comprehensive studies are
needed to characterize the changes that occur and to determine the effects of
these changes in compositicn 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
smectita, 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
bentonita/groundwater system was tested in a similar manner.
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Figure 3.30. Comparison of X-ray diffractioﬁ patterns for reacted and u

unoriented mounts of pulverized basalt.
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Table 3.1ll. Comparison of (hkf) 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. Range of scan: 26 = 3-65° (d = 1.43-29.4 A).]

d (2)

Wall Wall Wall Heater Heatear Heatar

Sample Samplea Sample Sample Sample Sample

Phage I Phasa 11 Phasa III Phase I Phase II Phasa III Control

"Tast Tast Tast - Tagt Tast Tesat Sample
— — 4,67 4,67 ——
4.04 4,04 4.04 4.04 4,03 4.04 4,05
3.39 3.88 3.89 — 3.38 3.89 3.90
3.76 3.75 3.75 3.77 3.74 3.74 3.77
3.64 3.64 3.67 3.64 3.64 3.64 3.64
3.47 —— 3.47 —— 3.46 3.48 3.48
—— 3.45 ——— 3.44 —— 3.42 ——
3.37 3.37 —— —— 3.35 3.37 3.37
3.22 3.23 ——— m———— ———— 3023 3.23
3.20 3.21 3.21 3.21 3.19 3.21 3.21
3.18 3.18 3.18 3.18 3.17 3.18 3.18
3.14 3.14 3.13 2314 3.13 3.13 3.14
— — — 3.02 —— — ————
3.00 3.01 3.01 3.00 2.99 2.99 3.00
2.94 —— 2.94 2.94 2.94 2.94 2.95
2.93 2.93 ° 2.93 —— —— —— ———
2.90 2.92 2.90 — 2.90 2.90 2.91
2.84 2.34 2.83 2.83 2.33 2.84 2.85
— 2.82 2.832 —— 2.80 2.81 ——
2.65 2.83 2.66 — 2.63 2.65 ' 2.65
2.56 2.36 2.56 . 2457 2.55 2.568 2.57
2.52 2.52 2.52 2,51 2.51 2.52 2.52
2051 m——— 2051 2.48 e ——— ———
2.41 — 2,41 —— 2.41 — —
——— — | — 2.27 2.27 — —
2.14 2.14 2.14 2.14 2.13 2.13 2.14
2.12 2.11 2.12 2.10 2.11 2.11 2.12
2.03 —— 2.03 2.02 2.02 2.02 2.03
1.99 1.99 ———— — —— 1.99 1.99
— — —— — — 1.95 —
1.92 1.92 1.92 1.92 —— 1.93 1.93
1.88 1.87 1.38 1.87 1.38 1.88 1.87
1.85 1.85 1.84 ——— 1.85 1.85 —
1.83 1.33 1.83 1.83 1.83 1.83 1.83
1.79 1.80 1.79 1.79 1.79 L.79 1.80
1.77 1.77 1.77 1.77 L.77 1.77 1.77
1.75 1.74 1.75 1.75 1.75 1.76 1.75
1.72 1.72 1.72 .71 1.71 — 1.72
1.63 1.63 1.63 1.62 1.63 1.63 1.63
1.61 - 1.61 —— 1.60 — —— 1.61
}:33 143 1243 1-30 150 1.43 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 1 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 additiomal 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 150°C for 120 days of
basalt/bentonite/groundwater (BWIP/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
smect%&e can display and corresponds to the fully collapsed state (Deer, W. A.,
1966)

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 pattermns.

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

l4The observable range of d-spacings was l. 43-29 4 A, Any d—-spacings greater
than 29.4 A would not have been seen.
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with a polarizing
microscope under crossed polars (100X). (Key: Pl =

plagioclase, Py = pyroxene and O = olivine.)

Figure 3.32. Minerals in Phase I test reacted basalt sampled from the

heater region as determined with a polarizing microscope
under crossad polars (100X). (Key: Pl = 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 (100X). (Red-brown areas are indicated by R
in photo.)

Figure }.34. Minerals in the Phase III test reacted basalt sampled from

the wall region as determined with a polarizing microscope
under crossed polars (100X). (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 sleave 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 tasting period at 150°C, 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 locaticn 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 werz 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 corrosiom.

Analysis by SEM~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 SEM-EDX shows that Si is the most
abundant element (=75Z), with some Al (=15X) and Fe (=6X), 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~
aver, 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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Micrograph of outside diameter of carbon steel slaeve subse—
quent to Phase I test rection showing metal oxide and thin
clay deposition layer (marked by arrow) (250X).

Figura 3,.36.

Figure 3.37. Micrograph of outside diameter of carbon steel sleeve subse-

quent to Phase I test reaction showing metal oxide and thick
clay deposition layer between arrows (250X).
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Figure 3.38. S
test carbon steel surface product (1000X).

3 - e W

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 avident (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 250°C, a pressure of 5.2 MPa (700 psi) and a gamma dose rate
of =2 x 10° rad/h for periods up to three months with no bentonite present.
Batween 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 acceleratad corrosion in the vapor .phase
could, therafore, 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 3.4l). 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 l2 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 periocd 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 dasigns (AESD-
TME-3142, 1982). For these, the container wall thicknesses vary between 5.3
and 8.7 cm.

The adherent materials on the Phase II tast gsleeve were studied with SEM—-
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 thesas samples showed that (1) the )
orange—~brown matarial 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 ZELS. 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 patterms,
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 irou—silicate
materials. It is beliaved 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 3.4l. Micrograph of outside diameter of carbon steel sleeve subse-~
quent to Phase II test reaction showing metal oxide and thin
clay depocsition layer (marked by arrows) (250X).
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Figure 3.42. WMicrograph (SEM) of orange~brown sleeve surface product from
Phase II test (100X).
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Figure 3.43. Micrograph (SEM) of magnetic green-yellow sleeve surface
product from Phase II test (100X).
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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 pattera for orange—browm
surface product from Phase III test.

Figura 3.46.

Debye—Scherrer powder pattern for green-yellow
surfacs 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.?

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 —

&Spacings 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 in 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 em. 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 metzal substrate. It is approximately
seven microns in thickness, which is similar to the oxide thickness for the
Phase 1 test sleeve shown in Figure 3.36. 1f the oxide is assumed to be magne-
tite (Fe3Oy), it may be shown that Ege 7-u oxide layer was formed from 3.2 y 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 0, present in this amount of magnetite is estimated to be =140
mg. There is a maximum of 22 mg of 0; in the plenum and dissolved in the
water. The remaining O, probably originates from adsorbed oxygen and/or
radiolysis of water.
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icrograph 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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Figure 3
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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 26 = 3-68°) of the orange-brown material
ylelded five sets of d-spacings: 3.03-3.08 A, 2.51-2.56 A, 2.10-2.11 &,
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 150°C 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
ouly 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 150°C is
much lower than the maximum value of about 300°C 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 10* 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:

e 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 MPz 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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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).
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Figure 3.51. EDX 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 measurad at room temper—
atura was nearly neutral. Thers 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 gradiant 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 potemntial overall.

The concentraticn of C17 and SOu ~ 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 i{s present as
colloidal material that is filterable. Gamma radiation enhanced
colloid formation.

