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SYSTEMS ANALYSIS OF A HLW REPOSITORY AT HANFORD, WASHINGTON

DRAFT SITE CHARACTERIZATION ANALYSIS - APPENDIX D

I. INTRODUCTION

This section discusses the reasons for

performing a systems analysis of the

proposed Hanford repository at this time, and briefly describes the components

of such an analysis. Section II briefly discusses the functions which a

repository must perform to protect public health and safety and describes both

the engineered and geologic features of a repository which must be considered

in evaluating those functions. Section III describes an assumed environmental

standard for the allowable releases from a HLW repository and a simple model

which relates this standard to the expected performance of the Hanford

repository. Section III also includes

a description of the data used in

exercising the model and a discussion” of that data. Section IV discusses the

results of this model for the routine long term performance of the repository.

Section V contains an analysis of the impact of failed borehole and shaft seals

on the performance of the repository.

This report is an initial assessment of the performance of the Hanford

repository, based on information now available. It is intended to assess the

effects of uncertainties on the 1iklihood that the repository will be able to

comply with the draft EPA Standard, 40

CFR 190, and the 1,000 year groundwater

travel time performance objective of the draft NRC technical rule, 10 CFR 60.

It also identifies the major variables which are 1ikely to be important in

demonstrating compliance with these regulatory products at the Hanford site to

better guide the NRC evaluation of the
plans. These variables are identified
and distibutions of their values based
The report also assesses the impact of

performance of the overall repository,
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adequacy of DOE's site characterization
based on current estimates of the ranges
on information available in the SCR.

containment time and release rate on the
and the effect of these variables on the
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performances which will be required of individual components of the geologic
system in order to reach compliance with the draft EPA standard.

The analysis reported here requires three components; a figure of merit, which
is the benchmark against which the performance of the repository is judged, a
model which relates the variables 1likely to affect system performance to the
figure of merit, and the data which consists of the values which the variables
can feasonab]y be expected to take. In this case there are two figures of
merit; the draft EPA standard and the 1,000 year groundwater travel time
performance objective. The model is a simplistic quasi-two dimensional Darcy
flow description of the Hanford Site which is exercised using the computer
codes NWFT/DVM and EZHANF, and the data base consists of best estimates of the
ranges and distributions of pertinent flow and transport properties at the
Hanford Site available in the published 1iterature, with emphasis on the values
contained in the SCR.

IT. DESCRIPTION OF A GEOLOGIC REPOSITORY

The primary function of a mined geologic repository is to isolate the waste so
that only small quantities of the wastes would return to the environment over
such long times that disposal would not constitute an unreasonable risk to
public health and safety. The principal mechanism by which radioactive
material is anticipated to be released to the environment from a geologic
repository is by contamination of groundwater (Ref. 3-2) that contacts the
emplaced waste and transports the radioactive materials from the repository to
locations in the environment where they can be ingested or contacted by humans.
Thus, the assessment of how well a repository performs its isolation function
involves consideration of the time when groundwater initially contacts the
waste, the rates at which groundwater can contact the waste, the quantities and
concentrations of radioactive materials which may be transported away from the
disposal facility, and the rates of transport of the radionuclides through the

geologic, hydrologic and geochemical systems to the accessible environment.

In order to emplace the wastes, the repository must be open for a period of

years during which wastes would be received and handled in surface facilities,
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transported to the underground facility and placed in disposal locations.
After this period of operation, the repository would be sealed and permanently
closed. Until the time of permanent closure, handling of the radioactive
materials would be carried out so that the public and workers would be
protected from excessive exposure to radiation. The measures taken to protect
the public and workers during the pre-closure period would be similar to those
taken for radiation protection at other nuclear facilities and are not
discussed further.

In 1ight of the hazards of the radioactive materials in the HLW and the long
times involved, the measures required to achieve successful isolation of HLW
are unique. There are substantial uncertainties involved in such factors as
the release rate of wastes from a repository, pathways by which the wastes
might reach the environment, and the physical and chemical conditions likely to
reflect the travel times of wastes along these pathways. These uncertainties
will be discussed in more detail in Section III.

Description of a Geologic Repository

A mined geologic repository is a facility which achieves isolation (limiting
the rate of waste release to the accessible environment to acceptable levels)
by means of two major subsystems. These are the geologic setting itself, which
is selected for geologic, hydrologic and geochemical attributes which can
contribute to isolation; and the engineered:system consisting principally of
waste packages and materials used to backfill and seal the underground
facility, boreholes and shafts. The geologic setting and the engineered system
differ both in their contributions to isolation and in the degree of confidence
which can be placed on predictions of their long-term performance. Any mined
geologic repository will contain some combination of these engineered and
natural barriers which together must provide isolation. This is commonly
called the multiple-barrier or the defense-in-depth approach.
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Engineered Barrier System

The engineered barrier system can contribute to isolation first by controlling
the release rate of radioactive materials to the geologic setting, thereby
reducing the contribution which the geologic setting must make, and second, by
providing a source of jsolation which is relatively independent of the geologic
setting and which can therefore mitigate the consequences of unforeseen failure
of that setting. This control of the source term can be achieved in several
ways. First, the engineered barrier system can be designed of materials that
1imit the rate at which groundwater can contact the wastes. Second, the waste
form itself can be comprised of, or encapsulated in, leach resistant materials.
Third, materials which can retard migration once leaching has occurred can be
placed in the underground facility and around the canisters to further control
release of radioactive materials to the geologic setting.

Geologic Setting

Following release of the radioactive materials from the engineered barrier
system, the geologic setting alone must provide whatever additional isolation
is needed to keep radioactive materials entering the accessible environment to
acceptable levels. The geologic setting can provide the needed isolation by
two principal means. First, the geologic setting can exhibit hydrologic
conditions which result in low groundwater velocities and long groundwater
travel times to the accessible environment. Second, the geologic setting can
be comprised of materials that chemically inhibit transport of radionuclides by
groundwater by, for example, ion-exchange or precipitation reactions. The
objective is for the geclogic setting, through long groundwater travel times
and geochemical retardation, to delay the arrival time of radionuclides at the
accessible environment for many thousands of years. During this time
additional radioactive decay will take place, so that only a small fraction of
the material released from the engineered barrier system will enter the

accessible environment, and then only very far in the future.
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ITI. SYSTEM MODEL OF THE HANFORD REPOSITORY

Draft 19 of the EPA standard has been employed to show the relationship between
overall system performance and the numerical requirements on the engineered
barrier system and the geologic setting. This draft fixes a number of
parameters against which the overall performance of a repository will be
evaluated, including a location at which performance is to be measured (the
boundary of the accessible environment), a measure of performance (cumulative
releases of specific radionuclides measured in curies), and an interval during
which performance is to be measured (10,000 years). Specific limits for
releases for reasonably foreseeable (anticipated) processes and events appear
in Table 1, and were applied here in accordance with the footnote to that
table. For purposes of our assessment, consistent with the assumed standard,
the accessible environment is assumed to be all areas on the land surface
regardless of distance from the repository and to include all subsurface
locations beyond a vertical surface 10 km away from the location of the

emplaced wastes. These boundaries appear in Figure 1.
The following nuclides were included in these analyses:
. * * * *
Retarded fission products: Sr-90 , Cs-135 , Cs-137 , Sn-126 ,
. X *)
Unretarded fission products: (-14 , Tc-99 , I-129
Activation products: Ni-59, Zr-93

* * * * *
Actinides: Am-243 , Am-241 , Pu-241, Pu-240 , Pu-239 , Np-237 ,
y-234

* Releases of these nuclides are specifically limited by the working draft
EPA standard.
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These nuclides were included for the following reasons:

A1l the nuclides specified in the working draft EPA standard were
included with two exceptions (Pu-238 and Ra-226).

The half-Tife of Pu-238 is sufficiently short that releases via
groundwater would not contribute significantly to the total amount of
plutonium released.

The inventory of Ra-226 does not build up sufficiently within the
first 10,000 years to allow this nuclide to contribute significantly.

1-129 was included because of its unique combination of chemical and
biolegical characteristics and a very long half-life.

Ni-59 and Zr-93 may be present in spent fuel in moderate quantities

and, because of long half-lives, could contribute to releases.

° While Pu-241 is not named in the EPA standard, it was included in

these analyses because it is a parent of Np-237.

U-234 is the most abundant uranium isotope present in spent fuel (in
terms of radioactivity), and therefore provides the best estimate of

the releases to be expected for uranium.
Routine Release Scenario: The Undisturbed Repository

It is anticipated that if radionuclides are released from an undisturbed
repository to the accessible environment, this release will take place by
failure of the container surrounding the wastes, dissolution of the wastes by
groundwater, and migration of the radiocactive material dissolved from the
wastes with the groundwater to the accessible envircnment. A diagram of this
scenario appears in Figure 1. In this scenarioc, groundwater is presumed to
resaturate the repository within a few centuries after closure and to initiate

deterioration of the waste packages, causing eventual breaching of the waste

FIRST DRAFT - 12/03/82 6 DSCA BWIP/APPENDIX D




0007.0.0

packages and start of radionuclide release to the underground facility. In
time, the radionuclides are released to the geologic setting. The assumption
of prompt resaturation is conservative but reasonable because void spaces in
the backfilled repository will result in a hydraulic gradient that will tend to
promote flow inward, and because some natural leakage is anticipated. An
upward hydraulic gradient in the geologic setting is assumed, causing
groundwater carrying the radionuclides to move vertically through the host rock
from the repository to an overlying aquifer. The radionuclides then follow the
groundwater flowpath horizontally along the Frenchman Springs member away from
the repository and eventually reach the accessible environment. Transport of
some radionuclides through both the host rock and the aquifer is assumed to be
impeded by chemical retardation and by limitations on radionucliide solubility.
Alternative release paths might be selected, such as a downward gradient which
could move radionuclides to an underlying aquifer. However, thermal effects
will tend to enhance transport to an overlying aquifer, so this upward case is
considered reasonable. Evaluation of this scenario involves prediction of the
behavior of an undisturbed repository taking into account uncertainties

associated with significant parameters.
Numerical Assessment: The Model Chosen

To quantify the effects of numerical requirements for the engineered barrier
system and the geologic setting in the routine release scenario, it is
necessary to specify a quantitative model which corresponds to the qualitative
description above. That model may then be used to determine how each of the
barriers affects the performance of the overall geologic repository. The model
selected for describing this scenario is a quasi-two dimensional model in which
the radionuclides travel vertically upward, both through the underground
facility from it to the aquifer, after which they travel horizontally along the
aquifer. This model approximates the groundwater flow shown in Figure 1 by a
series of legs, shown in Figure 2. Legs A and B correspond to the Frenchman
Springs Member, leg C corresponds to flow through the underground facility
itself, and leg D corresponds to flow from the underground facility through the
overlying basalt flows and interbeds separating the underground facility from

the Frenchman Springs Member.
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A number of simplifying assumptions have been made in order to implement this
model. These assumptions are consistent with generally accepted practice in
transport modeling and are not intended to introduce either conservatism or
non-conservatism into the analysis. First, one-dimensional Darcy flow is
assumed, implying low Reynolds number flow in porous media, and implying that
all significant flow is unidirectional. Low Reynolds number flow is reasonable
in view of the small conductivities and hydraulic gradients involved in
geologic disposal systems. Porous flow is reasonable for the Frenchman Springs
Member But for the vertical flow from the underground facility to the Frenchman
Springs Member, flow through fractures is likely. Therefore, the hydraulic
conductivity has been adjusted for leg D to roughly approximate fracture flow.
Presumption of unidirectional flow in the legs has been shown to lead to good
agreement with complex multi-dimensional models such as SWIFT (Ref. 7-1) for
applications similar to this one (Ref. 7-2 and 7-3).

The model also presumes that rock properties are invariant for the length of an
individual leg, so that properties such as permeability and chemical
retardation are constants. A radionuclide passing through an actual unit is
likely to encounter a spatially varying environment that may affect its
velocity. The constant properties of the leg specified in the model therefore
are spatial averages of estimates of the aquifer properties, so that a
radionuclide is modeled to traverse the leg in the same length of time it would
take to traverse the aquifer unit the leg represents. Further, the ranges of
the properties considered below are considered to encompass the changes in

these properties that are anticipated to occur along actual aquifer units.

Another simplification made by this model is that it does not account for all
of the effects of the heat released by the waste. The model does account for
thermal buoyancy effects on flow in leg D, by adjusting the pressure at point
2, the point where flow enters the underground facility. The model does not
account, however, for possible permeability changes in the overlying host rock
which might result from thermomechanical effects. Finally, as applied here, the
model does not deal with the specific processes which cause canister failure or
which affect radionuclide release rates from the engineered barrier system. It

therefore does not deal with the uncertainties associated with early failure of
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containment such as hydrothermal dissolution of waste forms or failure of the
backfill to retard radionuclides due to elevated temperatures or radiation

fluxes.

Clearly, the model described above is highly idealized, and the behavior and
models of an actual site will probably be much more complex. However, it is
the staff's view that the model is more than sufficient to accomplish its
purpose in this document. That is, the model provides significant, realistic
insight into the relationship between major variables and repository
perfarmance.

To implement this model, the NWFT/DVM code was used (Ref. 7-4 and 7-5), which
requires an extensive set of parameters as input data. These parameters, whose
selection refiects the assumptions mentioned above, have been divided into two
groups; the first is subject to relatively little uncertainty, the second
reflects many of the sources of uncertainty inherent in modeling hydrologic
flow and transport. The first, to be called fixed parameters, are those
quantities which define the system and which are specified as point values. In
an actual case these parameters would be fixed by the geometry of the site and
the properties of the fluid and waste which are relatively well known. These
include the distances atong the legs shown in Figure 2, the cross-sectional
area of the legs, fluid properties such as density and viscosity, and waste
properties such as initial inventory and half-l1ives. The second group, to be
called variables, consists of parameters whose values are subject to
uncertainties which may span several orders of magnitude. These parameters are
not taken as point values in the calculation, but are approximated by
distributions. These variables include solubility and retardation factors for
individual radionuclides, and factors affecting groundwater travel time, such
as conducitivity, porosity, and hydraulic gradients. In addition, this group
includes parameters which describe the Engineered Barrier System performance
such as containment time by the waste packages and radionuclide release rates
from the underground facility, so that repository performance can be assessed

as these parameters vary.
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Table 2 identifies the fixed parameters used by the model and the values used
in the analyses. Table 3 identifies the varjables whose values are approximated
by distributions in the calculations, and gives the ranges of those values used

in these analyses.

Input Data for Routine Release Scenario

The point values for the fixed parameters shown in Table 3 reflect the media
and underground facility designs and location currently being given the most
emphasis by DOE. The dimensions of the underground facility which lead to the
areas of leg C and D and the length of leg C are taken (Ref. x-y).
The areas of legs A and B are consistent with the thickness of the Frenchman
Springs Member which overlies the underground facility, and the length of leg B
corresponds to the ten kilometer distance to the accessible environment. The
initial radionuclide inventory is taken from DOE's projections for spent fuel
(Ref. 7-8).

The variables which appear in Table 3 reflect many of the uncertainties in
geohydrology including predictions of conductivities, porosities, hydraulic
gradients and dispersivities. These sources of uncertainty are accounted for
in the model by expressing these variables as distributions of values which
span the range of available data. Similarly, distributions of solubilities and
distribution coefficients (Kd's) are used in recognition of the uncertainties
129, 14

I, C, and

Tc, do not appear to be retarded chemically, and are thereforeipresumed to

involved in predicting these properties. Three radionuclides,
99

move at the same speed as the groundwater. The bases for the data ranges and
distributions are discussed below.

Distribution Coefficients

The selection of ranges and distributions for distribution coefficients (Kd) in
the basalt host rock and aquifer followed comparison of Kd values for basalt
and basalt aquifers from the following sources: (1) Sandia National
Laboratories (Ref.); (2) Golder (Ref.); (3) D. Isherwood (Ref.); and (4) DOE
(SCR Ref.). It is evident upon examination of Tables 4 and 5 that there is not
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a complete set of most conservative values from any one source. In all cases,
however, the range of values (or value) provided by DOE overlap to some extent

the value ranges from the other sources.

NRC has made the decision to proceed with the DOE values for the following
reasons. The DOE values are generally in good agreement with values quoted
elsewhere. The DOE values were preferred because they are well documented
{(RHO-BWI-LD-48), they are site-specific for the Columbia River Basalts, and
they provide a complete set of the required data by the originator.
Additionally, the 30 range for the DOE values inciudes a lower (hence,
conservative) set of values that more closely approaches the lowest values
provided by the other sources (see Tables 4, 5, and 6).