Hydrothermal coﬁditions cause some change in the bentonite component of
the packing material. :

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

Thers was no pitting on the carbon steel sleeve or the steel weldment
in the Phase I tast. There were hemispherically-shaped pits approxi-
mately 12 u in depth after 60 days of irradiatiom in the Phase 1I
teast. In the Phase III test, shallower (approximately 8 u in depth)
and more closely—spaced pits were formed on the carbon steel sleeve.
Based on a highly conservative assumption of linear pittiang rates the
maximum pit depth after 300 years is about 2.2 cm.

Adherent surface products removed from the carbon steel sgleeva in the
Phase 1 tast contained mainly moantmorillonite clay. SEM-EDX analysis
indicated the presence of other materials containing mora Fe than that
found in the 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 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 SEM-EDX and XRD. Both Phase.Ill surface products contained
large amounts of Si and Fe, with the green phase also containing a
large amount of Ca.
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Recommendations for Future Work

The following recommendations are made for additional and confirmatory
experiments:

3.8.

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 effegt of quenching the autoclave on the measured values of pH, DO,
C1™, S0,“" 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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be TESTING FOR STRESS CORROSION CRACKING OF HIGH LEVEL WASTE CONTAINER .
MATERIALS IN TUFF REPOSITORY ENVIRONMENTS

4,1 1Introduction

The Nevada Nuclear Waste Storage Investigations (NNWSI) 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, weldablility, 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
envirouments 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 cycles, will fail by stress—corrosion craking even though the water con—
tains very low C17/0, levels (Williams, W. L., 1957). For example, 5 ppm O,
and 5 ppm C1™ 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 C1™
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 C1™ 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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Figure 4.2.
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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
100°C water containing 10 ppm C1™ (Warrenm, D., 1960). Failures begin after
about one month and all exposed samples failed after about nine months.
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Figure 4.3. Effect of chloride added as NaCl on cracking of Type 304
stainless steel at 100°C. Solution transported by porous
material to specimen (Warren, D., 1960).

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 wers 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 l.l x 105 »/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
i3 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(b). Schematic diagram of y-ray irradiation (first test)
(JAERI-M-82-145, 1983).

131



Table 4.l. SCC testsin boiling deionized water (first test). (Dose rate:
1.1 x 10° R/h).
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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-39938,
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 effacts of gamma radiolysis of solutions
which would be an added source of 0, and Hj.

Clearly, the above data from the literaturs show that stressed Types 304,
304L and 321 stainless steel are very susceptible to failure in steam and liq-
uild water emnvironments containing very low levels of C1™ and 0,. In fact, the
tuff repository conditions which are likely to prevail during the steam and
liquid water pericds appear to be much more aggressive than those cited abave.
It i{s 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 soclu-
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—825.2

Total Exposure Time
and Number of Samples

Sample Condition Exposure Mediumb 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)X1l0¢ 3 3 3
SA + Sensitized - {J=13 Steam)X10 3 3 3
SA (J=13 water)X10 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 l0X 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.
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
tions and mechanical properties of these alloys, as supplied by the vendor, are
given in Tables 4.3 and 4.4, respectively.

Seamless 0.75-inch o.d. x 0.125-inch wall tubing

composi-

Table 4.3. Vendor supplied chemical analysis of test alloys
(weight percent).
Alloy C Mn St P S Cr NI Mo TL Al Fe
Type
304L Sss 0.016 1.95 0.48 0.033 0.025 18.54 10.55 Balance
Type
316L S8 0,016 1.94 0.37 0.035 0.010 16.66 12.80 2.02 Balance
Type
321 s 0.028 1.03 0.74 0.026 0,002 17.41 10.75 0.24 Balance
Incoloy
3825 0.02 0.544 0.27 0.001 22,34 44,14 2,78 0.846 Q.07 27.26
Table 4.4. Mechanical properties of as-received test alloys
(vendor supplied data).
Ultimate 0.2Z Offset Rockwell
Tensile Strength  Yield Strength Elongation  Hardness

Alloy (MPa) (ksi) (MPa) (ksi) ¢9) (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

*Yest 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 operatioms.

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 Alconox soap,
methanol and distilled water.

| | \\/'l ]
o fmj |
T - (=% —-

- — -

N

€0°

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 whers specimens weres obtained is 116° 25°'
west and 36° 50' north.

The mineral composition of the rock specimens, as determined by Globo de
Plomo Enterprises* using a Kevex energy—dispersive X~ray spectrometer 1s given
in Table 4.5. Aluminum is the lightest element which could be determined quan—
titatively. The results are normalized to Si0; whose absolute concentration
was not determined. As was clear from visible observation, the rock specimens
had varying appearance and, hence, also varying composition from rock to rock.
Results in Table 4.4 represeat a typical composition. A brief geochemical
description of the tuff given by Globo de Plomo Enterprises i3 presented below:

"The rock is a wealded 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-
clasa and oxidized biotite. Traces of augite and oxyhormblende
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—
umite, then iron oxides, and ara infilled with caliche~like calcita.

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

“Phenocrysts comprise about 20%Z of the rock by volume and a
breakdown is: plagioclase 30%, biotite 5%, augite 2%, magnetite
22, oxyhornblende 1Z, sanidine 60Z. Matrix components are too fine
grained and intimataly 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 wers 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 Spring tuff (values in ppm
unless percent is specified).

Al,04 13.1%
K,0 4.52%
Cao 2.21%
Ti0, 0.382
MnO 0.07%
Fe,04 1.832
Cu 17
Za | 35
As 22
Th , 18
Rb 116
Sr 109
T 17
Zr 482
Nb 13
Sb 15
Ba 314
La 62
Ce 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 i3 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 NNWSI 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 Tast

Site).
Concantration
(mg/liter)
ol

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 J-13 ground-
water. The amount of chemical compounds added to distilled watsr to make 20
litars 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
arror 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. NaHCO, 3292
2. KOH 140
3. $10,-XH,0 (1.87% Hp0) 1243
4. CaCl, 232
6. Ca(NO3), 48
7. Mg(NO3),e6H,0 256
8. MgF, (46.6 mg Mg0 + 96.5 mg HF - 48%) 72
9. LiNO, 10
10. Sr(N03), 2.4
11. BaCly«2i,0 1.8
13. HgPO, (85%) 2.8
14, Al(N03)3'9520 13.9

As mentioned above, groundwater coming in contact with a HLW 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. Si0,, divalent catiomns) may be
already past their saturation limit at room temperature. However, the solubil-
ity would be increased at the 100°C 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 inscluble species of the corrosion
specimen kept at 100°C. 1In 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 ocut.

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 conmnections,
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 1s 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 naces-
sary 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 centar of
the vessel. A microcombination pH probe (MI-410, Microelectrodes, Inc.) can be
inserted in this tube from the top of the vessel and the solution pH measured
with a standard pH neter.

4.5 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. Therefora, 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 tast specimens, was tested in an Instron machine to obtain stress-
strain charactaristics. 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 usuval 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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Figure 4.7 Load vs deflection of Type 304L stainless steel sensitized
C-ring test specimen under compression.
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were stressed with the help of commercial stainless steel nuts and bolts such

that the change in o.d. was 902 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 100Z Deflection at Deflection at Strain at
Elagstic Limit 100Z Elastic 90% Elastic Elastic Limit

Alloy (xg) Limit (cm) Limit (cm) (10— %)
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
(sensicized) 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 wera 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. Befora 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

142



STEAM PHASE
C-RINGS

LIQUID LEVEL

LIQUID PHASE
C-RINGS

Figure 4.8,

O ° 0

| | TUFF SIZE

[

| >—ozso" 0.500"
_____ L.{.._..__
¢ ¢ ':CI c c

;| —0.187"-0.250"
~C ¢ :c: c ¢
—————— -r——-——

AP A

e

ParuPurr N

143

— 0.250"- 0.500"

—0.187"-0.250"

> —0.250"-0.500"

Schematic of the specimen arrangement in a test vessel.



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 1lid 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 HLW container when, for example, scratches or dents
are inadvertently produced during handling.

An attempt was made to determine the strain present on the surfacs 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 compraessed 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 thrae longitudinal strains corresponding to elastic limit is given in
Table 4.8.

The metallographic examination of Types 304L, 316L and 321 stainlass steel
and Incoloy 825 have been complated. A comparison of microstructures for the
as-received (annealed) and heat treated condition shows that the heat treatment
(100 hours at 600°C, 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).

1t 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 £abri-
cated. Figure 4.10 shows this effect for Type 304L stainless steel for which
the microstructure near the outer diameter i3 more heavily etched. This pref-
arential sensitization .is most likely due to unavaidable contamination from
lubricants, coupled with higher residual stresses at the tubing surfaces during
manufacturing processas. The extra surface strain energy enhances carbide
nucleation and growth procasses. 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
sengitization and, therefore, to stress corrosion cracking.

A feaw 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. Thesae are presumably due to vapor phase transport of some compound
in solution. We plan to characteriza the white compound at the end of each
tast and hope to evaluate its effect on metal corrosion.
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Figure 4.10. Microstructure 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—-praepared J-13 and ten~times concentrated J-13 water at room
temperature was determined to be 8.4 and 8.3, respectively. When these solu-
tions were heated to boiling, the pH decreased to 6.9 and 7.9, respectively.
Subsequent changes during tests are shown in Figure 4.1l. After an initial
sharp increase, the solution pH appears to be decreasing slowly with time.
However, there 1s a large amount of scatter from vessel to vessel, and
additional long-term results are needed to confirm this trend.

The six~ and twelve—month tests are continuing and the three-month test
has been just terminated. The pH of the solution at the end of the three-month
test has been measured. The value increased with decreasing temperature as
shown in Table 4.9. Nearly equal values of pH were measured for both the test
solutions suggesting that the crushed tuff may be buffering the water by steam.
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Table 4.9. pH of tast 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

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 phasa 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*, K*
and NO3~ 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 prasent in the tuff (see
below rasults from preliminary groundwater chemistry test). To estimate solu~-
tion chemistry at 100°C, 100 oL 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 precipitatiom on cool-
ing. Solution No. 7 and No. 10 were not diluted but filtered as before. To
determine the coacentration of any particles suspended in solution, Sample No.
7 was also analyzed without filtering (called No. 3). A comparison of the two
(Table 4.10) indicatas 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 uander 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. Apvparently, 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. C17) 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-mouth test in "synthetic J-13 water.” The
specimen on left was exposed to liquid phase and the omne on
the right was exposed to steam phase (X2.2).

149



Table 4.10. Chemical composition of_test solutions obtained at the end of
three-month tests (ug/mL).

Starting Solution: Starting Solution:
Svathetic J-13 Water Ten-Times Concentrated J-13 Water
Sample Sanmple Sample Sample Sample
No. 7 No. 6 No. 10 No. 9 No. 11
(Undiluted, (Diluted, (Undiluted, (Diluted, (Undiluted,
Filtered) Filtered) Filtered) Filtered) Unfiltared)
2
. ‘
Mg <0.05 <0.05 <0.05 <0.05 <0.05
" Ca 308 151 301 161 332 4
Fe <0.1 <0.1 <0.1 <0.1 <0.1
Ni <0.1 <0.1 <0.1 0.1 <0.1
St 3.35 1.97 4,38 2.18 4.24
Al <2.0 <2.0 <2.0 <2.0 <2.0
Cu <0.1 <0.1 <0.1 <0.1 <0.1
F 12.1 7.1 14 8.9 15
c1~ 130 72 330 160 330
50,2~ 820 420 1300 _ 660 1300
PO, 3~ <1 o« <1 <1 <1
S10, 414 219 408 205 421
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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 (ug/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
Nat 45 308 190
) 4.9 50.5 21
Mgt _ 2.1 Not determined <0.1
ca+ 14 930 298
F~ 2.2 8.5 <4
cl- 7.5 160 43,7
HCO4~ 120 Not determined Not determined
50,2~ 22 343 530 '
NO3~ 5.6 460 188 ,
P0u3’ ) 0.12 Not determined Not detected
Silica 61 95.1 142
pH
(at room temperature) 8.5 8.4 8.5
7.6 (at 100°C)
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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 princ¢i-
pal general conclusions, as endorsed by the ISIRS Technical Committee, 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 collo¥d 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 sumnary document of this workshop, held 6th and 7th June in Paris,
has now been published. This report, entitled '"Sorption Modelling and
Measurement for Nuclear Waste Disposal Studies', is available at no cost upon
request to the NEA Secretariat.

LA , s .
SN B ot L WA O e iR AN T MM

,
ket o



_Medt-8

 NUREG/CR=2482
BNL-NUREG-51494
Vol. 8

| REVIEW OF DOE WASTE PACKAGE PROGRAM
DRAFT BIANNUAL REPORT

M. S. DAVIS, Editor

CONTRIBUTORS:

C. Brewster

M. S. Davis

E. Gause

H. Jain .
C. Pescatore: -
P. Soo '
T. Sullivan

E. Veakis

Manuscript Completed - January 1985

g

&,

Prepared by the Nuclear Waste Management Division
P. Soo, Head
Department of Nuclear Energy, Brookhaven National Laboratory
Assoclated Universities, Inc.
Upton, New York 11973

Prepared for the U. S. Nuclear Regulatory Commission
Office of Nuclear Materials Safety and Safeguards
Contract No. DE-AC02-76CH00016
FIN No. A-3164



-ii-




ABSTRACT

A large aumber of technical reports on waste package component perfor-
mance were reviewed over the last year ia support of the NRC's review of the
Department of Energy's (DOE's) Eaovirommental Assessment reports. The intent
was to assess in some detail the quaatity 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. Ideatifying, 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 informatioa on the effects of component iateractions 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 environmeat with the waste package includes the
following which relate to the geochemistry and rock characteristic site
selection guidelines ia 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
iavalid much of the current waste package performance data.

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

¢. Information on the cracking of basalt and tuff host rock arising from

repository excavation and the high temperatures caused by waste
emplacement is needed.
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For basalt and salt it is known that the horizontal componeat of the
lithostatic stress is much larger than the vertical component. The
effect of the large horizoantal stress on waste package/repository
integrity needs to be addressed.

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 coansiderable uncertainty in determining coatainmeat
failure times, controlled release rates and releases to the accessible
enviromment.

The ease of waste package retrieval will vary for the different host
rocks. It seems to be more difficult for a salt site siace the high
temperatures duriag 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.

Documentation is required on pre-closure package and repository moai-
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 i3 curreantly
centered on Envirommental Assessment report analysis, will not be dominated by
engineered barrier system factors since, in most cases, limitations ia the
repository site can be mitigated by changes ia 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.



1, INTRODUCTION

The Nuclear Waste Policy Act of 1982 mandates that in the development of
high-level auclear waste repositories, Eanvirommental 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 environmeat

6. Human iatrusion.

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)1.