Distribution coefficient value ranges and means for Am, Pu, U, Np, and Sr in
basalt given by DOE in the SCR (Ref.) for oxidizing conditions are listed in
Table 6. The standard deviation for the mean value is not greater than 25%
(P.F. Salter, personal communication). DOE has not provided the raw data on
the Kd measurments to NRC. DOE has estimated the number of analyses for each
nuclide to be approximately 8 or 9, each of which included at least three
replicate analyses (P.F. Salter, verbal communication). NRC has tentatively
elected to use a normal distribution for the ranges of Kd values because of the
aforementioned sparcity of raw data, and because the relatively small ranges of
Kd values (none greater than 1 order of magnitude) would make a log
distribution inappropriate. The lo range of values for Am, Pu, U, Np, and Sr
in basalt host rock is listed in Table 6. These ranges are in reasonable

agreement with the minimum and maximum values provided by DOE (Table 4).

1 Kd values representative of oxidizing conditions have been selected for the

sensitivity analysis for conservatism.
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Sotubility Limits

Because available data for elemental solubility limits is extemely limited, a
range of interest was calculated for each of the following isotopes: Am, Pu,
U, Np, Tc, Fission Products (Sr90, Cs137, Cs135, Snl26, Ni59, ZR93). A
lognormal distribution, with endpoints representing the .001 and .999
quantiles, was assigned to each range.

The ranges were calculated in an artificial, but practical manner. Attention
was directed toward fulfilling the needs of the model, and representing the

values realistically.

Two factors affect the amount of radiocnuclides entering into solution. One is
the release rate -- the number of nuclides released from the waste package per

unit time.

IA
x
IA

Ru

where R is the release rate chosen for a particular run. RL is the designated

tower 1imit; Ru is the designated upper Timit. For this exercise,
-6 -3
3.1 x 10 “/yr £ R £ 3.1 x 10 “/yr

The second factor is the solubility limit. “This Timit determines the allowable
concentration of a particular element in solution.

(%3]
A
w
A

Su

where S is the elemental solutility limit chosen for a particular run. SL is
the lower 1imit; Su is the upper limit. As previously stated, sufficient data
is not available to provide these Timits. Because of this, a range of interest

was calculated for each elemental solubility.
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Solubility Limits (Calculation of Su)

Su was determined to be the concentration of radionuclides in solution that is
equal to the concentration that would result from the highest release rate
(Ru). The equation is as follows:

SuxQ = Ru

Inventory
where Q is the volumetric flow rate.
This is a valid determination of Su because the amount of nuclides entering
into solution is controlled by the release rate, unless the solubility limit is
exceeded. The model performs this prioritization in the following way:
if S £ Su, then R is controlling;

for a given R, if S > Su, then Su is controlling.

Thus, Ru is the absolute upper 1imit for nuclides entering into solution, and
the maximum solubility can be determined by

Ru= Sux{(

Inventory

This calculation was performed for all of the above mentioned elements. A

sample calculation, for U234, follows.

Ru = 3.1 x 107 /yr

Q = K x gradient x area
=3.16 x 10°% ft/day x 1.0 x 1072 x 8.0 x 10° £t?
= 2.53 x 10° £t /day

Inventory (at year 1000) = 1.46 x lO32 atoms
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1 23

3.1 x 107 3/yr = (Su x 2.53 x 101 ft3/day x 28.32 f/ft> x 6.023 x 10
atoms/mole
1 mole/234 g x 1000 g/1 x 365 day/yr)/1.46 x 10°2 atom

Su=6.8x 101

9/9g

Values for conductivity and gradient in the flow calculation are the mean
values of the ranges used in this analysis. The inventory at year 1000 is
taken from ORIGEN, and represents 100,000 MTHM.

Solubility Limits (Calculation of S, )

The determination of SL was based on the draft EPA 1imit for cumulative

releases of each nuclide over 10,000 years. The eguation used is as follows.

Allowable Release = § X SL

The following sample calculation is for U234.

1l

Allowable Release = 10 curies/1000 MTHM x 100,000 MTHM

1,000 curies

1

Q=2.53 x 10 fts/day (as calculated above)

1,000 curies = S, x 2.53 x 10% ft3/day x 28.32 1/7t% x 1000 ¢/1

x 10,000 years x 365 day/year x 2.14 x 10-6 curies/g

S, = 1.8 x 1074 g/g
This value was then reduced by a factor of 10_2, producing a lower 1imit for
U234 of 1.8 x 10-6 g/g. Because the purpose of this analysis is to provide and
examine a range of interest, it was determined that a lower solubility limit
that results in a release of 1% of the draft EPA standard sufficiently bounds

the range of interest.
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These calculations were performed on all of the above mentioned nuclides. For
fission products, calculations were performed on each, and Su for the group was
determined by the highest upper 1imit calculated for an individual nuclide
(Zr393) in the group. The value of SL for Cs135 was chosen to represent the
group of fission products because it provided the most conservative (highest)
Tower 1imit.

Dispersivity

At the Hanford BWIP site there is only one measurement of longitudinal
dispersivity, 0.8 m (2.6 ft), based on tracer tests in DC-7/8 (Leonhart and
others, 1882; SCR, p. 5.1-56). While values of dispersivity measured under
Taboratory conditions are typically less than lO—2 m Timited data from field
studies and numerical modeling of contaminant plumes indicate a range from 10-2
2 n 107! - 5 x 10" £t) (Freeze and Cherry, 1979: §.
Neaman, personal communication, 1982). Staff considers a reasonable range of

Lo 1.6x10%°m(5x10t-5x

to greater than 10"

dispersivity at Hanford site to be from 10

10+2 ft), with a lognormal distribution.

Hydraulic Conductivity - Horizontal Leg

Measured horizontal conductivity values in the Frenchman Springs flow tops
T ns (107 ft/d) to 1073 ms (10% ft/d) (SCR, p. 5.1-27 -
5.1-41; Golder, 1982 a,b). To account for uncertainty in identifying the

actual aquifer of interest and to account for measured horizontal
7

range from about 10

conductivities which are lower than 10
10730 - 1073 s (107%

values cited in hydrogeologic Titerature for basalt (Brace, 1980; Freeze and

ms, staff recommends using a range of
- 10+3 ft/d). This range is generally consistent with

Cherry, 19738). The distribution is assumed to be lognormat.

Porosity - Horizontal leg

At the Hanford BWIP site there is only one measurement of effective porosity,
approximately 10_4, based on tracer tests in DC 7/8 (Leonhart and others,

1982). ‘“ihen total porosity is multiplied by a factor of 0.25 to convert to
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effective porosity, based on the data of NUREG/CR-2352, there is an estimated

3 to 10_1. Fracture porasity/permeability relationships, such as

those developed by Snow (1969), indicate a range of approximately 10—4 to 10_1.

range of 10

Based on petrographic examination, DOE estimates the volume of unfilled
fractures to be in the range of 0.025 - 0.059 volume percent (2.5-6 x 10_4)
(SCR, p. 3.5-53). Given the large uncertainty inherent in estimating a range
based on only one field measurement and assuming that the range must include
known measurements, staff considers a reasonable range of effective porosity to

be from 10_5 to 10-1. The distribution is assumed to be lognormal.

Hydraulic Conductivity - Vertical Leg

Vertical hydraulic conductivity values have not been measured for the Hanford
BWIP site. DOE assumes a value near 10_10 mis (10_4 ft/d) based on values in
-12 to 10_8 mls (10_6 - 10—2 ft/d) derived from regional-scale

numerical modeling (MacNish and Barker, 1976; Tanaka and others, 1974). Spot

the range 10

measurements of horizontal conductivity from single-hole tests of dense basalts
-14 to 10_8 ms ('_1_0_8 - 10_2 ft/d). Based on a hest
estimate for vertical hydraulic conduétivity {Golder, 1982a) of lO-9 ms (].0-3
ft/d) in dense basalts and 10_8 ms (10_2 ft/d) in interflows, staff recommends
10 10_6 ms (10_4 - 10O ft/d) to account for uncertainty

in using measured horizontal values to estimate vertical conductivity and to

and interflows range from 10

using a range of 10

provide for a conservative analysis. The distribution is assumed to be

Tognormal.

Porosity - Vertical Leg

There are no measurements of effective porosity in dense basalts at the Hanford
BWIP site. The range in effective porosity for the vertical leg is assumed to
overlap the lower range of the horizontal leg, 10_5 to 10_3, based on hydraulic
conductivities and fracture porosity/permeability relationships of the dense

basalts, including the DOE data cited in the SCR (p. 5.3-53). The distribution

is assumed to be lognormal.
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Hydraulic Gradient - Vertical lLeg

Pre-emplacement vertical hydraulic gradients based on measured heads from
packed-off intervals and on measurements using the nested piezometers of DC-1
average about 10~3. The staff considers a reasonable range of vertical gradient to
be from 10.5 to 10-2
over the dense basalts should be much higher than that over interflows (Golder,

1982a).

, with a Tognormal distribution. The vertical gradient

Hydraulic Gradient - Horizontal Leg

Horizental hydraulic gradients in the Frenchman Springs flow tops calculated

5 to 10~3. The range reflects

from existing head measurements range from 10
current uncertainty in measured head values determined from packed-off test

intervals (Golder, 1982a,c). The distribution is assumed to be lognormal.

Radionuclide Release Rate

The staff selected a lognormal distribution of radicnuclide release rates whose
median is 1 part in 10,000 per year and whose 3 ¢ lower and upper bounds are 1
part in 320,000 per year and 1 part in 320 per year, respectively. This range
and distribution is consistent with the performance which the staff presently
estimates that DOE could provide for the engineered barrier system in the
absence of a regulatory requirement on the radionuclide release time. This
release rate is not expected by the staff nor forced by the model to apply to
all radionuclides. Radionuclides whose solubility is sufficiently low that
their release rates will be lower than the release rates selected from this
distribution are modeled at whatever Tower release rates are consistent with

those radionuclide solubilities.

Canister Life

The staff selected a lognormal distribution for canister life which varies from
100 to 10,000 years and whose median is 1,000 years. This distribution is
sefectad to show the effects on repository performance of cansiter lives
varying from the approximately 100 year lifetime associated with emplacement

and retrieval through the 1,000 year lifetime which is a performance objective
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in proposed 10 CFR 60 up to the 10,000 years which is the Timit of the interval
considered by Draft 19 of the EPA standard.

IV RESULTS

The effects on repository performance of the variables whose ranges appear in
Table 3 were investigated by repeatedly running NWFT/DVM using a standard
statistiéa] sampling technique (Ref. 7-9, 7-10). In this statistical
technique, a "case" composed of 25 values, one for each of the variables in
Table 3, was selected from within the ranges shown in the table. By selecting
the values at random and by running enough cases to investigate the entire data
range, the effects of each of the variables on repository performance can be
determined. It is important to be aware that the effects of the variables are
only valid for the ranges given in Table 3. Should a variable take on a value
outside the range given in Table 3, the effects of many of the variables on
repository performance, as well as the overall performance of the repository

might be very different.

The results described below should be interpreted with great care. This is a
simple analysis which is intended to help identify potentially important
parameters affecting the behavior of the Hanford site, and to demonstrate how
the current uncertainites in those parameters might affect repository

performance.

Engineered Barrier System

Radionuclide Release Rates

Figure 3 displays the effect of the rate of radionuciide release from the
underground facility on the probability that the EPA standard for routine
releases will be exceeded. It is seen that for a radionuclide release rate of
about 5 X 10_6 per year and lower, the probability of exceeding the EPA
standard is negligible. As the release rate increases, however, the likelihood
of exceeding the EPA standard increases to over 70 %. This result suggests that

the engineered barrier system can have a substantial impact on the 1iklihood
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that the EPA Standard will be exceeded, and that a goal for the release rate

5

from the engineered barrier system of about 10 ~ to 10-6 may be appropriate to

compensate for uncertainties in the geologic setting.

Figures 4 and 5 display the contributions of specific catagories of
radionuclides and of specific radionuclides, respectively, to the probabilities
of exceeding the EPA standard shown in Figure 3. In Figure 4 it is seen that
neither retarded fission products or actinides alone result in any violations
of the EPA standard. This result should not be interpreted to mean that
retarded fission product and actinide releases are negligible, rather that
their contributions to exceeding the EPA standard are not by themselves
sufficient to exceed it. The significant result of Figure 4 is that the
behavior of the unretarded fission products appears to deserve the greatest
scrutiny. In Figure 5 the contributions of the three unretarded fission

14C, 3 1291, to exceeding the EPA
standard are displayed. It is seen that I alone does not result in any

products of greatest interest, Tc, and

129
violations of the EPA standard, suggesting that the radionuciides of greatest
interest at this time are 14C and 99Tc.

Canister Lifetime

Figure 6 diplays the impact of canister life on the probability of exceeding
the EPA Standard. It is seen that a canister lifetime of about 4,000 years is
needed to begin to have a significant effect on repository performance. This
result illustrates one of the Timitations of this type of analysis. The NRC
staff considers that a long 1ived waste package can provide significant
benefits for intervals of substantially less than 4,000 years, but this
viewpoint takes into consideration such effects as the thermal behavior of the

engineered barrier system which is not modeled in thjs particular analysis.

Geologic Setting

Groundwater Travel Time

Groundwater travel time is controlled by six parameters; conductvity, porosity,

and gradient in the host rock (vertical leg), and conductivity, porosity,and
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gradient in the aquifer (horizontal Teg). The relationship between these
parameters and the groundwater travel time is straightforward:

Host Rock Aquifer
Groundwater Porosity x Length Porosity x Length
Travel Time Conductivity x Gradient Conductivity x Gradient

From this equation and the contents of Table 3 it may readily be calculated
that the median groundwater travel times in the host rock and the aquifer are
about 130 years and 2,830 years, respectively, and sum to a total median travel
time of about 2,950 years. Figure 7 displays the calculated distribution of
groundwater travel times based on the ranges and distributions appearing in
Table 3. It shows travel times on the abcissa and the probability of exceeding
those travel times on the ordinate. The figure shows that there is about a 50 %
probability of groundwater travel times exceeding about 4,000 years, and about
a 70 % probability of groundwater travel times exceeding 1,000 years. This
result could be interpreted to mean that while it is reasonably likely that the
NRC groundwater travel time criterion of 1,000 years will be met, it will be
necessary to make substantial reductions in the uncertainties in the
above-mentioned parameters to be able to provide reasonable assurance of
compliance.

The impact of the above parameters on the probability that the EPA standard
will be exceeded is shown in Figures 8 through 13, respectively. The results
are consistent with intuitive predictions; parameters which may vary over
larger ranges of uncertainty generally appear to affect the probability of
exceeding the standard more than parameters which vary over relatively smaller
ranges of uncertainty. Further, there is generally more scatter at the end
points of each curve than in the middle, due to the use nf a lognormal
distribution, which will select parameter values most frequently about the
median of the distribution. Finally, the probability that the EPA standard will
be exceeded appears to vary more with changes in aquifer parameters than host
rock parameters because groundwater travel times in the aquifer are generally

significantly greater than groundwater travel times in the host rock. The last
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inference should be made with considerable caution, since contributions to
exceeding the EPA standard will also depend on geochemical properties in each
leqg. That is, a leg with a relatively short groundwater travel time might have
very good geochemical properties and thus be more important to meeting the EPA
standard than a leg with relatively long groundwater travel times and poor

geochemical properties.

At this t%me it appears to be premature even to draw conclusions about which
properties of which leg deserve the most scrutiny. The uncertainties in each of
the parameters are too great to confidently identify a smaller set as being
particularly important.

Geochemistry - Solubility

Based on the radionuclides identified as most important in the Engineered
Barriers discussion above, this analysis addressed technetium since carbon is
presumed to be infinitely soluble.The impact of solubility on the probability
that the EPA standard will be exceeded is shown in Figure 14 for technetium and
in Figure 15 for the other fission products. Figure 14 might be interpreted to
show that as technetium solubility approaches a maximum the probability of
exceeding the EPA standard increases from about 40% to about 70%, but an
examination of Figure 15 shows scatter in the results of about 20% with
increase scatter around the endpoints due to the lognormal distributions. While
solubility is intuitively important, in this analysis its effects appear to be
obscured by other variables. This situation suggests a possible real analog;
since the effects of solubility on radionuclide release rates will be are
coupled to groundwater flow in or near the repository, if the uncertainties in
the hydrologic flow parameters needed to predict such groundwater flow are
great, it may be difficult to demonstrate with reasonable assurance that
radionuclide solubilities can have a significant beneficial effect on

radionuclide release rates, regardless of how well solubilities are known.