(b) Potentially adverse conditions. (1) Groundwater
conditions in the host rock — including chemical composi-
tion, high ionic strength, or oxidiziang or reduciag condi-
tions and pH — that could increase the solubility or chemi~
cal reactivity of the engineered barrier systems [10 CFR
60.122(c)(8)].

(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(ec)(9)].

(3) For disposal in the saturated zone, grouadwater com
ditions in the host rock that are not chemically reducing [10
CFR 60.122(c)(10)].

10 CFR 960.5-4. Rock Characteristics

The site shall have geologic characteristics com—
patible with waste contaimment, isolatioa, and
retrieval,

§ 960.5-4-1 Physical properties.

The site shall provide a geologlc system that is
capable of accommodating the geomechanical, chemical,
thermal, and radiation~ianduced stresses that are expect-—
ed to be caused by interactions betweea 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 componeats, brine migration,
or other physical, chemical, or radiological phenomena
that could lead to projections of radioauclide releases
greater than those discussed ia § 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:

3

b.

Ce

d.

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

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

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

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 documeants, 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 iato sections dealing with basalt (Appendix 1), salt (Appendix
2), and tuff (Appendix 3) waste package data, and Appendix 4 is conceraed 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 1f they contained a detailed data base, described az new important ef-
fect with respect to waste package behavior, described an analytical approach
that addresses licensing criteria, or coatained 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 &)

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 1 show several ob—
vious shortcomings in the waste form work:

o 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 grouandwater are also not
likely to be valid since they do not account for changes in ioanic
strength, pH, redox condition caused by hydrothermal interaction with
host rock and packing materials. In additioan, groundwater samples may
contain lower concentrations of dissolved gases since depressurization
effects may release large amounts of gases preseat uander prototypic
geologic conditions.

e Most of the work which measures leach rates for radioauclides canaot
be used to show compliance with NRC release criterion since, under
anticipated slow-water—flow conditions, the solubility of radionu-
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 limits may be
reached in the near-field envirooment.

e Isothermal leaching/solubility tests may not yield coaservative
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 carrylng out isothermal tests. Sliace a repository is sub—-
jected to a cooling trend, values obtalned by cooling saturated
solutions may be more coaservative.

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

e A few long-term leaching tests have been carried out for spent fuel at
25°C 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 iansufficieat to establish long-term behavioral
trends. Tests lasting for five to tean 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 - Appeadix l; Pitman,
1981 - Appendix 4). Materials include iron/steel, stainless steels, copper-,
titaaium—, zircoanium=-, and aickel-based alloys. One might have expected that a
firm choice for the coantalner metal would have been made several years ago so
that in-depth testing could have beea well under way by this time. Instead,
the comprehensive testing of low-carboan steel (current reference) appears to be
commencing this year with the 1ssuaance of the Barrier Materials Test Plaa by
BWIP. Specific comments on the container evaluation effort are given below:

e Anticipated hydrothermal conditioas are being used in testing but the
groundwaters being evaluated may not reflect those present ia the
repository. There are few, if any, tests that iacorporate corrosion
in the presence of coatacting 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 504“ concentrations are also likely in
basaltic water at 250°C 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.

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

e 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 aand
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/beatonite
mixture is the reference packing material. However, there are relatively few
experiments that study this composite packing. Most tests carried out by BWIP
involve basalt/water and bentonite/water studies. It is felt that most work
should be on the basalt/bentonite/H,0 system to evaluate bentonite swelling
capabilities, permeability, sorption/desorption behavior, geochemical altera-
tion; and water chemistry changes since these represent the prototypic
condition. Other comments on the packing material data ianclude:

° Sorption/desorption tests carried out at high temperatures for fission
products are relevaant 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. '

e 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 iantegrity as the laboratory packing materials
which are being tested.



® The effects of alpha-radiolysis from the actinides on redox
conditions, solubility and sorptioa behavior have not been fully
addressed. Siace 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 amouats 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 traasport radionuclides to the accessible eaviromment. Much of
the data on waste form leaching is for relatively low temperatures (<150°C) 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 progranm
are:

o There 13 a relatively small data base on the leaching of glass and
spent fuel in brine.

e No data are available oa leaching/solubility measurements for aged
waste or speant fuel,

e No data are appareatly 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 assessmeat for a salt repository. The data are being obtained for both the
defense (WIPP) and commercial waste programs. Test temperatures extend to
300°C and test solutions ianclude WIPP brines and seawater. A range of metals
and alloys, similar to those givean in Sectioa 2.1.2, were evaluated.

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

General conclusions for the salt repository container programs are:

e The WIPP program reference container material is titanium alloy 12,
whereas that for the commercial program appears to be carboa steel,
with alloy 12 as aa alteraate,

e For titanium, the most importaat failure modes include hydrogen em~
brittlement and crevice corrosion. Stress—corrosioa cracking is not
likely to occur in brine, based on slow-strain-rate tests.



° Few data are available for welds.

e 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 Waltoa, 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
Yucea Mouatain took place about two years ago. Because of this, waste package
evaluations for unsaturated conditions are limited. Some relevaat 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 preseance, and in the absence, of crushed tuff
and Type 304L stainless steel container material (Oversby, 1983 - Appendix 3).
Based on boron cuvacentrations 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 conceatration of U in 25°C 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 HCO3;~ solutions at temperatures up to 90°C
(Weed, 1980; Strachen, 1981 and 1982; Wang, 1981; Wicks, 1982 - Appendix 4).
The following are comments on these studies:

e The low-temperature leaching of glass and spent fuel are pertinent to

the post-coatainment period when liquid water, rather than steam, will
be preseant 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 relevaat for
addressing the NRC controlled release criterion.

e 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 enviromments 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 contaimment period.

2.3.2 Coatainer Evaluations

Screening evaluations for tuff repository coantainer materials were only
recently completed (Russell, 1983 - Appendix 3). The four references iaclude
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 enviromments
to evaluate corrosion failure modes (McCright, 1983 - Appendix 3). At 100°C in
tuff conditioned water several carboa steels suffered crevice attack but T304L
and T316L show no crevice or local attack after 1000 hours. Slow strain rate
tests ia 150°C tuff conditioned water revealed no evidence for embrittlemeant
compared to air tests. Carbon steel corrosion rates appear to be unaffected by
Y-irradiation but T304L stainless steel showed an increase. Comments on this
work are:

o These data are very preliminary siance 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 poteatial
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 coaditions similar to those expected ia tuff
repositories.

® Long~term gamma irradiation may cause nitric acid formation since
N»/0 mixtures from the air are present and are known to form nitrogen
oxides.

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

2.3.3 Packing Material Evaluations

Packing materilals being considered for a waste package in a tuff repository
faclude crushed tuff with or without a clay binder (Gregg, 1983 - Appendix 3).
This will most likely be used for a speat fuel waste package only, since this
waste form aloane may not meet the NRC controlled release criterion. Sigaifi-
caat 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 faiti~
ated. A major effort will be required to evaluate volatile radioauclide
transport through a tuff packing material by steam—air transport mechanisms, if
this environment is present after contailnment 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 sufficieant
knowledge of the waste package design and near-field characteristics. For
example, the HEATING5 code 1s 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 1is
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 anot 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 1is
‘WAPPA. 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 caan 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 sceanarios. Without such iaformation 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 differeant test
techniques to establish the accuracy of the techniques with respect to known
staadards.

One of the most detailed studies on the precision of leach testing data
was conducted by the Materials Characterization Ceanter in which 25 laboratories
carried out MCC-1 static leaching tests on standard glass specimens uander a
well-defined set of test parameters (Johason, PNL-4249, 1982). It was found
that an experienced laboratory could be expected to measure elemental mass los-
ses with a precision of 6-11Z, The relative between—laboratory precision was
between 25-40%Z. Thus, under less—coatrolled 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 techaiques, water flow
rates, solution analyses procedurss, etec., even if the same glass composition
and leachant were used. There 1s, therefore, an urgent need to accurately de-
termine the anticipated waste package envirommeat 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 com-
positions, the presence of container and packing components, relevant water
chemistries, and extended test times to quantify radionuclide release rates.
Similar statemeats are applicable to container and packing material testing.

Even when tests are conductad according to well-defined procedures to ia-
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 aumbers of
temperature, makes extrapolation and ianterpolation difficult.

e Testing under limited ranges of redox éonditions also makes
extrapolation and interpolation difficult.

e Too few replicate tests to check precision.

e 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.

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

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

e 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 caa be adequately understood and modeled to
predict whether compliance with NRC and EPA criteria caa be net.
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4., WASTE PACKAGE ISSUES RELEVANT TO SITE SELECTION

In addressing the relevaance 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:

l. 1Is 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 1 through 5, and
the summaries given above in Sections 2 and 3, there is still great uacertainty
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 enviromment 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 coaditiocns
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 curreatly known. These need to be addressed, as
well as possible, using available data before a site can be recommended for
coantinued 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 fouad
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 iateractions will probably also be more complex compared to salt and
tuff environments. However, as mentioned above, there 1e no clear indication
that Hanford basalt caanot 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 coa-
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.

Potentlial advantages and disadvantages oflsiting a waste repository im basalt, salt and tuff.

Host Rock

Advantages

Disadvantages

Effects on Waste Package Design

Basalt
(Hanford)

Salt
(Generic)

Tuff
(Topopah
Spring)

Located on federal
land associated with
nuclear activities

Low population density
Good radionuclide
sorption behavior.

Low water content

Low water permeability
Slow radionuclide re-
lease to accegsible
environment -

High thermal conduc-
tivity

Self sealing by salt
creep

Siuple mineralogy
Easy mining

Located on federal
land associated with
nuclear activities

Low population demnsity
Low lithostatic stress
Low water flow rates
and simple hydrology
Probably low rationu-
clide release to ac-
cessible environment
Easy mining.

Good radionuclide sorp-
tloan behavior.

o Low thermal conductivity

o

Basalt flows of liwmited
thickness (but wide
lateral extent)
Complex wineralogy and
hydrology

Difficult mining.

Aggressive corrosion
environment

Complex gamma irradia-
tion effects on brime
and salt

Potential for thermal
release of acidic gases
Bedded salt has limited
thickness (but wide
lateral extent.) Salt
domes show opposite

_characteristics

Purer salt has poor
radionuclide sorption

. behavior.

Low thermal couductivity

"Limited thickness and

wmodexrate lateral extent
Potential for HNOj forma-
tion due to radiolysis of
air/steam/vater mixtures
Oxidizing counditions will
probably increase radionu-
clide solubilities and con—-
talner corrosion.

Relatively difficult to characterize
repository environment. May need
sophisticated waste package design
to compensate for uuncertainties.

'

Relatively difficult to characterize
brine chemistry. May need high in-
tegrity contalner to prevent early
loss of containment. The selection
of a site with low brine coantent and
low secondary mineral content will
probably limit container/waste form
corrosion and winimize gamma irradi-
ation effects on salt and brine.

Oxidizing conditions and potential
for HNO3 formation may increase
container corrosion rate.
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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 contalners and packing materials have yet to be made but the
waste forms are likely to be speant fuel and borosilicate glass.

Most of the testing has centered on individual package components but
there is some information on the effects of componeant 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 ia 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 geotechanical factors are included as DOE's site
selection criteria in 10 CFR 960, & complete rationale for selecting a
particular site for further developmeat caannot 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 enviromment with the waste package includes the
following which relate to the geochemistry and rock characteristic site
selection guidelines ia 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 relevaat performance
assessment calculatioas can be conducted. Without such information
there will be coasiderable uncertainty in determining containment
failure times, controlled release rates, and releases to the
accessible enviromment.
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g. The ease of waste package retrieval will vary for the differeat host
rocks. It seems to be more difficult for a salt site since the high
temperatures during the repository operatiocns period may cause the
host rock to creep towards the waste package, thereby sealing it in
place if a borehole liner 1is 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 selectioan process, which 1s currently
centered on Envirommental 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.

6. REFERENCES
DOE/EA-0210 "Draft Environmmental Assessment for Characterization of the Hanford
Site Pursuant to the Nuclear Waste Policy Act of 1982 (Publie Law 97-425),"
February 1983.

NUREG/CR-3091, BNL-NUREG 51630, Volume 3, P. Soo, Editor "Review of Waste
Package Verification Tests,” February, 1934.

NUREG/CR-3091, BNL-NUREG 51630, Volume 6, Draft Report, "Review of Waste
Package Verification Tests,” January, 1985.
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APPENDIX 1

REVIEW OF WASTE PACKAGE DATA FOR BASALT REPOSITORY PROGRAM

Al-1



Al-2




DOCUMENT REVIEW FORM

AUTHOR: M. Barnes (Pemn 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: 100-400°C
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 © (CuKy). 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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DOCUMERT ARSTRACT

The principal minorals of Basalts BCR-1 and ODI-3 are still prosent
after hydrothermal treatment vp to 409°C. No new phases have been abserved,

with the exception of one in the longest run, 300°C for 56 days. There
is not enough of this phase present to give positive identification 1n
the bulk powder diffractogram. ~

The spinel magnetite-ulvdspinel 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
fs in enormous excess and contains both ferrous and ferric jron in its
spinels and in augite. Together they should be the principal influcnce
en 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 10x
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 {imenite 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: MeCarthy, 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. 300° C: 300 bars; 28 days: basalt Hanford water/waste form
2. 100° C and 300° 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 alterationr 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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NOCUMENT ABSTRACT

With the completion of the reconnaissance experiments in Harch 1978,
the nature of our overall effort has shifted its cmphasis to more dotailed
individual oxperiments or sequences of experiments {n an attempt to obtain
a clearer understanding of the nature and rate of radionuclide release.
The hydrothermal alteration of glass, which initially was a leading can-
didate, has been a major thrust avea in the recent past. This work has
been comploted at a modest tempovalure (300°C) under roposilory conditions
and has shown that alteration is nearly cemploto.

' To veflect the greater interest in spent unreprocessed fuel {SURF),
the majority ol the current work is heing performed on simulated SURP
itself or on those phases in SURL that contain pulentinl near-term
hazardous radionuc] ides aml uraniun,

As Lhis approach to the understanding ol radioactive vaste-bhasall
fnteractions has evolved, it has been increasingly clear that the "closed”
system hydrathermal experiments would point Lhe direction to potential
interactions, Bul, tf a claser vepresentation of vepository ambionls undor
hydrothermal condilions were secessary, Lhen an allernative technique in
an Mopen® system was needed.  This open system was available and has been
advanced inlo an operative condition, The next several months should see
the implementation of this appavatus amd Lhe vosalls of inilial basalt
alteralion expervinents
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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
300°C, 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 Iinvestigated much higher than anticipated temperatures.
Elemental composition varied by as much as 10-20Z 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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DOCUMENT ABSTRACT

Terminal storage in underground rock formations is presently cone

sidered tha most feasible method of isalating high-level nuclear power
plant wastes from the biosphere. Among the candidates for gealogic
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 wasta form
acceptance criteria is the affects of the heat produced by radionuclide
decay. Heat would have certain affects on the physical properties of the
repository and, especially when combined with water encroachment, heat
would promate chemical reactions within the immediate repasitory (1).
Exploring and then carefully defining the effects of hot pressurized
graundwaters on simulated waste forms such as spent fuel and high-lavel
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 Wasta Isalation Program at Rockwell Hanford
Operations (2).