Geochemistry - Distribution Coefficients
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Figures 16 through 20 show the impacts on the probability of exceeding the EPA
standard of changes in the distribution coefficients in the host rock and in
the aquifer for americium, plutonium, uranium, neptunium, and the retarded
fission products, respectively. Although none of these retarded radionuclides
alone result in exceeding the EPA standard, it is theoretically possible that
they may make partial contributions to exceeding it. In fact it is seen that
for americium and uranium distribution coefficients in the aquifer (Figures 16b
and 18b),‘and for the neptunium distribution coefficient in the host rock
(Figure 19a), there are no cases which exceed the EPA standard for the upper
portions of these ranges. This result may suggest that these parameters be
emphasized in future geochemical investigations. On the other hand, the single
value in the plutonium distribution coefficient in the aquifer (Figure 17b) may
be an artifact of the sampling technique which, as mentioned earlier, generally
causes more scatter at the end points of each curve than in the middle, due to
the use of, in this case, a normal distribution.

NOTE ON DRAFT 1. ANALYSES OF GEOCHEMICAL PARAMETERS WHICH INCLUDE TABULATED
NUMERICAL RESULTS WILL BE ATTEMPTED FOR INCLUSION IN DRAFT 2.

V ANALYSIS OF THE IMPACT OF FAILED SHAFT AND BOREHOLE SEALS

Introduction

This performance assessment analysis was undertaken to evaluate the
importance of failed borehole plugs and shaft seals in the effective
containment of radionuclides by a High-Level Nuclear Waste Repository. The
principal objective of long term repository performance assessment is to
quantify the releases of potentially hazardous radionuclides to the accessible
environment. The performance assessment detailed herein evaluates groundwater
flow paths and travel times and the effects of variocus input parameters on
these dependent characteristics of the physical system. An updated version of
the one-dimensional, network, radionuclide transport code, NWFT/DVM (ENGDVM) is
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used to evaluate the sensitivity of repository models in basalt to the
hydraulic characterisitics of shafts with failed seals. Specific parameters
investigated include hydraulic conductivities, porosities, hydraulic gradients,
and path lengths of groundwater flow to the accessible environment. The input
parameters that characterize the host rock and aquifers in the basalt system
are also analyzed to vary the importance of the shafts with failed seals
throughout the analysis.

In the basalt system of the Pasco Basin, Washington, groundwater will
eventually transport harmful radionuclides to discharge points within the
biosphere. Prior to licensing a High-Level Waste Repository at Hanford,
Washington, the NRC must convince itself and the public that these releases
will not have significant impacts on the neighboring ecological systems. By
prolonging the release of the pernicious radionuclides to the accessible
environment, the impact of the releases will be reduced since the radionuclides
continue to decay to lower activity Tevels through time. Investigators for the
Department of Energy (DOE) are attempting to prove that sufficient time will
pass prior to the initial release of radionuclides to the environment so that
these releases will be inconsequential. DOE proposes sites to be High-Level
Waste (HLW) repositories because they beljeve that the natural barriers (e.g.
long groundwater travel times, highly sorptive host rocks, low hydraulic
gradients, long term geologic stability, etc.) and engineered barriers (e.g.
waste packages, mined repository, waste form, etc.) will sufficiently prevent

early releases of the radionuclides to the accessible environment.

The rationale for the multiple barrier approach and the scientific basis
for HLW geologic repositories is discussed in Chapter 12 of the Site
Characterization Report (SCR) for DOE's proposed repository at Hanford,
Washington. To avoid redundancy, this discussion excludes the rationale.
Chapter 12 also discusses the technical criteria that must besatisfied by a
proposed repository system prior to licensing of the facility by the U.S.
Nuclear Regulatory Commission (NRC). The principal technical criterion,
proposed by the NRC, is that the minimum groundwater travel time from the
repository to the accessible environment 10 kilometers distant be in excess of

1000 years. The U.S. Environmental Protection Agency (EPA) has also proposed

FIRST DRAFT - 12/03/82 -> DSCA BWIP/APPENDIX D



0024.0.0

limitations on the releases of radionuclides at a similar border zone in
several drafts of a proposed standard. In the belief that these standards will
eventually become law through actions of the EPA, the NRC also evaluates the
performance of proposed repositories by their ability to comply with these
standards. The following sensitivity analysis evaluates the compliance of a
model repository in the Pasco Basin Basalt System to these draft standards and
stresses the dependence of groundwater travel times and discharges of
radionuclides on the hydraulic conductivities, porosities, and hydraulic
gradients along the flow path between the repository and the accessible
environment. The importance of failed shafts in potential release scenarios
will also be analyzed.

Sensitivity Analysis

This paper documents the current status of the modeling of the
borehole/shaft seal failure scenarios performed by NRC staff in the
Performnance Assessment Section of High-Level Waste Management Licensing Branch
of the Office of Nuclear Materials Saftey and Safeguards. Since many of the
parameters used in the sensitivity aﬁé]ysis are representative of the basalt
system of BWIP at Hanford, Washington, these analyses illustrate the importance
of groundwater flow system variables at Hanford in determining groundwater
travel times, flow paths, and discharges of radionucliides to the accessible

environment.

Before commencing the computer modeling program of this sensitivity
analysis, the flow system can be evaluated qualitatively to determine the
relative importance of flow variables. Darcy flow is assumed throughout the
system, and so the dependence of the darcy velocity on the hydraulic gradient
and conductivites is obvious from the inspection of the algerbraic expression

of Darcy's Law,

Q = KIA, or
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Q/A = u = KI, where

Q is the volumetric flow rate; A is the cross-sectional area of the flow path;
K is the hydraulic conductivity; I is the hydraulic gradient; and u is the
darcy velocity. Naturally these variables must have consistent units, or else
conversion factors are required to satisfy the equation. Since the darcy
velocity describes flow through an equivalent porous medium, this velocity does
not accurately describe the median velocity of groundwater. To account for
tortuosity of the flow path as water migrates through individual pores, the
darcy velocity must be divided by the effective pororsity. Effective porosity
ignores pores that are not interconnected as water cannot appreciably flow
through the solid framework of the porous medium. Thus an average linear

velocity of groundwater flow may be calculated as
v = u/en, where

n is the effective porosity, v is the average velocity of groundwater flow,and
e is an empirical constant dependent on the characteristics of the porous
medium. To calculate groundwater travel times along any specified flow path,
one merely needs to divide the distance along the flow path by the average
velocity, once again assuming the units are consistent. If the average
velocity varies systematically along the flow path, then a simple flow path
must be divided into segments along which the average velocity is constant. In
this situation, the travel time will be the sum of the individual travel times
along the segments of the flow path. Should the average velocity
inconsistently vary along the flow path, or the flow path cannot be discretized
into segments along which the velocity is nearly constant, then the travel time
must be integrated aiong the Flow path. By using a simple network flow system
in the sensitivity analysis, integration of the velocities is not necessary as
they are constant for any given Teg of the system.

Since this sensitivity analysis is one-dimensional, hydrauiic parameters
1ike conductivity and porosity can oniy vary along the flow path. This assumes
that a one-dimensional model of the flow system is vaiid and that the rocks

along the fiow path may be characterized as homogeneously conductive and porous

materials. These assumptions are also implicit in the application of the
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NWFT/DVM model used in the analysis. The flow system can be discretized into
representative flow lengths or legs along the path length that can be

characterized by a corresponding hydraulic conductivity and porosity.

Inspection of the equation used to calculate groundwater travel times
illustrates the proportionality of travel time to effective porosity and path
length and its inverse proportionality to hydraulic gradient and conductivity,
or

ti = (Line)/(Kili)’ where

ti is the mean groundwater travel time along leg i, and Li is the path length
of leg i. Based on this relationship, increasing the porosity or path length
for a particular leg or decreasing the hydraulic conductivity or gradient would
increase the groundwater travel time for that leg. Although the value of e is
approximately 1 for uniformly packed sands, its value in fractured media,
including basalt, is unknown.The total travel time along the flow path may be
calculated by summing the travel times of all the flow legs, or

-y
i

t ti’ where

Tt is the total mean travel time along a given flow path composed of n legs.
This approach permits the calculation of different groundwater travel times for
alternate flow paths in more complex models: if the average velocities of

groundwater flow are known for these flow legs.

To summarize this qualitative analytical approach to the sensitivity
analysis of the failed borehole/shaft seal scenario, the following predictions

about the sensitivity of the system to various input parameters can be made:

(1) travel times increase if any of the porosities of the rock units along

the flow path from the repository to the accessible environment increase,

(2) travel times increase if the path length from the repository to the

discharge point increases,
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(3) travel times decrease if any of the hydraulic conductivities of the
rock units along the flow path from the repository to the discharge point

increase, and

(4) travel times decrease if the hydraulic gradients along the flow path

from the repository to the discharge point increase.

These preaictions are simple interpretations of Darcy's Law and the equation
for groundwater travel time. The relative importance of the empirical
constant, e, in calculating the average groundwater velocity is presently
unknown (Freeze and Cherry, 1979). In fractured media like the basaltic host
rocks at Hanford, groundwater flow predominantly occurs along fractures that
serve as conduits for transport. As these fractures provide a more direct
route for groundwater migration, the tortuosity along the flow path is
considerably less than that of water flowing through a uniformly porous medium.
The roughness of the fracture may contribute some tortuosity to the flow, but
this would be relatively insignificant compared to the deviations of flow that
occur between individual pores. More uncertainty is included in this term
since flow through fractures may be turbulent rather than laminar. These
uncertainties in the value of e for fractured media force the assumption that
the basalt system behaves as an equivalent porous medium; the constant e equals

1. The validity of this assumption is questionable.

The validity of all the assumptions mdade in this sensitivity analysis and
the accuracy of these predictions will be evaluated by comparison with the
results of the NWFT/DVM modeling program detailed below. Prior to a complete
description of this program, however, several comments should be made
concerning the use of the updated version of NWFT/DVM (ENGDVM). NWFT/DVM was
selected to model these one-dimensional failure scenarios as it is the only
radionuclide transport code currently being used by the Performance Assessment
Section of WMHL. The current version of NWFT/DVM is Timited in its application
to sensitivity analyses of the borehole/shaft seal failure scenarios. This
limitation, caused by the required specification of groundwater flow path
through the network prior to execution, may cause the program toc ignore a

azltered input parameter if this variable is changed in a leqg that is not
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included in the specified flow path. Removal of this requirement would greatly
expedite the sensitivity analysis of the scenarios, but it would also decrease

the computational efficiency of the program, thus increasing execution costs.

In the present sensitivity analysis of borehole/shaft seal failure
scenarios, input parameters are independently substituted into the basecase
scenario that has a specified flow path aleng legs 13,12,7,14 and 4. A1l the
legs of the NWFT/DVM network model are shown in Figure 21. Parameters that
controlled the importance of the failed shaft (leg 10) in the model were then
substituted into a similar basecase scenario where the flow path was specified
as 13,10,3, and 4. Since the model is sensitive to the hydraulic
conductivities and gradients of the flow legs and the changing of these
paramters causes a variation in the dominant flow path, many of the input
parameter sets were repeated using both specified networks to thoroughly
evaluate their effect on the system.

Description of the Flow System

The standard NWFT/DVM network consists of 15 legs that simulate flow
through an underlying aguifer, faults, repository tunnels, host rocks, shafts,
and/or an overlying aquifer that conduct repesitory effluents to a discharge
point at the end of leg 4. The basic network including the Tegs and leg
‘junctions is shown in Figure 21. The basecase scenario is pictured in Figure
23 and can be seen to be a variation of the basic network. The legs of the

basecase scenario and their physical analogs are Tisted below:

Leg Number Model Counterpart

Pipe
Upper Aquifer
Pipe
Upper Aquifer
Pipe

[T G2 BN~ S S AV

Lower Aguifer/Aquitard
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7 Pipe
8 Lower Aquifer/Aquitard
Leg Number(continued) Model Counterpart

9 Failed Shaft

10 Failed Shaft

11 Host Rock below Repository
12 Host Rock above Repository
13 Repository
14 Pipe

15 Aguitard/Pipe

The pipes in the model merely serve to conduct groundwater into the model and
to simutate vertical migration up through Teg 12, the host basalt above the
repository. They are generally highly conductive, short, narrow, and have a
Tow porosity. Water that migrates up leg 10 must travel through leg 3, which
is 100 feet long to reach the discharge portion of the network, leg 4.
Correspondingly, groundwater that flows down leg 12 must travel through pipes 7
and 14, which sum to 200 feet long, to reach the discharge portion of the
model. Since Jjunctions 9 and 11 have been given the same elevations as the
junctions in the upper aquifer, the basecase scenario models both flow up the
failed shaft and through the basalt overlying the repository. It should be
noted, haowever, that the path Tength through the host basalt is 100 feet longer
than the flow path through the failed shaft. This disparity in flow path
lengths will naturally increase the groundwater travel time through the host
basalt compared to the failed shaft.

To evaluate the validity of the parameters which were input into the
basecase model, the characteristics of legs 10 and 12 are listed below. A
complete iisting of the input parameters for all Tegs in the network may be
found in Figure 23. The physical characteristics of leg 10, the failed shaft,

are as foilows:

tength = 1500 feet,

FIRST DRAFT - 12/03/82 OSCA BWIP/APPENDIX D

‘,J
A



0030.0.0

Cross-sectional Area = 300 sq.feet,
Hydraulic Conductivity = 7.3E2 feet/year or 2 feet/day (7E-6 m/s),
Porosity = 0.25 (fraction).

In comparison the physical characteristics of leg 12, the overlying basalt, are

as follows:

Lengfh = 1500 feet,

Cross-sectional Area = 8,000,000 sq. feet,

Hydraulic Conductivity = 1E-6 feet/year (3.5E-11 m/s), and
Porosity = 3.2E-4 (fraction).

A1l of the input parameters may be compared for validity with similar
characteristics provided by DOE, EPA, Golder Associates, and the parameter

ranges found in the Rationale for the Performance Objectives found in 10 CFR 60

by the NRC. Many of the original input parameters were decided upon by NRC

Performance Assessment Staff and contractors. Hydrochemical Parameters

Since the release scenarios of radionuclides are extremely sensitive to
solubility 1imits, the Timits are usually not enforced to make the model more
sensitive to changes in the independent parameters. Distribution coefficients
and the dispersivity remain constant throughout this analysis so that the only
geochemical parameter varied in the computer models is the enforcement of
solubitity limitations. The solubility 1imits used in this analysis are listed
in Table 9. NRC staff believe these values to be current estimates of the
solubilities of the dominant radionuclides in the representative repository.
The accuracy of these values is being examined in a sensitivity analysis that

is being conducted independently of this study.

The validity of the assumption that these values do represent the actual
solubilities of several radionuclides cannot be defended within the scope of
this anaiysis. Since many of the laboratory experiments and theoretical
analyses that determined these parameters were conducted under the assumption
of chemical environments within bedded salt deposits, their application in the

hydrochemical environments within the basalts in the Pasco Basin is
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questionable. Nevertheless, they do effectively 1imit the release and
transport of radionuclides away from the repository; a solubility-limited
release scenario is certainly more plausible than the ultraconservative
leach-1imited approach. Previous analyses of release scenarios through failed
shaft seals have indicated that solubility 1imits are important in controlling
the accumulative discharge to the accessible environment ( Lester, Thomas, and
Faust, 1982).

Leach time in all models begins 50 years after the compietion of the
repository and continues for 100,000 years. The radionuclide inventory at 50

years is included in the listing below:

Radionuclide Amount at 50 vears
Cl4 6.39E4 ci,
Ni59 2.28E5 ci,
Sr90 1.09E9 ci,
Zr93 1.91E5 c1,
Tc99 9.41E5 ci,
Snl26 3.49E4 ci,
U234 7.22E4 ci,

Puz39 2.28E7 ci,and
Pu240 3.33E7 ci.

The dispersivity (lateral), which remains constant in all scenarios, is 50
feet. To avoid numerical oscillation and overshoot/undershoot errors in the
execution of the models, the minimum length of any leg in the network was
assigned the value of 100 feet. The pipes that connect the upper and lower
aquifers with the repository, shafts, and host basalt are characterized by this

path length.

The distribution coerficients of the radionuclides within the various
porous media of the modei also remain constant in every scenario. If the flow
nath is aitered from that of 13-12~7-14-4 to 13-10-3-4. the groundwater

offluent 7rom the repository encounters different units along the flow path.

mal
b=
=0
w
—
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Discharges to the accessible environment will vary for the different pathways
due to disparities in travel times and sorption characteristics of the
conducting rocks. Distribution coefficients are required by NWFT/DVM for each
of the legs within the specified flow path. By changing the flow path, one
must also change the distribtuion coefficients. While many of the sorptive
characteristics are the same for a given radionuclide in different materials,
the distribution coefficients may change dramatically depending upon the host
material.