An {mportant featur2 of the PSU research is concern for the products of re-
actions as well as the reactivity of the waste form. Whethar hydrothermal*
reactions in a basalt repository would be beneficial or detrimental to
wasta containment is primarily a question of the long-term 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: thermodyramic stability, chemical composition,
leachablity :

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

Test Conditions:
76-68-waste: leachability: distilled water; 25°C and 95°C;
soxhlet; spent fuel: leachability: 25°C; 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 conditioms; (2) The presence

of radiation was not taken into account in these evaluations. Radiolysis
resulting in an alteration of groundwater composition, inlcuding 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 additiom, 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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N DOCUMENT ABSTRACT

Tha phy;;aat and cacmiocal ciharactariatics of
radioactiive wasta wiich have baaring upen the
goncapt of ycoloyie starage in basalt are
revicwad und digsouczgsaed. Euch qlaun of waata
Jorm fgpent unraprocvesscd fuel, caleine, glass,
and suporaaleine) has ita oun uniqua charavtar-
tatiug which may or may nol affact tha concapt
of final stourage of radivartive wasic in basalt.
Thasa characteristioa form the baais for gotan-
tifie avaluation of tha prolative morits of aach

of thae wasta/bavalt pairs.
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DOCUMENT REVIEW FORM

AUTHOR: MeCarthy, 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), 100-300° C; 300
bars; time period up to 1 year.

COMMENTS ON DATA VALIDITY:

Data not available for comment; information that supercedes 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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DOCUHENT ABSTRACT

Terminal storage in underground rock formations is presently considered
the most feasible method of {salating high-level nuclear power plant wastes
from the biosphera. Oné of the many factors that will need to be considerad
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.(]) 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 wasta and

interaction with the repository environment could take place.‘z)

*The term "hydrothermal™ is used here to denote reactions involving super-
heated water; i.e., reactions at any temperature above 100 degrees centi-
grade whare prassure is sufficient to maintain H20 in the liﬁuid phase. Nota
that in strict earth sciencas nomenclature, such conditions nvolving tempera-
tures between 100 and 373 degrees centigrade are "mesothermal.” ;
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Both the rate and the products of these interactions are, of course,
strongly temperature;dependent. s0 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.(]) 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
comprehens ive waste-rock hydrofhermal 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 saource terms 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 tewmperatures from 100 to 300 degrees
centigrade at 300 bars pressure. Spent fuel and 2 simulated waste
" forms, a glass and a supercaléine-ceramic were treated under these conditions
with deionized water (DW), an artificial Hanford ground water (HGW), 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 DW/HGW and the brine. Reaction

rates, of course, decreased with decreasing temperature.
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It will also be shown that when two non-evaporite rocks, basalts, and ("
shales were incorporéted into these experiments, the reaction behavior in the
two cases was comparable, but, as expected, the resultant sourca terms were
quite different.

This research is supported by the U. S. Department of Energy through
the Office of Nuclear Waste Isolation and Rockwaell 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-BWI-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 - m/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 corrosiomn, 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 ABSTRACT

None
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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-111, 1980
AVAILABILITY: NTIS

KEY WORDS: sorption, basalt, hydrothermal, cesium

DATA SUMMARY:
Property and Form of Data:
Kd.

Materials and Specimen Geometry:

Test Conditicns:
P: 6.9-27.6 MP&.
T: 150°C and 300°C.

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 om 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 sclution fonic strength. This process cannot be properly
described by ion-exchange concepts such as Kd.

Al-17



- ' DOCUHENT" ABSTRACT

This report discussas initial results of the high-temperature
sorption studies on Columbia River basalts. From the results, the
following conclusions were made:

o Cesium Kd temperature effects, used as an example of the higﬁ-
temperature Kd experiments, showed that the techniques developed for
the high-temperature Kd work yielded valid and reproducibie Xd
results.

o The best techniques included frequent sampling at temperature and
pressure of relatively high chloride solutions over a 45- to 60-d
pericd with no agitation of vessel contents and use of a relatively
iarge solution volume, heated externally in a Teflon-lined

Inconel 600 pressure vessal. <Dncomsl stde checim buwwose
"C,-:l M\L‘rg a\.L % f/'\-‘ ‘N—M‘ f'\-"""c' d‘/‘ C‘L"""u“{‘ ¢ eé tar,

o Initial temperature effects on the cesium Kd with basalts showed a
decrease with increasing temperature to 150°C. Above 150° to
300%C, cesium Kd values increase, perhaps due to sorption and

removal on growing secondary mineral phases or incorporation into
secondary minerals.

o Pressure effects on cesium Kd values were found to be minimal
between the 6.9 to 27.5 MPa (1,000 to 4,000 1b/in.%g) 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 Condi tions:

Hazard measure (HM) is obtained from the sums of the individual
hazard rankings. Transport data i{s 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
me thodology 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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NOCUMENT ADSTRACT

RHO-BWI-ST-9
ABSTRACT

Radionuclides were idantified which appear to pose the greatest
potential hazard to man during long-term storage of nuclear waste in a
repasitory mined in the Columbia Plateau basalt formation. The criteria
used to select key radionuclides were as foliows:

Quantity of radionuclide in stored waste
Biological toxicity

Leach rate of the wastes into groundwater
Transport rate via groundwater flow.

e 0o © o

The waste forms were assumed to be either unreprocessed spent fuel or
borosilicate glass containing reprocessed high-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,-lagI,'237Np, 225Ra, 107Pd,

230Th, 210Ph, 126Sn, 7gSe, and 242Pu. Safety assessment studies and

the design of engineered barriers should concentrate on contaimment 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
CsyU207 and StrZr03 (synthesized).

Test Conditions:
Pressure: 300 bars, temperatures: 200°C for 56 days,
300°C for 28 days, reacted in sealed gold capsules.
COMMENTS ON DATA VALIDITY:

Test temperatures are higher than anticipated under actual repository
cond{ tions.

Decreasing solubility of Cs with increasing temperatures is questionable.

Elevated oxygen pressure prevalent during the experiménts is not likely
to be present under actual repository conditioms.

Water used in the experiments does not reflect the chemical composition
of groundwater exposed to a radiaticn field such as is likely to be present
under actual conditions., Changes due to radiolysis will alter solubility
results,
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None
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DOCUMENT REVIEW FORM

AUTHOR: Kupfer, M. J. and Palmer, R. A.

TITLE: Physical and Chemical Characterization of Borosilicate Glasses
Containing Hanford HLW

REFERENCE: RHO-S5A-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:

l. Leach specimens - crushed glasses; 2, Thermal expansion - 5 c¢m
rods; 3. Conductivity - solid pieces; 4. Phase analysis - samples
cooled at rate of 15°C/hr from 1100 to 400°C,

Test Conditions:

l. Leaching - DIW, 1 M HNO3, 1L M NaOH, soxlet test at 95°C,
at 25°C in DIW; 2, Thermal expansion - 5 cm rods, 250°C-350°C;
3. Thermal conductivity - solid pieces, 25°C, 110°C, 300°C.

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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NOCUMENT ARSTRACT

Scouting studies are baing performed to develop and evaluate siii-
cate glass forms for immobilization of Hanford high-lavel wastes. De-
tailed knowledge of the physical and chemical properties of these glasses
is required to assess thair suitability for long-term storage or disposal.

Scme key properties to ba considered in selecting a glass wasta .
form include Yeach resistance, resistance to radfation, microstructure
(includes devitrification behavior or crystallinity), homogenefty, vis-
cosity, electrical resistivity, mechanical ruggedness, thermal expansion,
thermal conductivity, density, softening point, annealing point, strain
point, glass transformation temperature, and refractive index. OQther
properties that are important during processing of the alass ineclude
volatilization of glass and waste components, and corrosivity of tha
glass on aslter components.

Experimental pracedures used to characterize silicate waste alass
forms and typical proparties of saelected glass compositions contatning
simulated Hanford sludge and residual liquid wastes are presented., A
discussion of the significance and use of each measured property {s
also prasented.
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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; Imconel 600, 625, 800; Titanium 2, 12,
6AL=-4V; Zircaloy, cast iron, copper.

Test Conditions:

Hanford basalt groundwater; NaCl-MgCl, brine; autoclave - 5.52 MPa;
250°C/tensile tests - 20-250°C V-notched specimens tested; fatigue-
crack-growth rate tests - 90°C; corrosion tests duration - 20-72 days.

COMHMENTS ON DATA VALIDITY:

The corrosion data was conducted in simulated Hanford groundwater at
150°C. This type of testing is useful in screening a variety of candidate
metal/alloys but does not represent conditions likely tc be encountered under
actual repository conditions. The contacting solutionr 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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None
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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 conditioms (300°C, 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 Fett/Fettt 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 U6t content was not
significantly altered. In the presence of abundant basalt, however, the ubt

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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DOCUMENT ABSTRACT

Chemical analyses of the solutlons indicated that the perceat-
ages of Cs releoased from glass into solution at 100° or 300°C in-
creasad by a factor of 2 to 4, while Sr, Ba, Ca, Na and 31 seem to
have decreasced to varlous exteats la the presonce of basalt. The
principal conclusion which results from these atudies 1s that basalt
has a marked influeacs on the hydrotharmal alteration behaviaor of
the glass wasta form. Not only does it cause new solid phases to
form, but Lt also wodifles the solutlon chewistry significantly.

In particular, {t seems to increase tha amount of Ca which is taken
into solution, a result which requires move cavaful {inveastigation.

One important result of thesa experiments ia tha varification of
the oxygen buffaering capacity of tha ferrous/ferric contant of tha
basalt and 1its affect on the uranium componcnt of the wastas glaas.
¥hera the glass was the most reactive matarial, as ia the axpariments
with gglida of low surface area, weekaita waas formed, indicating that
the U¥" content was not efggctivaly reducad. Howaver, whara the sur—
face area was large, tha U”' component was raducaed, prevanting the
formation of weeksita.

The solid phase charactarization has ravealed savaral compounda
fzom the long duration runs that wara not obsarved in products of the
shorter runa. New phases such as quartz, orthoclase, pollucita and
villemita waera found. The presanca of these phases may bae indicatives
of a closer approach to equilibrium, or at least an indication of
phasas which ara mora stable in the praosenco of basalt than in its
absenca.
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AVAILABILITY:
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GENERAL COMMENTS:

N\ S
DOCUMENT REVIEW FORM
Altenhofen, M. K.

Waste Package Heat-Transfer Analysis: Model Development
and Temperature Estimates for Waste Packages in a Reposi-
tory Located in Bassalt

RHO-BWI-ST-18 (October 1981)

National Technical Information Service,
Springfield, VA 22161

Thermzal, Model, Package, Basalt, Heat

The author presents thermal analyses of vertically em-
placed waste packages in Umtanum basalt based on the heat
conduction code HEATING5. The author assumes & quasi-
steady—state equilibrium condition in the package and then
examines 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 turams ocut that & 3-D model for
the far—field is needed during the first 100 years after
emplacement. Later on & 2-D model can do., A 1-D model
could be used after a2 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 s good illustration of am acceptable methodology
for coupling near—- and far-field models withont 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 s priority issue; (2)
coupling of heat and moisture flow within the waste
package packing and in the very near-field basalt shkould
be a priority issue, a&s pesk waste package temperatures
are very sensitive to the thermal conductivity of packing
materisls.
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DOCUMENT ABSTRACT (Abridged)

Heat—-transfer analyses were performed for three nuclear waste types which
exhibit differsnt characteristics—commercial and defense high—level waste
(both immobilized in borosilicate glass) and spent-fuel elemeats. The wasts—
isolation system parameters ussd in these analyses reflect the curreat concept~
ual designs for a high-level nuclear waste repository constructad in basalt,
Details of the thermal properties of the host rock and wasts package relevant
to a repository ia Columbia River basalt and the relevant properties of the
waste forms themselves are presentsd and discussed.

The physical layout of the nunclear waste repository was modeled using the
heat-conduction computsr code, HEBATINGS. This code unses the Crank-Nicolson
finite—-differsnce method to evaluate transient temperatnre behavior. Tran-
sient heat-transfar analysis is necessary becaunse the heat gemerated by
aunclsar waste variss with the radioactive decay of fission products.

The rassults of one—, two—~, and three—dimensional models were integrated
to producs an accurate estimate of waste package/host rock-interface tempera-—
tures as a function of time. The more precise three-dimeasional model pro-
vided the most accurate sstimate of temperaturs behavior very near the waste
packags. A comparison of the two— and thrse—~dimensional models indicates that
the two—dimensional results ars esgquivalent to the three-dimensional resunlts
for positions > 2,14 m from the wasts 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 m above the wasts package. The one—~2nd two—dimensional
models always usnderestimate the temperaturss neaxr the wasts package; however,
at times >1,000 yr, the error becomes insignificant. This error is primarily
dus to the fact that in the simpler model the heat sounrcs is distributed over
a much larger volume.

In ordsr to uss the results of one~ and two-dimensional models, far— and
near—fisld-temperaturs sestimatss wers used to determine hole surface tempera-
tures beyond the time for which the thrse—dimensional model is used (100 yrx).
Linkage was provided by extrapolating the short—term transient gradieant be-
havior from the three—-dimensional model to the long-term gradient behavior
calculated using 3 guasi-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 axtrapolated transisant gradieat
behavior was used to estimate: emplacement hols temperatures from two-
dimensional model resalts. VWaste package internal temperaturss were then

~evaluated by applying quasi-steady-stats conditions between the emplacement
hols surface and the wasts package materials.

The ressults of this analysis indicats that peak temperatures and the
times for which they occur at the waste package ceaterline, canister, and em
placement hole surface are 426°C (2.5 yr), 362°C (3 yr), 2ad 255°C (4.5 yr)
for commercial high-level waste; 1789C (22 yr), 172°C (23 yr), and 164°C (26
yr) for defsnss high-level wasts; and 269°C (4 yr), 264°C (4 yr), and
191°C (7 yr) for speant-fuel slements. These zesnlts reflect the decay-heat
charactsristics of each of the wasts types and the emplacement configuration
of sach 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 Conditiomns:
Autoclave, 250°C, 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-BW1-3T-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 25Q0C temperagare. 5.8 MPa pressure,
with simulated groundwater (oxygen fugacity ca 109V 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 test solution were used to monitor
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 containaers in the engineered barrier system concept.
Results regarding control of water composition and malerial corrosion in
the initial phase of testing are presented.
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AUTHOR: Barmey, 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:
Kp.