An example of this phenomenon may be seen in the difference of sorptive
characteristics of C1l4 in cement as compared to basalt. In this sensitivity
analysis, transport of Cl4 is not retarded in basalt. In contrast, transport of
C14 is significantly retarded in flow through cement. These findings are
included in several draft documents prepared for the NRC by its contractors, so
they cannot be referenced in this document. The validity of this behavior
cannot be defended within the scope of this analysis. Based on this behavior
of Cl4, a qualitative prediction would expect that Cl4 will escape much more
easily to the accessible environment when the groundwater flows through basalt
rather than the cement-filled, failed shaft. A complete listing of the
retardation factors and distribution coefficients for each leg along the
pathway is included as Table 10.

The source of all the radionuclides is a 50 year old repository that is
620 feet long. The tunnels in this repository have a total cross-sectional
area of 104 square feet. Other flow characteristics for the repository tunnels
are detailed in Figure 22. The computer code ORIGEN supplies the initial
radionuclide inventory for a 100,000 MTHM repository. This inventory naturally
changes during the fifty years prior to initial leaching of the waste because
of radioactive decay. The inventory of radionuclides at the time of initial

leaching has been previously listed.Description of the Basecase Scenario

In the basecase scenario, a geologic repository for HLW is located 1500
feet below an overlying aquifer. Groundwater flowing through this aquifer
discharges ten kilometers distant from the surface projection of the repository

so that any radionuclides released from the repository will be released to the
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accessible environment where this aquifer discharges into a river. In the case
of the proposed repository at Hanford, this aquifer represents the more
transmissive zones of the Frenchman Springs Member of the Wanapum Basalt in the
Pasco Basin. The repository horizon is modeled within the dense flow interior
zone of the Umtanum Basalt Flows below the Frenchman Springs Member. An
underlying aquifer supplies groundwater to the repository through the host
basalt in which the repository has been constructed. This groundwater flow
represents the regional flow that may exist beneath the proposed facility that
occurs within the more conductive zones of the Pre-Columbia River Basalt Group.

Groundwater flowing through this lower aquifer-system flows into the
repository through the basait from below. Although the system may be connected
along lineaments, fractures, and faults, the occurrence of this upward
migration is not predicated upon their existence. The physical characteristics
of this leq, leg 11, are similar to those of leg 12, the overlying basalt. The
repository also receives groundwater from the aquifer system above. This
connection is along the access shafts constructed along with the mined
repository and sealed after completion. Subsequent to their effective sealing,
the shafts begin to conduct appreciabie volumes of water so that the hydraulic
conductivities of the shafts increases to 2.0 feet/day as the seals degrade.
Since groundwater essentially flushes into the repository from above and below
and then discharges back into the upper aquifer, the entire flow system may be
‘conceptualized as a modified U-tube scenario. These scenarios were popularized
during the preliminary performance assessment of HLW repository strategies in
bedded salt deposits.

The groundwater in this U-tube scenario is entirely driven by hydraulic
gradients. A1l thermal and brine effects have been neglected. Maximum
temperatures expected in the near-field surrounding a repository will cause a
density difference of several percent as the water absorbs heat and expands.
The effects of the increase in temperature on the water viscosity is much more
significant and may decrease the viscosity by 20 to 30 times (SCR, Chapter 12,
1982). In spite of this dependence of both the viscosity and density of the
groundwater on temperature in the near-field, temperature effects are ignored

since they will probably be damped cut in the far-field as considered in this
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study. Water migration induced by density differences between freshwaters and
brine have been neglected because no brines have been identified within the

Pasco Basin groundwater flow system.

The hydraulic gradients chosen for the basecase simulate actual gradients
measured across the repository site (see Table I). These gradients are
enforced throughout the model by specifying the input and output pressures at
junctions 1, 2, and 3. Early runs conducted to establish the basecase
indicated that the model is quite sensitive to changes in the input pressures
and consequently, hydraulic gradients. Input pressures were calculated using
symbolic head values to yield the gradients of 5E-4 ft/ft laterally in the
Frenchman Springs Member and 1E-2 ft/ft vertically between the Pre-Columbia
River Basalts and the Frenchman Springs Formation. The output pressure at
junction 3 is assigned the pressure of 0.0 psi since the aguifer discharges to

the river, and atmospheric pressure equals zero.

Groundwater, driven by these gradients and pressures, flows up leg 11 (the
underlying host basalt) and down leg 9 (a shaft with failed seal), through leg
13 (the repository), and into leg 10 (another shaft with a failed seal) and leg
12 (the overlying host basalt). Flow from legs 10 and 12 eventually discharges
into leg 4, the overlying aquifer. This leg is 10 km long, so its discharge
point represents the border zone specified in the EPA and NRC draft regulations
around a HLW repository through which the total discharge of radionuclides is
Timited. Although a flow path of 13-12-7-14-4 is usually specified in the
computer runs, groundwater in the model is not restricted to this path.
Groundwater flows, therefore, through both the failed shaft and the overlying
basalt. Although the shaft is generally much more conductive than the basalt,
flow through the shaft is restricted by its small cross-sectional area.

Results of Computer Modeling Program and Conclusions

This limitation of groundwater flow from the repository into the failed
shaft is only one of the many factors warranting consideration in reviewing the

results of the computer analyses. When the conductivities of the failed shafts
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are within plausible limits, shaft conduction is limited to a maximum rate.
Effluent from the repository that cannot flow through the failed shaft is
forced through the host basalt. Although the shaft generally represents the
most rapid flow path to the accessible environment, the volumes of groundwater
flow discharged into the overlying aquifer are limited. This limitation of
volume also limits the discharge of radionuclides from the repository to the
biosphere. Many of the radionuclides that will be transported in the
repository effliuent may be sorbed onto the host basalt, if most of the
groundwater discharge is forced through the overlying rock. The failed shaft
generally represents the flow path characterized by the minimum travel time for
a given set of input parameters and should, therefore, be considered as an

important repository breachment scenario.

The results of the 45 scenarios analyzed in this sensitivity analysis have
been summarized in Table 8. This table provides the reader with an abbreviated
run title, parameters altered with respect to the basecase, minimum and mean
groundwater travel times, percentage of repository effluent funneled into leg
12, an indication of the radioisotopes released to the accessible environment
from the repository, and remarks about the validity of the particular scenario.
Many of the computer runs were executed without enforcing the solubility limits
on the radionuciides. These runs produced a more detailed estimate of the
sensitivity of the particular model to altered input parameters. Several of
the less instructive computer models have been deleted from this listing.

Figure 24 also summarizes the minimum travel times calculated from the
results of this modeling program. Eight models calculated minimum groundwater
travel times less than 20,000 years, and three of these had travel times less
than 10,000 years. No models were executed that calculated travel times less
than 1000 years, the NRC technical criterion concerning minimum groundwater
travel times. Several models exceed the proposed EPA standards for the release
of radionuclides from HLW repositories. These models are indicated in Table 8.
The three models with minimum groundwater travel times less than 10,000 years
should be examined to determine the important parameters that effectively
decreased the groundwater travel times values below the absolute minimum

groundwater travel times stated in the SCR.
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Run 2X yields the least minimum groundwater travel time of 1900 years from
the repository to the discharge point 10+ km distant. This model incorporates
relatively high hydraulic conductivity values for the host basalt along with
elevated lateral and vertical hydraulic gradients. These values were selected
from the 1981 draft of Population Risks from Disposal of High-Level Radioactive

Wastes in Geologic Repositories by the EPA. The lateral gradient through the

Frenchman Springs is assumed to be .01 ft/ft, and the vertical gradient through
the repoéitory is assigned as 0.1 ft/ft. A value of 2.8E-2 ft/day is assumed
as the hydraulic conductivity of the host basalt. While the input conductivity
for the basalt and the lateral gradient are possible, the elevated vertical
gradient is highly improbable (NRC, 1981). Even though solubility limits are
enforced in this model, the discharge of radionuclides exceeds the EPA draft
standard.

Another EPA scenario, Run 3F maintains the same vertical and lateral
hydraulic gradients and the same hydraulic conductivity of the basalt, while
increasing the porosities of the basalt and the overlying aquifer. These
changes decrease the travel time from the minimum travel time calculated in the
basecase scenario as 10,268 years to 7585 years. Since the same hydraulic
gradients are used in both models 2X and 3F, the results of model 3F are of
questionable validity since the vertical gradient specified exceeds the maximum
probable vertical hydraulic gradient by an order of magnitude. It is also
important to note that in these two models, flow occurs down leg 10, the failed
shaft. The upper aquifer drains into the repository through legs 9 and‘10.

The groundwater flowing in leg 10 funnels into Teg 12 so that Teg 12 conducts
over 200% of the groundwater flow through the repository.

In model 3D, the other model with a groundwater travel time less than
10,000 years, the hydraulic conductivity is reduced to 2.8E-6 ft/day. In
addition, the parameters that have been altered from the basecase scenario in
models 2X and 3F have been similarly altered in this model as this is another
EPA scenario. The validity of this model is also questionable because of the
anomalously high vertical gradient that is used, which is not representative of
the physical system. Although the computed travel times and discharges of

radionuclides to the accessible environment may not be realistic, these models
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do illustrate the dependence and sensitivity of groundwater velocities on
hydraulic gradients. This result supports the earlier prediction that
groundwater travel times decrease as the hydraulic gradients along the flow

path increase.

Similar conclusions may be drawn from the review of the other computer
models with longer minimum groundwater travel times. By comparing the effects
on the minimum groundwater travel times by the varied input parameters, the
sensitivity of the borehole/shaft seal failure scenario can be quantified.
This comparison also illustrates the importance of the borehole/shaft seal
failure as a viable release scenario that challenges the integrity of a
geological repository for HLW in the basalt system at Hanford, Washington. The

conclusions drawn from these comparisons include:

o the model is sensitive to changes in the porosity of the overlying
aquifer; the travel time along the flow path is linearly proportional to this

porosity as predicted by Darcy's Law;

0 the model is sensitive to changes in the path length of repository
effluent to the discharge point; the travel time is linearly proportional to
the path length as predicted by Darcy's Law;

o the model is sensitive to changes in the hydraulic gradients present in
the pathway between the repository and the discharge point; travel time is

inversely proportional to the hydraulic gradient as predicted by Darcy's Law;

o the model is sensitive to changes in the hydraulic conductivities of the
porous media between the repository and the discharge point; travel time is
inversely proportional to these hydraulic conductivities as predicted by

Darcy's Law;

o the model is not sensitive to changes in input parameters that describe
the flow system prior to the flow path's interception of the repository, for a

given distribution of hydraulic head throughout the system; if these input

W
~J
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parameters are varied, and they cause another distribution of hydraulic head
throughout the system, then the travel time will be sensitive to these changes;

o the failed shaft is an effective short circuit to the flow system
through the host basalt and may conduct effluent from the repository much more
rapidly to the overlying aquifer than through the basalt; o radionuclide
discharge through the failed shaft is largely controlied by the solubility of
the waste'species, their distribution coefficients within the fi11l material
used in the shaft, and the conductivitity contrast between the host rock and
the shaft;

o groundwater travel times through the failed shaft can be minimized by
filling the shaft with a material characterized by a low hydraulic conductivity
and a very high porosity; and

o shafts with failed seals may effectively short circuit the flow path
reducing groundwater travel times significantly below the 37,000 year absolute

minimum proposed by DOE for the intended repositories at Hanford, Washington.

Limitations of this Analysis

The conclusions stated above are predicated on the following assumptions:

0 that porous media flow calculations are valid in estimating groundwater
flow through the shaft seals, shaft-seal interfaces, and disturbed zones
surrounding the shaft;

o that single differential heads represent the natural distribution of
heads through the entire shaft;

o that flow can be effectively modeled for this system by a

one-dimensional, isothermal, steady-state, network radionuclide transport code;
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o that the hydraulic conductivities assigned to the failed shafts
accurately represent the effective hydraulic conductivities of the shaft-

seal-disturbed zone system;

o that the solubilities, distribution coefficients, and initial

inventories are representative of the physical repository system; and

o that the empirical constant e in the average linear velocity calculation

is effectively equal to 1 in the fractured basalt system.

If these assumptions are invalid for the flow system within the Pasco Basin at
the Hanford Site, then the results computed here cannot be applied directly in
the performance assessment of BWIP. The general results of this study can be
applied, however, to virtually any groundwater flow system where groundwater

migration obeys Darcy's Law.
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Table 1

Limits of Cumulative Releases to the Accessible
Environment for 10,000 Years After Disposal
According to the Assumed Standard

Release Limit

Radionuclide Curies Per 1000 MT
Americium-241 10
Americium-243 4
Carbon-14 200
Cesium-135 2000
Cesium-137 500 -
Neptunium-237 20
Plutonium-238 400
Plutonium-239 100
Plutonium-240 100
Plutonium-242 100
Radium-226 ) 3
Strontium-90 80
Technetium-99 2000
Tin-126 80

Any other alpha-emitting
radionuclide 10

Any other radionuclide
which does not emit
alpha particles 500

NOTE: 1In cases where a mixture of radjonuclides is projected to be
released, the 1imiting values shall be determined as follows: For each
radionuclide in the mixture, determine the ratio between the cumulative
release quantity projected over 10,000 years and the limit for that
radionuclide as determined from Table 2. The sum of such ratios for all
the radionuclides in the mixture may not exceed one.

For example, Tf radionuclides A, B, and C are projected to be released
in amounts Q , and Q_, and if the applicable Release Limits are RL_,
RL RL_, than tPe cumuldtive releases over 10,000 years shall be
]1m1ted so that the following relationship exists:




TABLE 2. FIXED PARAMETERS FOR ROUTINE RELEASE

Description Value Units
Area of Teg A 6 x 103 ft?

[1] 1t u B 6 X 10 "

1 (1] 11 C 8 X 106 13

" i " D 8 X 106 it
Length of Teg A Not needed ft -
11 u 11 B u

1 " " C 15 1

11 1t 1] D 1500 n
Conductivity of leg C infinite

Porosity of leg C Not needed

Pressure at point 1 0 psi
Initial radionuclide inventory * Curies
Radionuclide half Tives * years

*From Ref. 7-7



Table 3

Variables and their ranges. (For normal and lognormal distributions,
rnages are for .001 and .999 quantiles)

Variable Distribution Range Units
Kd for Am 1
in host rock Normal 8.5€1 - 6.0e2(1) mi/g
Kd for Pu 1
in host rock Normal 5.060 ~ 3.981(D mi/g
Kd for U 1
in host rock Normal 1.060 - 1.1€1°¢ mi/g
Kd for Np 1
in host rock Normal 2.0E0 ~ 1.8E1 mi/g

Kd for fission
products in host

rock Normal 4.261 - 3,021 mi/g
Kd for Am (1)
in aquifer Normal 2.5€2 ~ 1.8E3 ml/g
Kd for Pu (1)
in aguifer Normal 5.0E2 ~ 3.5E3 ml/g
Kd for U 1)
in aquifer Normal 1.8E1 ~ 1.2€2 ml/g
Kd for Np m
in aquifer Normal 1.2E1 ~ 8.8F1 mi/g

Kd for fission
products in

aquifer Normal 5.0E1 - 3.562(1) ml/g
Sotubility Timit )

for Am Lognormal 1.2E-12 - 8.1E-6 g/q
Solubility limit . )

far Pu Lognormal 1.5E-10 - 4.3E-3 g/g
Solubility limit )

for U Lognormal 1.8E-6 ~ 6.8E-1 a/g
Solubility limit 2)

for Np Lognormal 1.1E-8 - 1.1E-3 g/g
Solubility limit (2)

for Tc Lognormal 4.5E-8 -~ 6.5E-4 g/g
Solubility Timit N
for fission _ f ¢ )

products Lognormal 6.6E-7 - 5.6E-4 g/g
Dispersivity Lognormal 5.0€-1 - 5.0E2(3) ft
Radionuctide v 4

release time Lognormal 3.2E2 ~ 3.2E5 yr
Conductivity in

aquifer 3

(Tegs A & B) Lognormal 1.0E-4 - 1.0E3( ) ft/day
Porosity in

aquifer 3

(legs A & B) Lognormal 1.06-5 - 1.0e-1(3) -
Conductivity in

host rock 3

{legs C & D) Lognormal 1.0E-4 - l.OEU( ) ft/day
Porosity in

host rock

(legs C & D) Lognormal 1.08-5 - 1.0e-3(3) -
Gradient in

host rock Lognormal 1.06-5 - 1.0g-2(3 ft/ft
Gradient in

aquifer Lognormal 1.06-5 - 1.06-3(3) ft/ft
Canister life Loguni form 1.0E2 - 1.0£4¢%) yr



Am

Pu

Np

Sr

Sandia

6

25-2 x 10

45-5200

4~1300

1.5-2800

Table 4

Distribution Coefficient Values
for Basalt (m1/g)

Golder Isherwood
500 70-280
50 2 X 10% (Fried)
60-100 (Seitz)
3 -
5 -

BWIP/DSCA APPENDIX D

DOE
340
(230-600)

22
(20-25)

6
(1-15)

10
(7-42)

170



Table 5

Distribution Coefficient Values
for Basalt Aquifers (ml/g)

Sandia Golder Isherwood DOE*
Am .01 --100,000 117 8-11 (Seitz) 1000
Pu .01 - 10,000 100 20-64 (Seitz) 2000
u .01 - 10,000 500 - 70
Np .01 - 50 5 - 50
Sr - - - 200

* Kd value representative of secondary minerals in basalt
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Table 6

Distribution Coefficients (Measured Under
Oxidizing Conditions) for Columbia River Basalt
Geohydrologic System (ml1/q)

Basait Secondary Minerals
Nuclide DOE lo Range 30 Range DOE 1o Range 30 Range
Am 340 255-425 85-595 1000 750-1250  250-1750
Pu 22 16.5-27.5 5.5-38.5 2000 1500-2500 500-3500
U 6 4.5-7.5 1.5-10.5 70 52.5-87.5 18-120
Np 10 7.5-12.5 2.5-17.5 50 37.5-62.5 12-88
Sr 170 127.5-212.5 42.5-297.5 200 150-250 50-350
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TABLE 7/ COMPARISON OF INPUT PARAMETERS

Source of Parameters: BC Golder EPA DOE
Parameter:

Hydraulic Conductivity
(ft/day)

Host Basalt 1E-3 1.13E-2 2.86-2 - 2.8E-6 <2.83E-6 - 2.8E-8>
Upper Aquifer 0.19 -- 0.28 <2.83E2 - 2.8E-3>
Repository 0.1 2.83E2 0.1 ==
Shaft 2.0 <2.8E1 - 2.83E-3) 2.0 <2.83 - 2.83E-8>
Porosity (fraction)
Host Basalt 3.2E-4 1E-2 1E-2 --
Upper Aquifer 1E-2 -- - 0.15 <1E-1 - 1E-2>
Repository 0.5 3k-1 ~0.50 0.25
Shaft 0.25 5E-2 0.25 0.25
Hydraulic Gradients
Lateral 5E-4 7.3E-3% 0.01 8E-4
Vertical 1E-2 7.2E-3* 0.01 7.3E-2

*Ca]cu]ated using path lengths of basecase.

BC = Base case scenario

Golder = Draft tunnel seal failure analysis

EPA = Draft rationale document for proposed standard, 1981

DOE = Status reports, September, 1982, and conceptual design description (RHO-BWI-C-116)
10 CFR 60 = Rationale for performance objectives of 10 CFR 60 - 1981 - NRC

10 CFR 60

<1-1E-7>
<1E4-1>

<1.1E-1 - 1.1E-3>

<3E-1 - 1lE-1>
<1E-2 - 1E-4>
<3E-2 - 5E-3>»




‘' T § ! Inevr Pananetres  mwo

|

/MMMM éavﬂomﬂ‘ﬂ( Treawr Times

Percent of Discharge of
Minimum Average Repository Solubility Radionuclides
Run Input Parameter Groundwater Groundwater Flow Through Limits Exceeds EPA
Number Varied Travel Time (yrs) Travel Time (yrs) Lleg 12 (%) Enforced Draft Standard Remarks
22X P1 = 145.25psi 1,390 1,905 225 yes yes EPA Scenario
Pz = 955.6psi
Kll - K1z = 2.8£-2
30 P, = 145.25 8,118 9,632 25 yes yes EPA Scenario
P, =~ 955.6 .
n,=n, =.15
K3, = Ry, = 2.86-6
Ry =Ny = 1E-2
3F P1 = 145.25 7,585 7,585 225 yes no EPA Scenario
P, = 955.6
=n, =.15
K3, = Ry, = 2.86-2
ny=nMg 1E-2
3N P1 = 2.49 29,305 >1E6 0 yes no Golder Associates
P2 - 744.5 Analysis
K9 = K 0= 28.34 .
K3y = Ry, = 1E-4
60,M2,81 Base Case Scenario 10,267.5 >1E6 13 yes no .-
2M,20,67 Ny = 0pp ° 1E-2 26,076 134,000 13 yes no -
8Y n,'=n, = 0.1 174,172 >1E6 39 no no Lower range of U.
Aq. n.
8s ng = Ny = 0.01 13,124 >1E6 39 no no Low n for shaft
B8R fg = Mg = 1.0 295,658 >1E6 39 no no Darcy velocity in
shaft
82 ny =0, = .30 379,221 >1E6 33 no no High n for U.
I Aquifer
7R K9 = K10 = 2.38E-8 349,905 350,000 100 no no Lowest K for shaft
70 K11 K12 = 1€-7 80,137 >1E6 0 no no Lowest K for host
basalt flow down
leg 9
8A K11 - sz =1.0 31,760 34,675 200 no yes = Tc99 Unreasonable K for
basalt; flow down
shaft
8J Kj = K2 = 1.0 17,855 17,960 191 no yes Lowest for basalt
nu = "o = 1E-4
8E K11 = K12 = 1.0 93,787 94,054 191 no no Flow down shaft,
ny =0 = 1.1E-3 low basalt n, high
8N K11 = K12 1.0 34,875 34,670 191 no yes Low salt n, flow
ng'= nyg = 0.01 down leg 10
9K fp: 13-1-3-4 26,076 28,000 13 yes no Altered flow path
base case
75 Ny, =N, = 1E-1 81,741 87,964 39 yes no v. high basalt
fs} 13-13-3-4 porosity
70 Nyy =Ny, = 1E-2 81,741 87,964 33 yes no High basalt
tht 13-18-3-4 gh basalt n
71 Kq = K, = 100 158,097 167,068 57 yes no v. high shaft K
t8: 1340-3-4 ' gh sha
7H Kq = Ky = 20 142,193 153,751 55 yes n . hi
fai 13190_3_4 0 v. high shaft X
n Ky = Kpp = 1E-7 80,042 89,959 0 yes no v. low basalt K
flow down leg 9
7E ng = ny, = 0.01 13,124 19,324 39 yes no

e
-t

v. low shaft n,



Jable B /‘/ TwoiT FAennerers A0 dmiman Sepppurrme Fawver TimEs (Cwnwwed).

ng = nl0 =1.0 295,658 302,000 35 s no v. low shaft n,

ng = n,, = 0.01 12,855 22,071 ) i

g = Nig = R . ) Les no v. high shaft X

K9 = Kio = 100.0 v. low basalt K

K 17 = 1E-7

fp! 13-18-3-4

ng i an =0.01 12,956 22,680 ] yes no failed shaft - v. high
K9 —_2. K, v. low K basait,
KlD = 100.0 tow n for shaft

K 1 = K,, -~ 1E-7

3} 13-16-3-4

-(;,: = p}aw r)a_-H'L
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Table 63‘; Solubility Limits Enforced in Borehole/Shaft Seal Failure

Sensitivity Analysis

Isotope Solubility (gm/gm)
C14 . 10.0*
Ni59 10.0%
Sr90 9.0E-5
Zr93 2.34E-11
Tc99 7.8E-10
Snl26 1.26E-10
uz234 2.34E-4
Pu239 2.39E-9
Pu240 2.40E-9
X

Source

EPA 520/3-80-006

Infinite Solubility
Geotrans Parameter Listing
Geotrans Parameter Listing
Mean Value used in
Sensitivity Analysis,

M.J. Wise

Geotrans Parameter Listing
Geotrans Parameter Listing

Geotrans Parameter Listing

Geotrans Parameter Listing

indicates that the actual solubility is unknown and so the species

has been assumed to be infinitely soluble (i.

solution).
References

Geotrans Parameter Listing:

Mercer, J.W., Thomas, S.D., and Ross, B.

e. 10 grams solute/ gram

Parameters and Variables

Appearing in Repository Siting Models, Geotrans,Inc., 1982.

EPA 520/3-80-006:
Smith, C.B., Egan,D.J., Williams, W.A.,

Gruhlke, J.M., Hung, C.

Serini, B.L. Population Risks from Disposal of High-Level

Radicactive Wastes in Geologic Repositories (Draft), U.S.

EPA 520/3-80-006, 1981.

Sensitivity Analysis: ]
NRC in-house sensitivity analysis being

prepared by Performance

Assessment Staff in High-Level Waste Management Licensing-Branch;

M.J. Wise, principal investigator.

, and
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Table /2. Distribution Coefficients and Retardation Factors in the
Borehole/Shaft Seal Failure Sensitivity Analysis

A. Host Basalt Flow Path (13-12-7-14-4)

DISTRIBLTINY CORFFICTIENTS BY LEG AND RY TRUTOFE

[N NI&RQ SRAQ9 7Rt
LEGLR T JJUNNCESOY  FUn0nE+0t ,3d000Fend
LEG1? T L38000E431  L3A0unE#DL L 340GAFC)
LEG 7 2, JIBNCHAESND 0, LARODAE 4RO
LEG14 9, +18000E+00 0, +18000F+00
LEG ¢ O, LJIR0D0EL00 O, J1ROQCE+QO

PETARDATION FACTNX8 RY LEG AHND BY [3QY0PF

[ R - RRRQ 109
LEG13 »JUBUNE+UT LSTOFNES0Y  ,5790NF+03  ,57900fF 403
LEG:?2 J10C000E%0t  L,S2URAF+N6  ,524BARE406  (SPURAEenSG
Les 7 L12200E401  ,9559%E+05  1GACOE+Y1  ,95895F+nS
LEGLY J10000E+01  L,95S95E405 ,L,100008401  L,95%95F+35S
LEG U 215000E+01 J3030HEeDd J100CNESOY «SOINUESNG

B. Failed Shaft Flow Path (13-10-3-4)

DIBTRIBUTINN COEFFICIENTS BY LEG AND BY ISOTNPE

cta N159 R0 7RO

LEG1S 0, L3U000E+01  L,3400NE+01  ,3400nE+01
LEGIU .10000E#05 B, L10000E*0Y  ,104909SE+n3
LEG 3 0, L.18000E+00 0, «18000F*00
LEG 4 0, J1B000ES00 O, +18000Ee0N

RETARDATIUN FACTORS BY LEG AND BY 1SOTOPE

c1e NIS? 8RGQ 7R3
LEGLS «10000E¢01 ,S7900E+03  ,ST900E+03  ,57900€+n3
LEGLO +10000E+0Y ,10000E+01 ,100GNE+OL  ,10000F %01
LZG 3 «10000E+01 ,36600E+09 L10000E*01 ,30600E%09
LEG 4 J10000E+01 ,30304E+04 ,10000E401 ,3030UE+0d

TC99
0,
[
0,
0
0,
tcaa

JINOANESOY
JtONADESOY
J1000NE+O1L
100008 +01
JINOONESNY

TCOO
0'
5,
0.
0'
TCa9

w10000E Y
»10000ECY
«10000E*D)
+10000E01L

Sht2e
JYaonngent
L3u0¢0Re
LJB000E*CH
L1A0u0E*00
L18000F+00

Sh12n
L.57900E+03
52ud3E+0nd
135956 +09
,05595E409
«3030uE+0d

3Ni26
+J6000E%01

.
»18000E+00
+18000E+00

SN126
«£7900L %03
WIO0000E+OL
«X0b00E*D9
»X030UESQY

u234
«12000E+00
0 12000E+010
«1200NE+N0
J12000k+00
«12000E+00

u23a
s214A0ES2
18525408
537318405
+63731E405
20208E+04

uali4
«12000E+00
J43S0VESDY
«12000E+00
«12000E4n0

ya234q
+21400E%02
L10000E+01
«2OHONE*QY
220206E+04

(Input parameter outputs from selected runs using NWFT/DVM).

P23
LHGNO0ELAD
JHUANGOE+
JUUNOE+ NG
LHU000EY 3
JHUdaUOeEsDU

pi12319
75800t en2
P79 26E+NS
.233048E+00
W233ndE4na
LTUn02E4n4

PU239
+U44000E+00
L14938F+0)
«44000E+ng
JU4000E+0O

CPUR3Y

. 75800E¢q2
+10000E+0Y
2 TUBNOE*DNS
«7UQb2E+NU

Pi2un
sdorgF+0n
4das gken?
YdpypFRenn
“ananEenp

L]
L]
.
.
JYsnnukena

sHRun

s 13ANNE+N2
FLRAT Y S
'23!~*§onb
23%nAf4ns
JT4aAR2FeNY

PU240
Jd4anaEeno
L 149958403
L448n0E+00
JHU4000E+00

PU24Y
«75800E*02
L10000EDY
s THURNQE®NS
THab2E+04



ACCESSIBLE ENVIRONMENT

J\ LAND SURFACE : |
l i | \—//,\

-~ —3] —_ .
:f?:! s TP —> Frenchman Springs Member - —at l:;u-
L___~. 10 km __~—>" T A I EREEE— 10 km ““"““‘*ﬂ
o= l | ‘» Overlying Basalts m l m >
=0 and Interbeds j =
S| | ] —m
! 460 m A =
= | 1 | \ | 28
3 , 'f : \ I =m

l UNDERGROUND FACILITY }

i (0] 0] 0

/.7 PACKAGES
/7 " AN
/ Y B

—

FIGURE 1 - DIAGRAM OF ENGINEERED BARRIER SYSTEM AHD GEOLOGIC SETTING,




Z'Frenchman Springs Member

i
- A 7 —> — B —

Overlying 7‘

Basalt and

Interbeds
P ]

/

7
e UNDERGROUND
1 ¢ 1 : FACTLITY
2 EQUIVALEHT

FIGURE 2

- UNIDIRECTIONAL F1.OW MODEL CCRRESPONDING TO FIGURE 1-



Probability of exceeding the

EPA standard

107

CRITERION

UNCLE 12/02/82 o - EPA STANDARD

[ew]

g

w

: y;

o

o

Q

G‘ﬂ; ISU T HITT 1 T T 7T TTHT T T § FTT1TT v T i ﬁ—mj
10° 10° ot 10°

RELERSE RATE (1/YR)




g the

Probability of exceedin
EPA standard

UNCLE 12/03/82

CRITERTON
0 =« EPA STANDARD
0 = UNRETRARDED FP
a4 = RETARDED FP -
+ = ACTINIDES

2

@

(@]

b

o

o

~N

S /

=)

OH-B TV T 8T _Sfrr T " T T T#TTT _sﬁr I“Ill!#_
10 10 10 10 10

RELEASE RATE (1/YR)




Probability of exceeding the
EPA standard

URITERIUN
o -« EPA STANDARD

0 = TC99
a=(C14
UNCLE 127/03/82 += 1129
o
i
w
- )ﬁ\
) 4
~ / a
(=} / \\?
d*_ T 8T T WY P 7Ty » 1;|!Yﬁrn.°l |‘iin—v‘*_2
(0] 10 10 10 10

RELEASE RATE (1/YR)




.

Probability of Exceeding the EPA Standard

UNCLE

12/03/82

CRITERION

o - EPA STANDARD

1.0

0.8

0.6

0.4

0.2

0.0

T

T

1117!3 T
10
CANISTER LIFE (YR)

/St b

8



horizontal axis values

Probability of exceeding
0.2

RULES
UNCLE 12/02/82 a - UNRESTRICTED

]

o
]
—

4]

e
=

0.4
P

0.0

LRLARALL LI BLRLRAAI T rrrat rroerem T TTrietm T rTrim

10 g 1o’ o Lot 10° 1ot
TRAVEL TIME (YR)




Probability of exceeding the

EPA standard

CRITERION
o - EPR STANDARD

UNCLE 12/02/82
[aw ]
m
o
0 |
< |
o
\EL\\\“TJ
N /
@ ?"’43‘““~ﬁ7
:
a
o L} T T T ITTT -3 T T T TTTT¢T -2 i F T TUTTT -1 Ijl(lll!o
10 10 10 10 Lo
Conductivity in (FT/DA)
host rock

(legs C & D)




et

CRITERION
o - EPR STANDARD

UNCLE 12/03/82
o
LB
= m
Y8
o
=
e,
g f
2o
O SO
]
4 o
[ @ I ey
[1=}
PN
'-f-_)m
v—-<v =5 e A
Ca ot T UN
[ge
0
(@]
—
(oW
~N
o
9
e 1 T T T T 171 -4 T T ¥ ¥ 177157 _
ig® 1o 10
Porosity in
host rock
(legs C & D)

9.