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 situatiom.
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Several conclusions can be made concerning the mechanisms of radfonuclida
sorption reactions in Columbia River basalt formations. Cesium sorption on
the solids 1is by ion exchangc with possibly some cst "fixed” in mica-1ike
minerals. Both Kt and N2H5 {ons can replace part of the sorbed Cs. Sorption
is very extensive for both altered basalt and secondary minerals. A slow
diffusion of ¢s* into secondary mineral sorption sites continues over many
vweeks after an initially rapid sorption reaction.

Strontium sorption appears to be strictly 2 simple ion exchange reaction,
except when S¢ concentrations are high and Sr is precipitated. Sodium and
Caz ions effectively complete with Sr for sorption sites. In Grande Ronde
groundwater Na concentration {s much higher than Caz and therefore, Na®
dominates the exchange reactions. Becausn of slow dissolution of Caz+ and
Mgz+ from basalt, Sr is slowly desorbed over a period of =20 weeks.,

. Under the Eh conditions of Grande Ronde basalt tormations, Np should
exist as Np{IV¥). Using a hydrazine Eh buffer, Np(IV) was found to sorh
much more strongly than Np(V). Bicarbonate decreases sorption by forming
Np(co ) (4-2x complexes. Large differences in Na’. K*.‘ur ca" concentra-
tion had no effect on Np sorption indicating that sorption is not by ton
exchange. Additional evidence for this conclusion is the fact that Np(IV)
sorption on secondary minerals (which had the highest fon exchange capacity)
was the weakest of the solids measured. HNeptunium{IV) must be chemiserbed
on the mineral surfaces.

Tha oxidation state of Pu in basalt is probably Pﬁ(IV). Plutonium(1Y)
is much more strongly sorbed than the higher oxidation states. Calcfum and
sodium salts fncrease sorption by formation of insolubla Pu compounds. These
may be slightly solubla double salts such as CaPuF or NaPuF,. As for Np,
no evidance for ion exchange of Py on minerals surfaces was found.

Americium solubility and sorption are strongly 1nf1uenced Mg « The
solubility {s lowered and sorption is increased when Mng is present. I
appears that Am forms an insoluble compound with Mg. Bicarbonate and SO 2
decrease <ucption due to formation of complexes such as Amc03+ and Am504 .

Téchnecium probably exists {n the +4 oxidatioa state under the reducing
conditions of a basalt fcrmation. A possible species {s T'co2 which is
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strongly sorbed on the three solids studied. The only significaht parameter
found was the Eﬁ buffer, hydrazine, which reduced Tc04' to Te(1Iv).

, Sg!enite ion, Se032'. was not reduced to Se° by hydrazine as expected
from the standard half-cell potentiais. Selenium does not sorb by anfon -
exchange, but by chemisorption or precipitation, Calcfum {ncreases sorption
probably by formation of a CaSe compound. Carbonate decreases sorption Gy
making Caz+ unavailable by.forming complexes such as Ccho3 and cacoz'.

As might be expected, Ra sorption is similar to that of Sr. Cation
exchange is the main sorpticn mechanism, Sodium fon and k¥ both compete
with Ra faor sorption sites.

A1l sorption reactions studied thus far can be acrurately described
using the Freundlich {sotherm, except when precipitation occurs, These
{sotherms can be used to quantify sorption and to determine at which point
precipitation becomes important for various radicnuclide-groundwater-solid
systems., -

Kinetfcs studies show that most sorption reactions are relatively fast.
However, some groundwater-geolegic 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 equiIibrium
with Grand Ronde groundwater. Altered basalt, howcver, comes very close to
being in equilibrium with this groundwater.
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AUTHOR: Coons, W. E.

TITLE: Basalt Waste Isolation Preoject 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:
£0,, Eh and pH as a function of temperature. Log £0; (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 Conditioms:
Calculated for repository "period of geclgoic controls” and
“thermal periocd."

COMMENTS ON DATA VALIDITY:

Groundwater compositions used in the test are reported to be in agreement
with USGS data. The £0y, 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 ratioc 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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ABSTRACT

This package deafines the physicochemical conditions expected
to pravail in a closed nuclear wasta repository mined from
Columbia River Basalt. Estimatas have been derived from axpari-
mental data, {n-situ measurements, or thermodynamic calculationa.
Equaciona are provided from estimation of {0z, Eh and pil as a
function of temparatura. Expected conditions ars summarized below.

Tempar- Equili- log Oxygen
ature brium pH Fugacity (atm) Eh(V)
(°C).
Period of
Ceologic 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 -0048 to -0053
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 =0Q.435 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, Tec, 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 (150°C, 6.9 MP2) and (300°C,
27.6 MPa), 60 day.

COMMENTS ON DATA VALIDITY:

Based on the sorption data presented, it appears that, under the expected
ambient repository conditioms, 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 om 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 retard the migration of kuy 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 simulata the
expected repository environment as closely as possible., Radionuclide .
Kd values determined for 1, Te, Np, Se, U, Ra, Pu, Am, Cs, and Sr under
oxidizing and, where applicable, reducing conditions for the Columbia
River basalts indicate:

(1) lodine is present as a simple uncomplexed anion and s poorly
sorbed by tha basalts.

(2) Cesium is present as a simple uncomplexed catinn and is strongly
sorbed by the basalts. Cesium Xd values vary wilth temperature as
a function of changing competing ion concentrations and secondary
reactions (new mineral formation).

(3) Strontium, Ra, and Se (oxidizing cuiditions) sorption {is prohably
a combination of ion exchange and chemisorption. Strontium and
Ra, being cationic. are strongly sorbed by the basalt and Se,
being anionic, 13 poorly sorhed by the basalts. Their Kd values
vary with temperature as a function of increasing competing ion
concentration and sccondary reactions (incorporation into or
sorption onto new mineral phases).

(4) Uranium, Np, and Pu are weakly sorbed by basalt under oxidizing
conditions. Under reducing conditions, solubility constraints
will keep U concentrations <1 E-08M, Np concentrations <1 E-16M,
and Pu concentrations <1 E-09M in the groundwater Their sorp-
tirn 1S very dependent on temperature, pH, and groundwater
composition since these factors strongly influence their
spegia%i?n (e.g9., whether they are dominantly anionic or
cationic).

(5) Americium, under oxidizing conditions, is strongly sorbed by the
ga?alti ESgggbility constraints should keep the Am concentration
eiow - ile

(6) Technetfum, under oxidizing conditions, is present as an: anion
and, therefore, is poorly sorbud by the basalts. Under: reducing
conditions, Tc concentration is controlled by the solubility of
Tc0 and the aqueous speciation of Te(lv).

Al1-40



AUTHOR:

TITLE:

REFERENCE:

AVAILABILITY:

EEY WORDS:

DOCUMENT REVIEW FORM

M., J. Smith, P. F. Salter, and 6. K. Jacobs

Faste Package Performance Requirements for a Repository in
Basalt

RHO-BWI-SA-172, 1981

Published

Waste Package, Basalt

GENERAL COMMENTS: This paper provides a summary of a study performed to des-

cribe preliminary waste package performance requirements in
2 basalt repository and est