Probability of exceeding the

EPA standard

CRITERION
a = EPAR STANDARD

UNCLE 12/02/82
o
®
d
[
w /
o
o B / G/B\
N /E,,J
=
et
o"r‘_s T " T AL B R T L S I e T
10 10 10 10

Gradient in
host rock

JU




CRITERIGON
UNCLE 12702782 o - EPR STANDARD
o

[l
—

0.8
N

1

D/

Q

<

)

o

=

v

Q

[¢3}

(&)

X I

L1130

[1o}
% O
[@ 2 e
3w

g0

— <L

a0

L1

o

: /

é //

o /,4}“””
© _’T FTTH ‘5' UTVATI _21 Frrrm _1' rramt rrmann l‘ LR B4 1B 3
tg 10 1w0?  aadt il 10 10 |0

Conductivity in (FT/DR)
aquifer
(legs A & B)

Cluauce 12

k4



CRITERICN
o = EPA STANDARD

UNCLE 12/03/82
o
@
Q’ d
<
o
o
= g
R
Q 13\
xX T
O
1o}
4 g
° 5
«
Fegrs
— <
— 0
L0l
[gs]
ol
€«
a o
bt
e -5 1T rrin -4 T P T TTTTT -3 1 1T T7TTTY -2 T T T TvrT "
10 10 10, . 10 10
Porosity 1in
aquifer
(legs A & B)

Vovadtg
-

\\2-‘




CRITERION

UNCLE 12/02/782 o« EPA STANDARD

©
L [w]
=
e
o
fout /,’J
ow
Ee)
o 4
] o
(8]
xX I
[« -
[§*]
Y- 0
°5
PR
bmd
o=
— <C
-r_-a_
L0t
[4e]
L0
g o
o 4
'
o
g -5 T i T 1 Frir -1 I 1] T 17171 -3
10 10 10
Gradient 1in
aquifer




g the

Probability of exceedin

EPA standard

CRITERION

UNCLE 12/02/82 o« EPA STANDARRD

Q

s}

o]

w ///D

| r

) ! B !

o~

o

Q

Di%‘ﬁ T "-’"I rlllll[]_r T 1 I7i”1lD_6 1 rlllrrlTD_s L ll_lllliD_1 t \ ll]”lD
Solubility limit (B/6)

for Tc




Probability of exceeding the
EPA standard

CRITERION

a -~ EPA STANDARD

UNCLE 12/02/82

(=Y

g

©

o //P

s A= RS

N

dé?_ BT T PO B B LR L) S S B B R SV 8 TR
10 10 10 10

10
Solubility limit (3/G)

for fission
products




CRITER 10N

UNCLE 127/ 02/82 o - EPA ST ANDARD
o
g
[}
v
e
=4
T @
4] o
oo}
©
X T
D
“ S
o <
mo.
8 S
s
— o
O
<
o
[o) ~
< .
o o
=]
o ¢ T T T T T Y 771
1o o)

Kd for Am (/6
in host rock

-
- ~ AT

LA
CRITERICN
UNCLE 12/02/82 o - EPA STANDARD
Q

Q -]

s o

=

3
-3

2o o

@ =

-

Q=

3

5%,

— < O e

=5 R

E

=]

D: ~ }
3 A —
< \
© B T T T T O T 3]

v 'y 19t

Xd for Am 7L/G)
in aquifer




CRITERICN

UNCLE 12/02/82 a - EPR STANDARD
[~]
@
o
/3]
=
32
2 o N\
L] o]
3]
Q
(&)
x T
Q
ie]
523 F S
Fok N
-
2w
3 o
g ° i
oo
2
oﬁf —8—T1—&—7 L B L I T Y T2 11\02
kd for Py (HL/G)
in host rock
1\\.\\‘%3 \ 7& .
CRITERION
UNCLE 12/02/82 o = £EPA STANDARD
[=]
-]
W [~
=
e
o
=
T o«
Q =3
Q
el
U -~
oy
52 L
25 = >~
- o
s —\
Ll
2
g
a- a
@
o'“. = B T v ——
Hog T g
Kd for Pu ML/G)
in aquifer




UNCLE 12/02/82
(=]

CRITERION
o = EPR STANDARD

1.

0.8

EPA standard
g.1

Probability of exceeding the

~
Q
e T T T T R T T T N
1o Lo
Kd for U (ML/G)
in host rock
if}q\;J'Q \Z o,
CRITERICN
UNCLE 12/02/82 o~ £PA STANDARD
Y
o
" [~
=
)
=
T a
S o
O
%o
PR
fte]
52 \
>’B * /ﬂ\ p
P o 5 -
= \3/ \
e I\
o \
E \
g ~ \ '
a o ; ‘
{
S d T T T T & I R e o |]
g Koy ig* :

Kd for U (ML/8)
in aguifer




Probability of exceeding the
EPA standard

UNCLE
(=1

12/02/82

CRITERICON
o - EPAR STANDARD

—

0.8

0.6

0.4

0.2

0.0

T T 1 1 & 7

Kd for Np
in host rock

Ol

(ML/G)

F[‘qut‘?_ ‘\q a, .
CRITERION
UNCLE 12/02/82 o - EPAR STANDARRD
j=1
v 3
S
o
=
o
o w
it o
3T
S
°5
20T e P - N
— < N S -
oo
fe]
L
2
e ~
(=]
d;Dl T Rl T T ' DZ
Kd for No (ML/5) l
in aquifer
Fiaar e MV =




Probability of exceeding the

CRITERION
UNCLE 12/02/82 o - EPA STRNGARRD
o

0.8

0.6

¥
\

1
:

EPA standard

~N
o
e
le 2T T T T T fr‘rutvr-l
Lol ey 10
Kd for fission (ML/G)
products in host
rock
Flawra 20 «
CRITZRICN
UNCLE 12/02/82 8 - EFA STANCARD
Q
-]
(=)
[
=
=)
jo]
= ©
= o
oS ]
[¢3}
(&}
X T
5
52 o A~ .
3 o B// E -
Sy 42
) wn
e
—_n
= w
3 ~
b 3
e
@ St — T d —T xriz“‘\rpx
tg' LG

]
Kd for fission {ML/G)
products in

quiter




APPENDIX D/BHSSF/WEBER

- 14_-
1 2 3
O ®
g 10
13
(6 @ 14
11 12
5 6 7
©® )

2
Figure . Basic Flow Network of NWFT/DVM (Campbell, Longsine, and
Cranwell, 1981).




APPENDIX D/BHSSF/WEBER

- 19 -
MWFT/Dum DATA SHEET
Smsce | T |G | G| Ay | SeneC | e | oo
N / /£8 /.0 100.0 164 0.0 Pire
NE
NG 2 0.19 59E6 620.0 0.0/ 0.0 | Ypor Aouren.
3 3 168 /.0 1.0 JE-4# 0.0 P
4 0.79 5966 3.28F% 0.0 0.6 |Uyen Aourer

§ s 168 /.0 {20.0 3.26-¢ 0-0 Pioe
% A 1E-G SED 6200 1E-5 0.0 | e
3.). 7 JEB /.0 /00,0 3.26-¢ 0.0 Fee
E 8 ] 59E6 32854 16-8 0.0 | Curorrp,,,
3 9 2.0 300.0 /500.0 0.25 0.0 Froceo Swner

/0 2.0 3000 1506.0 0.25 2.0 Faneo SuneT

" /673 8.€6 2000 | 3.26-4 06 |lotr Bacwr

/2 1€-3 B.€6 IS00-0 3.26-¢ 0.0 Uppen. Brsaer

/3 8./ 109.0 £20.0 0.8 0.0 Aervsimaty

14 /€8 1.0 100.0 3.26-¢ 00 | Grer g

15 166 59£6 _ /70.0 1 E-5 0.0 Cororr Fros

Aessuss ; R=7l g A <7484 ysi b2 00 Keswrs:
' TASECASE  DATA  INPUT
x Dx= 1.0 ket pre 500 gyews Nag= 2 DESCLIBNG Fraw NETWA K,

Figure - Listing of Input Parameters for the Basecase Scenario.




APPENDIX D/BHSSF/WEBER

_15_

up p er aquifer

- . . T .
X 3 q,’ "o)."n-”‘ e VS b
..;-‘,,‘. LT *&L‘K&, L

T e
" e
(D xwiasizn] il
L L DT

e . ll"[
° ! failed seals within shafts ; ;{”
shaft —a— j’ ,‘< ’ k ( f
Uyl i A ] }}‘
rg-" S / \
. f ’ 7 "{.‘ \"/ bty l5
" \\\\):‘%(b/ ;\\*{\\l({:\“\\;i repostiory s
”;}.\-,i,\ I (E/\_ z\*}g _» basalt A
?.‘.\::\’\\\;"\5/.\.{ ,,:,‘} Uzl
i i i
i

\)
i v 7R, 0
/,*,\/s‘,:‘\, RS OAE A,,\‘/.’,\/~\\ T AN ORI f" < .
NTEEZ (I N W IR A N S N
@ Y ”,'uur:"x-".’r ;f/*y.h/‘?*qw\ L(&%E);’/ Ce ,.\u«j“'» \’w\‘ AR ,;> PAI N ,‘:’fz(-;l.ﬁ‘."*"
. TR \ f'.
lower aquifer fﬁl
I

Effective Model Network for the Borehole/Shaft Seal Failure

Figure 2 2
Sensitivity Analysis.



>

MINIMUM GROUNDWATER TRAVEL TIME ( X 1000 years)

Figure

150
150

140

120

110

X
X
x
X X
X
Basecase X
X
10,258 years
Li X
X %X X
2
x X
X

X
X oo QoW x=z =2 J T -
N WH =EhxXx INda™o i~ - ~

o

© TITLE OF RUN ®

@ ®

o
©

Graph of Minimum Groundwater Travel Times versus Title of
Computer Model { Run Title).



APPENDIX P

FAILURE MODES FOR THE METALLIC WASTE PACKAGE COMPONENT



CONTENTS

Page
1 INTRODUCTION AND PURPOSE. .. i ittt it ittt it taeeeaneansacenanenas 3
2 LITERATURE BACKGROUND. ... .ttt i it ittt eteeteenaeensestensensenenns 3
A R I 7= ) O PR 3
2.2 Uniform Corrosion. ...ttt ittt ittenaceeanennonanenannn 5
1. 7= - U 5
2. Radiation Effects. ...ttt ittt teinneesennnns 5
3. Heat Transter. ...ttt ittt i ettt et et e ceennsnneeanns 7
4, Oxide and Backfill Properties.......... it eiennnn-n 8
2.3 Localized CorroSioN. vt ittt ittt teeeeiseneoneanansnnnnns 12
1. Propogation. .. .t i i e et e it e et 13
2. Growth of Pits and Crevices. .. ...ttt ineennns 16
2.4 Stress Corrosion Cracking and Hydrogen Embrittlement........ 17
2.5 Galvanic CorrosSTion. ... i ittt ittt ittt tieenesenaeeanennean 19
2.6 Bacterial Corrosion. ... .ttt ittt et teetaneieneananenns 19
b A 0707 o Y o T T3 oY o 13 20
3 REPOSITORY DESIGN. ... ittt ittt it ettt ittt et sesnenaenennnn 21
4  CONTAINER DESIGN. . ittt ittt ittt ettt ettt saeeeonaneeannns 22
B REFERENCES. . . ittt ittt ettt et ittt rteseeseneensannnenens 24

11/30/82

p-2

BWIP DSCA/APP P/COOK



1 INTRODUCTION AND PURPOSE

Cast steel and cast iron canisters have been identified by BWIP for storage of
radiocactive waste in a basalt rock repository. Although many studies of
container integrity have been made providing satisfactory fracture, corrosion
fatigue and uniform corrosion degradation rates (Charlot, Newby 1982, Gause,
Newby 1981, Molecke) this appendix reviews these degradation processes in the
context of a repository environment and waste package design identified in the

BWIP SCR. 1Its objectives are as followed:

(a) To address a broad scope of corrosion types and mechanisms for corrosion

of waste canisters.

{b) To conduct a literature survey of both experimental and theoretical work
that can provide understanding to model corrosion mechanisms within a
basalt repository. Data bases used include the following: Navy studies
of brine corrosion; DOE sponsored investigations; microbial corrosion
studies; oxide characterization, integrity, and adherence studies;
investigations of radiation, heét transfer and hydrogen overpressure

effects on iron and steel, and symposia on localized corrosion.

(c) To identify and discuss probable failure modes and to estimate when

failures may occur as a function of canister design.

{(d) To identify crucial uncertainties in our understanding canister lifetime

and thus indicate a need for duty to improve this understanding.

2 LITERATURE BACKGROUND

2.1 Theory

Corrosion is an electrochemical process which oxidizes metals. An electro-

chemical cell requires a potential (electromotive force) and involves an
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oxidation {corrosion) reaction and a reduction reaction. Within this cell,
oxidation takes place at the anode and reduction at the cathode. For example:

Fe = Fe++ + 2e (dissolution of metal at anode)

H,0 = OH + 1/2H, (breakdown of water at cathode)

Electrons flow through the base metal from the anocde to the cathode. The cir-
cuit is completed by ion migration through solution (or condensed moisture) in
contact with the metal surface. Oxygen often facilitates corrosion. Sources
of oxygen include 0, in air or water and electrochemical breakdown or radiol-
ysis of water. Electrical potential is provided by a differential in almost
any parameter of the system, e.g., chemical composition, pH, oxygen concentra-

tion, temperature.

Since iron is themodynamically not favored as an ion in water when oxygen or
hydroxide is present, rust is precipitated from solution. "Rust" can take the
form of an oxide, magnetite (Fez0,) or hemitite (Fe,04), a hydroxide, or some
other species, including potentially colloidal species in suspension. Thermo-
dynamic equilibria indicate which corrosion products will be stable in a given
system. For aqueous systems, Pourbaix diagrams applicable to systems in equi-
librium show stable regions at constant temperature and varying potentials
(Eh) and pH's. Figures 1 and 2 show corrosion and passivation behavior for a
pure iron system. These particular diagrahs are an aid in predicting oxide
stability, however, their applicability in a repository situation is limited
for several reasons. First, Figures 1 and 2 are for a system at 25°C while
repository conditions are calculated to range from 300°C to 65°C. Secondly,
this is a binary system at equilibrium and unit activity. Repository condi-
tions will have chemical gradients, temperature gradients and stresses as well
as the added components of salts and dissolved hydrogen (due to radiolysis).
Figures 3 and 4 show the shifts in equilibrium lines due to (3) salinity
increase and (4) salinity and temperature increase. Furthermore, these
diagrams do not address corrosion kinetics or mechanisms. Thus, in order to
predict oxide growth one must consider the possible corrosion mechanisms and

predict kinetics on the basis of theoretical extrapclation of short-term data.
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2.2 Uniform Corrosion

Data. Rates for uniform corrosion in aqueous solutien and soil calculated
from experimental data are listed in table #1 along with some of the key
experimental conditions. Most of these studies would indicate corrosion rates
are low encugh to protect waste in a 25-30 mm wall thickness overpack for many
hundreds of years. However, Southwell and Alexander found the pitting rate to
be about four times faster than the general corrosion rate (i.e. a "pitting
factor" of 4). Romanoff found a pitting factor of 11 in soil. Accelerated

localized corrosion mechanisms will be discussed in more detail later.

Rates for uniform corrosion of carbon steel in air and steam are listed in
Table 2. Since these data were obtained at temperatures higher than reposi-
tory conditions, the rates are probably higher unfess the mechanisms are
different. This study also suggests that in the corrosion by both air and
steam, for the first 100 years of a canisters repository life less than 1 cm

would have corroded.

Charlot and Westerman have also compiled a table of penetration depths of cast
iron and carbon steel under acid, alkaline and neutral water and soil condi-
tions (see Table 3). They find that if one allows a corrosion factor of five

a canister would need to be 1.8 to 3.3 cm to last 1,000 years.

Radiation Effects. Physical effects will also cause alterations in predicted

corrosion rates such that they may not be expected toc meet regulatory crite-
rion. Radiolysis is one such effect. Byalobzhesky states that radiation
increases the rate of atmospheric corrosion of iron 10 - 100 times. He found

the variation in rates to depend on three factors.
K = F(Er’ Ed’ Eph)

Ed is the destructive effect of particulate radiation. It induces lattice
defects in both metal and oxide. Eph is the photo-radiation effect. Although
theoretically useful, its effect on general corrosion is negligible. Alpha,

beta and neutron radiation from high level waste will be minimal; gamma-rays
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will be the primary radiation. Thus, Er’ the effect of radiolysis, will be
the most important influence of radiation in this study. The result of radiol-

ysis is a shift in chemical potential of the corrodant due to radiolytic products.

Glass has reviewed radiolysis of water in connection with nuclear waste
storage in repositories. He concludes that water irradiated by gamma-rays

yields primarily the following distribution of products:

g(H') = 0.60%
g(H2) = 0.45
g(H,0,) = 0.75
g(H;0") = g(e eq) = g("OH) = 2.6 + 0.3
g(H,0") = 0.02

(0, absent)

These figures are roughly independent of pH (Glass). However, if any
dissolved oxygen is present, the concentration of hydrogen peroxide and other
oxidizers will increase. (Two orders of magnitude for 1.5 ppm over concentra-

tions at O ppm 0,) (Townsend).

Radiolysis will also affect gases trapped in the backfill near a container.
“Glass (Ref. 16) predicts radiolysis products of air to include jonic oxygen
(02+, 02-, O4+, 04-), jonic clusters (0, -(02)n), and ozone (0;). Oxides of
nitrogen will also be formed: N,0g, NO;, N203, N,O0,. This will result in
nitric acid presence in wet oxide films. Water vapor will not be affected by
radiolysis to any great extent due to the efficiency of back reactions for the

intermediates.

*g(x) = A primary yield established by inference. G(X) = the total yeild
established by observation. G = 100/w x m/n where w = energy used/ion pair,
m = molecules altered, n = ion pairs formed.
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In sum, gamma radiation will result in several changes in the iron system
occuring simulataneously. The production of hydrogen will tend to reduce
corrosion by creating a reducing atmosphere. The presence of strong
cathodic depolarizers such as H,0, and 05 will greatly enhance corrosion.
The hydrogen will most likely diffuse out of the system leaving an oxidizing

environment.

Molecke (1981) shows that the overall effect of radiation is to accelerate

general corrosion rates. Table 4 shows Molecke's data on the effect of gamma
radiation on carbon steel in harsh brines. If salts in basalt water are con-
centrated by the heat from the waste products prior to full resaturation, con-

tainers may well be subjected to conditions similar to these brines.

Heat Transfer. Another important parameter effecting corrosion is heat flux

at a corroding surface. Stepanov and Strokan in their studies of

heat transfer walls holding seawater in desalination plants, show that increas-
ing the heat flux at a metal increases its corrosion rate. This occurs for
several reasons.

(1) It accelerates diffusion processes and electrochemical reactions.

(2) It changes the degree of protection provided by passivating layers.

(3) It produces thermogalvanic cells (with hot spots acting as anodes).

(4) It produces thermal stresses.

(5) It promotes salt deposition on or near the heat transfer surfaces and

hence concentrates brine altering Eh and pH.
Even at small heat fluxes, the corrosion of carbon steel has been shown to
increase markedly. Pits are also shown to develop at temperature differen-

tials of 15 - 20 degrees (Stephanov and Strokan).

Butler and Ison propose that under heat transfer conditions the type

of attack may differ from that of general corrosion. Under acidic conditions,
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they cite corrosion rate increases of 1100% for samples under a thermal gradi-

ent along the metal surface, compared to those in isothermal conditions.

Yasuda et al. also show that in caustic soclutions, although carbon

steel may be passive isothermally, it is corroded under heat transfer condi-
tions. Localized corrosion is found to be the dominant corrosion mode in
dilute solutions under temperature differentials of 1.7° to 12.4°C. (These
differentials correspond to thermal fluxes of 4 x 10% and 4 x 105 kcal/m2-hr
respectively. The test solution has 0.1 m NaOH which yields 4000 ppm anions.
This is 9 times more concentrated than fresh basalt water and alsoc contains
dissolved 0,). After 50 hours, pitting depth ranged an average 5 to 10 um
with a maximum pit depth of 40 x 10-¢ m.

Results from these articles do not allow one to quantify the expected increase’
heat transfer will cause in predicted corrosion rates in a repository.

However, the testing for this effect is indicated. In addition, steam boiler
technology, not reviewed here, provides a wealth of long-term data for carbon
steel performance in anoxic a]ka]ine'water. This data should be reviewed,
particularly the data concerning corrosion under sludge deposits, since this

may be typical of the environment created by the backfill.

Oxide and Backfill Properties. Another factor which may modify corrosion

rates is variation in iron oxide properties over time or under dynamic condi-

tions. Key properties in determining oxide protectiveness are:

(1) conductivity of bentonite or other backfill as well as the wetted porous

corrosion scale on the iron,
(2) adherence and integrity,
{3) solubility of oxides and other corrosion products,

(4) chemical/physical structure.
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Because corrosion is fundamentally an electrochemical process, electrical con-
ductivity of a saturated bentonite clay mixture is a key parameter in determin-
ing the corrosiveness of the basalt repository system. Evidence from ship
wrecks buried in deep sea beds (Johnson, Barkman) and steel piling corrosion
tests in Danish harbors (Aruﬁ and Glatz). indicate very slow general corrosion
rates for cast iron in saturated soils although some cannons and ship hulls

are pitted through. Logan (Logan) shows that in soils corrosion decreases
rapidly with increasing resistivity (see Figure 5). Considering a saturated
bentonite clay in the perspective of this chart, one can assume an upper bound
conductivity of pristine Basalt water of 1,250 umho-cm (Anderson). This

places Basalt in the 5 mg/dm®-day range; a low corrosion rate relative to scils
of higher conductivity. However, this is just an estimate of bentonite
conductivity. Data should be gathered to include effects such as radiolysis.

A potential source for these data are studies involving the cathodic protection
of cast iron piping in soils. For example, it is known that a current density
of 0.1-5 mA/cm? is needed to electrically connect pipe with a sacrificial

anode (Pourbaix).

In addition to the conductance of the backfill, the flux of ions through the
oxide film on the waste canister will be proportional to the corrosion rate

of the base metal. Thus a porous oxide will be less protective than a dense
layer with fine pores (Feigenbaum). In addition, if an oxide conducts electroni-
cally, the potential gradient across the oxide will be kept at a minimum

reducing the protective quality of the film. Table 5 compares density, con-

ductivity and other characteristics of iron oxides (Anderson).

In sum knowledge of the range of porosity and resistivity of actual corrosion
films on canisters would be desirable as an aid in predicting the protective-

ness of the iron oxides and hence in determining a corrosion rate correlation.

As straight forward as this may appear, determining the morphology of the corro-
sion film that will be present on a canister in a repository in order to run
tests on it is not a simple matter. First of all, canisters entering a reposi-
tory will have an oxide already on them. This oxide will have been formed

after canister fabrication, then will have been heated to 1000°C as the vitrified
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waste was poured into it, and will be cooled slowly to ambient temperatures.

The nature of the oxide film formed is unknown. However, one can guess that

it may be similar to a millscale left on steel plates after hot rolling.

Evans points out two possible scenarios in corrosion under millscales. If the
mill-scale is loose, cracks in the film may initiate localized attack initially,
but this attack will undermine the flakes of scale to produce a smooth protective
general corrosion film. On the other hand, in cases where mill-scale is very

adherent, aggressive pitting will occur at cracks and may lead to spalling.

To illustrate the degree to which surface condition may affect corrosion rate,
Southwell et al. exposed unalloyed low carbon steel to a tropical marine
environment for 8 years. They found that a pickled surface was about 10% more
protective than mill-scale against uniform corrosion and about 15% more protective
against pitting. Contrary to these results however, Butlier & Ison found that
pitting depth increased by a factor of 2 for a pickled surface over an
untreated surface (Butler and Ison). A four month Belgian study of cast irons
in a humid clay atmosphere showed a corrosion increase from 51 mg/dm? weight
loss to 234 mg/dm? for grade 42 iron when mill-scale was removed. Similarly,
grade 60 iron corrosion increased from 88 to 275 mg/dm2 when mill-scale was
removed (Dresselaers)* A1l that can be concluded from this then, is that much
depends on the nature of the scale (Evans). Canister processing may need to
~be tailored to produce a desirable scale. Corrosion tests should include the

scales expected on production containers.

Assuming an optimal corrosion film, to determine long term behavior in a
repository, specific information is needed about scale adherence properties,
integrity (ability to withstand stresses without cracking or undulating) and

the chemistry of local repository water attacking cracks in the film.

Within the literature, there are discrepancies as to whether or not a high
temperature alkaline environment will produce an adherent scale. Huijbregts

et al. have shown evidence that in either deaerated (4 ppb 0,) or undeaerated

*Note if comparing these data to rates in Table 1, Dresselaers added an
artificial defect to his specimen.
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weakly alkaline (3 x 10-2 to 10-% N NaOH), 250-300°C solutions produced loose
spalling oxide (Huijbregts). 1In a similar, 3 month test, Potter and Mann saw
some spalling on samples, but not all. The double Tayered oxide formed in

this experiment were described as partially protective. Testing conditions

were 5-20 wt¥% NaOH, 250-355°C on mild steel; rate kinetics were parabolic

(Potter and Mann). Effertz has found oxide to be double layered and protective
without spalling when produced by high pressure water or superheated steam
(250-600°C) at 30 ppb 0,. Steam and water formed oxides of different morphology,
but both formed in accordance with parabolic rate laws (Effertz). Alloying
elements also effect the adherence of an oxide film. Chromates in stainless
steel and silicates in wrought iron form very tight protective films (Latanision;
Butler and Ison). In plain carbon steels and irons, however, Tylecote

indicates that the higher the degree of purity, the more adherent and strong

the corrosion film. He attributes this to a decrease in preferentially
oxidizable impurities accumulating and causing stress at the metal/oxide
interface (Tylecote). The level of purity to which Tylecote refers is

spectral grade, and thus this may have little application to the large scale

manufacture of waste containers.

Many studies indicate very 1ittle difference in the corrosion behavior of low
alloy steels versus the irons (Huijbregts, Reinhart). However, in soil media,
grey iron has been found to be more protective than malleable irons by a factor
of ten (Bureau of Reclamation, 11965). Grey iron is also superior to ductile
iron or carbon steel in uniform corrosion,‘although it is much less resistant
to localized attack (Hudson and Watkins). This may however, be more a
function of the integrity of the graphite matrix left after graphitization
processes have leached out the iron, than a function of low corrosion kinetics
(Latanision). Thus in the presence of radiolysis and heat transfer, which
make electrolytes more aggressive, it is better to use a material such as a
carbon steel which is not vulnerable to graphitization (dissolution of the

metal in cast iron to produce a "skeleton of graphite flakes).
Determining the solubility of oxides and chlorides in basalt water will be

important in determining loss of iron that does not add to further protection

via corrosion film (Berge; Gadiyar). Gadiyar and Elayathu have studied corrosion
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in terms of percentage of adherent oxide. Their figures show about 70% adher-
ence (i.e. about 30% loss to environment, see Table 1 for experimental condi-
tions) (Gadiyar and Elayathu). Similarly, Huijbjegts et al. show about 50%
nonadherant oxide. A probable mechanism to explain this loss involves the
oxidation of iron to ferrous hydroxide (Fe(OH),). Ferrous hydroxide is

usually produced as Fe+2 and OH dons. Thus it is highly water soluble (see
Table 6). At ambient temperatures and anoxic conditions, it is the primary
corraosion product (Bloom, Linnenbom). At high temperatures (60-250°C), ferrous

hydroxide will rapidly oxidize to magnetite via the Schikkor reaction:
3Fe(OH), = Feg0, + H, + 2H,0 (Linnenbom)

This may occur near the substrate and magnetite will precipitate on the exist-
ing oxide film as a loose, flakey oxide (Huijbiegts) or it may occur at some

distance from the metal (Gadiyar and Elayathu).

The Schikkor reaction is also reversible and in a hydrogen enriched atmosphere,
magnetite is susceptible to partial reduction to ferrous hydroxide (Berge).
Under experimental conditions simulating a PWR loop (high temperature, alkaline,
low 0, level), the soluble iron content was found by Berge et al. to be
proporticnal to the concentration of dissolved hydrogen to the power 1/3.
_Other experiments have derived lower values for percentage socluble iron
produced by H, (Berge). An additional possibility in this situation is
complete reduction of magnetite back to irbn (Barkman). This would not be

expected in a repository.

2.3 Localized Corrosion

Localized attack, more specifically pitting or crevice corrosion, is mecha-
nistically similar to uniform attack. An oxygen concentration cell is estab-
Tished with a small oxygen starved anode and a large oxygen rich cathode. The
anode is kept from contact with the bulk electrolyte by a Tlong narrow trans-
port path in a crevice, or a thin mushrcom film of corrosion products over a
pit. The absence of oxydizer within these occluded cells allows the hydrogen

ion concentration to rise and attracts aggressive jons such as chloride into
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the pit to maintain electroneutrality. Acid, usually hydrochloric acid,
builds up in the anode accelerating metal dissolution (Pourbaix, Gadiyar,

Piccinini).

Figure 6 shows the effect chToride ions at 355 ppm has upon the Pourbaix dia-
gram. In comparison, Table 6 shows anion and cation concentration levels in
basalt water. In addition to chloride ions, the only other potentially aggres-
sive species is floride (Newby et al, 1982). However, Ogura and Ohama have
found that fioride jon does not induce pitting in iron even at concentrations

of 950 ppm (Ogura and Ohama).

Propagation. Many factors render metals susceptable to localized attack.
These include defects and microinhomogeneities within the oxide, stresses with-

in the base metal, and surface abrasions (Evans, Townsend, Kruger).

Mechanistically, there are many explainations to account for protective film
breakdown and the establishment of an autocatalytic occiuded cell. Kruger and
Hardman have compiled and assessed these theories, and provide two which are

particularly applicable to ion pitting propagation {Kruger).

The first, by Galvele is very detailed. Pits are assumed to initiate at tran-
sient breaks in the film produced by mechanical or electrochemical means.
‘Before the oxide has an opportunity to heal the passive layer, hydrolysis
occurs, lowering the local pH. If acidification at this point is sufficient
to prevent repassivation, the pit will grow. If conditions can be specified
well enough using a Pourbaix diagram one can estimate regions at which metal
dissolotion can occur and the pits that will exclude repassivazation. This
allows one to gather insights into the pitting rate as a function of potential.
This model explains the existance of empirically established Pourbaix protec-
tion potentials as well as corrosion or open circuit potentials characteristic

of metals (Pourbaix, Galvele).

The second model, by Rosenfeld and Danilov, is an absorbed ion displacement
model. In it, chlorine displaces oxygen in the intersities of the oxide and,
in very localized sites, clorine will migrate to the base metal creating an

anode. Metallic dissolution produces the mushroom of corrosjon products
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(mostly Fe(OH),) needed to isolate the cell. From there, crevice corrosion

mechanisms become operative (Rosenfeld and Danilov).

A crevice corrosion model particularly applicable to iron is the four stage

model proposed by 01dfield and Sutton (0ldfield and Sutton).

Stage 1: Uniform corrosion reactions take place both within and without the
crevice. Eventually, corrosion products build up in the crevice providing
only a tortuous diffusion path for oxygen. Inside the crevice, oxygen supply
is depleted and a concentration cell is established. (Note in the pitting

model this is analogous to the production of corrosion products around a pit.)

Stage 2: Metallic dissolution continues within the crevice; ferrous ions
scavenge hydroxides; hydrogen ion concentration rises. Reduction of oxygen
continues outside the crevice. Chloride ions migrate into the crevice to main-
tain electroneutrality. Ferric (formed from passive iron) and ferrous (formed

from active iron) ions combine with chlorine ions.

- +
Stage 3: The concentration of C1 and H within the crevice reaches a level
that prevents any repassivation of oxide on crevice walls. Accelerated corro-

sion begins.

Stage 4: Crevice corrodes rapidly. Hydrogen may evolve leading to hydrogen

embrittlement and stress corrosion cracking even in iron (Toensend, O0ldfield).

If crevice geometry, critical HC1 levels to inhibit repassivation and passivat-
ing current can be specified, this crevice corrosion model can predict one of
two outcomes: (1) pH Tevel will be controlled by mass transport of FeCl, from
the crack, (2) pH will drop further and corrosion rate will accelerate

(Rosenfeld and Danilov).

Given the presence of chloride ions, the necessity of welds or mechanical clo-~
sure for canisters, and the geologic periods of time for which container integ-
rity must be maintained, occluded cell corrosion is of very serious concern.

The three elegant models above are difficult to apply quantitatively, since
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repository conditions can not be accurately specified at this time. However,
one can predict that propogation will occur. Defects within an oxide layer
cannot be completely avoided even under the best of conditions. Chemical
microinhomogeneities can be reduced drastically by vacuum arc remelting or
electroslag remelting of the carbon steel/cast iron to remove impurities. Yet
localized stresses and scratches can not be avoided. Stresses, particularly
in the heat affected zone about a weld are perhaps the most severe weakness

in a canister. Cramer and Carter provide data for carbon steel weld corrosion
in dearated, hot, harsh brine (primarily NaCl). See Table 7. The weld itself
corroded at rates similar to the control specimen. However, in the heat
affected zone, corrosion rates as high as 920 um/year (for E7016) are reported

{Cramer and Carter).

The welds analyzed in Table 8 are in a solution far more saline and acid than
is expected for a basalt repository. However, these specimen are small

(2.5 x 2.5 cm) and show a -5% to +43% change in corrosion damage (Cramer and

Carter). This indicates that similar changes might be expected for the thick

welds (up to 25 cm) considered in the past for BWIP.

Cramer and Carter also ran field test on these welded specimen for 45 days.
Carbon steel suffered very deep pitting, particularly in the heat affected zone.
The 4130 steel was penetrated in the heat affected zone in both brine and

steam (Cramer and Carter). Because the general corrosion rates in geothermal
brine are so high, pitting factors were 10@ relative to Romanoff's data (note
ratio of pitting to general corrosion rates for data in Table 1), which range
from 2.2-4.8. However, these geothermal brines can not readily be used to

model behavior in basalt, particularly since it is not known to what extent

dissolved gases (CO,, SO,, etc.) were responsible for corrosion rates.

Mechanical closure will also provide a crevice for occluded cell attack. If the
closure will be sealed with a weld, one can calculate from the weld thickness
the time needed for general corrosion (or more quickly, localized) processes to

expose it to the bulk electrolyte.
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Scratches provide sites for attack because of the stresses induced in the

metal when they are formed. Tensile stresses will render part of the metal
anodic relative to the unstressed areas. These stresses can crack the oxide
layer, leaving the metal exposed to attack (Evans). Evans notes that scratches
repassivate in iron more readily than in steel (Evans). However, with Mears

he found that if a scratch has a load on it, probability of corrosion

occurring increases. (19 to 52% with a mass increase from 100 to 800 gm

(Mears and Evans). {(oaded scratches will be present in a repository. For
example, a current BWIP design places canisters on two metal railings (see
Appendix). Minor loads produced by crushed basalt pressed against the container
by a water-swollen backfill may not affect general corrosion rates severely

although they could be sites for localized corrosion.

Growth of pits and crevices. Ultimately, one should assume that pits will

propagate on waste containers. Then one is left with the question of how fast
and how deep these pits will grow. Factors that control pitting have been
empirically determined from extensive data taken at the National Bureau of
Standards. For ferrous metals these are summerized in a equation for maximum

pit depth (P) in mils (Newby 1982):
P = KK (10 - pi)"(t/p) a2

where: Kn = soil aeration factor. 170, 222 or 355 for soils that

are well, fairly well, and boor]y aerated respectively.
K = 1.06 for steel and 1.40 for cast iron

n= soil aeration power 1/6 for well aerated soils
1/3 for fairly well aerated soils
1/2 for poorly aerated soils
2/3 for poorly aerated soils with

soluble corrosion products

ct
i

time in years

p = soil resistivity in ohm-cm
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A = exposed surface area in ft2

0.16 for steel and 0.22 for cast iron

w
il

In a repository situation radiolysis can, at least in principle, reduce local-
+

ized corrosion rates. Radiolysis in a crevice can consume H at the same time

it increases the pH in the crevice and the H,0, reduces the differential by the

reaction:
2H,0, = H,0 + 0,

Both consumption of H+ and production of 0, in the occluded region tend to slow
down further corrosion. In addition, these conditions establish a protective
oxide film on the inside of the occluded cell (Pourbaix, Townsend). In other
words, the repassivation effects of the 0, will compete with the C1  breakdown
effects. Towsend puts these protective mechanisms into perspective by showing
that additions of NaCl at 1 ppm overcome the passivating effect of 3000 ppm
H,0, (Townsend).

Radiolysis will also supply H, and H+ within a pit (Glass). Hydrogen radical

will readily combine, perhaps with the H+ available in solution to produce hydrogen.
Also, if the hydrogen potential inside the pit is low enough to generate hydrogen
.gas from the solution, then anodic reactions will produce H, (Pourbaix). The
effect of H, from either or both of these sources will be to restrict the

decrease in pH (by scavenging excess H+). However, it may lead to hydrogen

embrittiement and to increased solubility of magnetite (Townsend, Berge).

What the net effect of radiation on localized corrosion will be in the long

term is as yet unknown.

The conclusions to be drawn from a literature assesment of localized corrosion
per Carter's recommendation, is that analysis upon which licencing decisions
are to be based need to be highly specific and incorporate as many aspects of
the system as possible (i.e., welds, radiation, electrolyte and steam flow,

dissolved gases, pressure). If it is possible, field testing should be accomp-
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lished to verify what failure modes and corrosion rates will be (Carter J. P.

1982).

2.4 Stress Corrosion Cracking and Hvdrogen Embrittlement

Cast iron and carbon steel can suffer failure by stress corrosion cracking (SCC)
under highly caustic environments and mechanical tensile stresses. Current
theory uses a variety of mechanisms to describe all the characteristics and modes
of SCC. These can be segregated into roughly three catagories: cracks which

are associated with either (a) pre-existing active paths; (b) strain generated
active paths; or (c) specific absorption at subcritical stress sites

(Parking).

Pre-existing active paths in an alloy are formed by microsegregation and
precipitation within a metal, usually at grain boundaries. Local galvanic
cells are established weakening the metal against mechanical failure. Micro-
segregation can be minimized by proper melting practice and careful considera-
tion of casting technigue. Precipitation can be minimized by keeping alloy

content low and removing sulfur (Parking).

Strain generated active paths usually initiate at slip steps occuring at the
~surface of the metal. SCC proceeds intergranularly. Specific absorption paths
require absorption of gases (particularly H,) into tiny cracks on the surface of

the metal (Parking).

The role of hydrogen in SCC is not explicitly defined, although it is clear the
H, embrittliement will render a metal susceptible to SCC (Logan and Yolken).
In some cases if metal is in a strained condition, hydrogen will reduce the

metal's yield strength to the point where it can fail mechanically (Bhat).

The rate of hydrogen diffusion into a metal and the depth of attack (decarburi-
zation and fissuring) varies with metal heat treatment, H, pressure, atmospheric
moisture content and temperature {Logan, Bhat, Gutzeit). THereexists an
incubation period for attack, although it is shortened considerably by water

vapor. Water vapor also increases the depth of hydrogen attack. However,
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Gutzeit and Thygeson report attack depths which logarithmically approach only

a few millimeters (Gutzeit).

Solution chemistry and mechanical strength also plays a dominate role in the
modes of SCC. In aqueous chloride environments, for example, SCC is dependent
on the yield strength of the alloy. Probability of failure increases for steels
with strengths greater than 689 MN/m2 (100,000 psi), while steels less strong
appear uniformly resistant. Cracking rate increase with temperature and cr

concentration, but the critical stress factor (K ) does not.

I1sCC

In sodium hydroxide solutions cracking is known to occur at concentrations
above 5 wt% and at temperatures between 100°C and 350°C. Presence of oxygen
increases metal susceptibility and crack growth rate. Carbonates present in
basalt water may help inhibit SCC in NaOH (Newby 1982). The low alloy cast
irons and steels being considered for waste canisters will have strengths less
than 689 MW/m2 (Newby 1982). It will need to be determined though whether
hydroxide concentration could increase from 1.4 ppm (in pristine basalt water)
to 1100 ppm (5 wt%) within the time phat the canister is above 100°C and

oxygen is present.

Recent tests on stainless steels indicate the radiation effects on SCC can not
be ignored. Fugita et al. find that radiation can have both benificial and
deleterious effects. Furthermore, the interaction between oxygen and radiolysis

praducts has a very complex effect on scc.’

2.5 Galvanic Corrosion

Galvanic interactions are caused by metals in electrical contact having different
corrosion potentials and thus establiishing an electrochemical cell. There should
be 1ittle reason to worry about this though, if waste canister, overpack, and
metal rail upon which the canister is to be seated are all of the same material.
Weld metal should also be chosen with care to avoid galvanic potential. However,
if a titanium overpack is used and it comes into electrical contact with iron,
iron will be anodic. Ferrous ions will be produced and react with water to form

hydroxides. This will release hydrogen which will embrittle the titanium.
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2.6 Bacterial Corrosion

Microbial induced corrosion is a major concern for subterranean metals. 1In
Belgian mines for example, over a 90 year period iron supports suffered corro-
sion 50% of which was believed to be attributable to bacterial action

(Dresselaers).

The so called "iron" bacteria are a miscellaneous group which are associated with
the oxidation of ferrous ions to ferric ions. They tunnel through metal creating
"tubercles" within pipes. They also accumulate as waste, masses of ferric
hydroxide and biological deposits which mechanically strengthen the tubercles.

As the tubercles thicken and more wastes are built up, influx of water and oxygen

are restricted thus setting up a differential aeration cell (0lsen, Iverson).

Most of the iron bacteria are autotropic and anerobic. Common genera include
Ferrobacillus, Gallionella and Sphaerotius (Iverson). Desulfovibrio desulfu-
ricans and related species also reduce iron but require sulfate in the soil
around the iron. They oxidize iron jnto Fe+3 and produce sulfuric acid from
sulfate. Most of the "sulfate" bacteria are autotropic and anerobic, although

some require small amounts of organic matter and water (Hunter).

~Anaerobic bacteria are known to live in pH ranges 5.0 - 9.0 (Hunter). Thus,
some could be expected to thrive in the water surrounding the waste canister.
Furthermore, while the canister remains abbve the boiling point of water, very
few bacteria could be expected to remain near it. Radiation given off by the

waste will also ki1l bacteria (Gause).

2.7 Conclusions
In summary, there are several conditions present in a repository that will have
major effects on corrosion rates, most of these deliterious. These are heat

transfer gradients, radiation, and oxygen supply from air shafts.

(1) Heat transfer will not only accelerate corrosion due to its effect on the

metal canister itself, but it will also concentrate the salts present in
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repository waters to an unknown extent. A best case would be to assume
that this concentration will be negligible; worst case is to assume that

the waters reach saturation.

(2) Radiation is known to accelerate general corrosion. Its effects on local-

ized corrosion have been conjectured, but not proven.

(3) Oxygen supply, even in very small amounts will have large effects on corro-
sion rates. In trying to estimate these effects, one can expect that oxygen
will constitute 20% of the air prior to backfilling. Supply will diminish
over time, although there is question as to when premining conditions will

be reestablished.

The dominant mode of corrosive attack expected is occluded cell corrosion. Of
principal concerns are pitting in the heat affected zone around a welded closure
as well as crevice corrosion in a mechanical closure and in loaded scratches
such as those created by containers on metal railings or under loads induced

by the packing materials. Accelerated pitting factors® may be expected to range
from 1 - 4 in a best case scenario (Braitwaite 1980, derived from 0, free basalt

water data) to 11 (Romanoff, 1968 derived from soil corrosion data).

General corrosion, whether it follows a linear or parabolic rate law, should
bnot be a concern as a fajlure mode. The only concern would be the statistical
distribution of container failures. Even if the average predicted corrosion
rate for canisters is satisfactory to meet regulatory containment criterion,

an unacceptable number might be expected to fail within the lifetime objective.

Stress corrosion cracking, galvanic corrosion and biodegradation will probably

not be of concern as failure modes for waste canisters made from carbon steel.
3 REPOSITORY DESIGN

Provided here is a short summary of current BWIP research and development that

is specific to the environment of waste containers. While these proposed

*A pitting factor is the ratio of the pitting to general corrosion rate.
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designs do not necessarily reflect those that will be included in the Tlicense
application, they do provide the reader with an idea of design parameters as

well as a visual picture of a hard-rock repository and waste canisters.

Basalt is unusual in that the maximum horizontal stress in the rock is about
twice as large as the vertical stress. Thus, horizontal emplacement of canis-
ters into holes running between two large tunnels (drifts) is now favored over
vertical emplacement with boreholes in the drift floor. Figure 7 illustrate
storage panels between drifts (BWIP Project Veiw Graph 1982). Figures 8 and 9

give an example of a repository layout with dimensions.

Because of the requirements of 10 CRF 60 and in view of the complexity and
uncertainty in predicting the long term reliability of geologic formations on
inhibiting radionuclide migration from the repository, engineered barrier systems
are being incorporated into repository design. These barriers are designed to
protect the canister from corrosion and mechanical rupture, to inhibit leaching
of waste from the canister and to sorb or fix any radionuclide which has leached
out of the canister. Waste is to be incorporated in a stable ceramic/glass
matrix within a canister. The canister is placed within a buffer-1ined overpack

container. The container is emplaced and backfilled (see Figure 10) (Refs. 62,63).
~The idea of engineered barriers is supported by several BWIP findings to date:

(1) Reversible backfill dehydration is a %unction of pressure.

(2) Reducing environment retards nuclide migration.

(3) Most radionuclides appear solubility Timited.

(4) Reducing conditions rapidly reestablish via hydrothermal basalt reactions

(BWIP PRoject View Graph 1982).
Figures 11 - 13 depict procedures for backfilling and sealing a repository.

In particular, backfilling the main shaft into the repository (2000 feet under-

ground) will be important to prevent oxygen from diffusing into the repository.
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Backfilling of the individual boreholes may be done immediately once the canis-
ters are emplaced, or a period of ventilation to dissipate heat produced by
cesium and strontium may be provided for up to 50 years prior to backfilling
(Ref. 63).

4 CONTAINER DESIGN

The design concepts used by BWIP to develop a waste container are: waste pack-
age functions, emplacement conditions and design description (i.e., horizontal
emplacement and simplified waste package). Tables 10 and 11 provide a view on
BWIP functional design criterion called "work elements: Tables 12 - 14 describe

canister functions and predicted environment (BWIP View Graph 1982).

The simplified waste package referred to is the three component system utilizing
77-26 borosilicate glass as the waste form, low carbon steel as the canister
material, and 25% bentonite clay/75% crushed basalt backfill. It should be noted
however, that other materials are being considered. Specifically, for canister
fabrication these are: Titanium and‘Ticode 12, Inconel, Hastelloy, Cupronickel,
Zircaloy and Stainless Steel (Smith; BWIP View Graph 1982). The reasons for
concentrating on cast iron and carbon steel in this study, inspite of their

known high corrosion rates are as follows:

(1) They are inexpensive and can therefore be used in large sections

(Charlot, Newby 1982, Gause, Newby 1981).

(2) They are easy to fabricate and most steel are easy to weld (Charlot,

Newby 1982, Gause, Newby 1981).

(3) Our knowledge on the characteristics and long term reliability of carbon

steels and iron has been built up over centuries (Johnson).

Figures 14 and 15 provide an example of one canister construction and emplacement
design. In general, the canisters are prescribed to be very long relative to
their diameter. Proposed wall thicknesses range from 4cm to 25cm (BWIP View

Graph 1982, Newby 1982, Newby 1981).
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Table 1  Comparison of General and Pitting Corrosion Rates
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Table 2 Corrorion of carbon steel

in steam & air (Ref. 14)

Corrosive Temp. Alloy Penetration Depth Rate in
°C after 10,000 hrs. mm/yr
Medium (14 months) mm x 10
Air 454 A216 10.2 . 009
1029 14.5 .013
1035 14.7 .013
1116 33.0 .029
Air 538 A216 40.6 .035
1029 50.8 . 045
1035 38.1 .033
1116 71.1 .062
Steam 454 A216 8.64 . 007
1029 10.9 .009
Steam 538 A216 66.0 .058
1029 30.5 .027
1035 96.5 .085
1116 55.9 .049
Alloy Identification
C Mn P S Si Cu Ni Cr Mo v
A216 .30 1.00 .04 .045 .60 50 .50 40 75 403
1029 .25/.31 .60/ .90 .04 .050 .35 -- -- -- -- --
1035 .32/.38 .60/ .90 .04 .50 - -~ -- - -- -
1116 .14/.20 1.10/1.40 .04 .16/.23 -- -- -~ -- - -
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Table 3 Corrosion of carbon steel in steam and air {Ref. 14)

Materials: Cast Iron & Carbon Steel

Environment: Anoxic Brine

Overpack Lifetime (Years)*

50°C 100°C 150°¢C 200°c 250°C 3g00°¢C

2 x 108 2 x 107 4 x 10® 9 x 10% 3 x 10°% 1 x 10°

*Lifetime defined as time to pit through a 30 cm overpack thickness and

simultaneously consume 7.5 cm by general corrosion. Equations used are:

(1) General corrosion assumes parabolic kinetics:

x (mm) 32.6 exp (-2850/T(°K)) t(y)'S

(2) Pitting corrosion uses a pitting factor of four

x (mm) 130 exp (-2850/T(°K)) t(y)'*S
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Table 4 Estimated uniform metal penetration in
cast iron and carbon steel {(Ref. 2)

Environment Temp. °C Rate lLaw 1000 yr Penetration Depth (cm)
With Factor 5
Uniform Allowance

pH 7 to 8, H,0 250 Parabolic .38 1.90

13% NaOH 250 Linear .38 1.90

Neutral H,0 250 Linear .66 3.30

Soil Ambient Linear .57 2.55
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Table 5 The effects of radiation on uniform
corrosion of 1018 steel (Ref. 18)

T = 90°C

*Corrosion
Irradiation Test Corrosion rate w/o
Rate Duration Rate Radiation
(Rem/hr) Solution (days) (mm/yr) (mm/yr)
107 Brine B 79 1.00 .040
107 Brine A 79 1.00 .261
10% Brine A 49 0.10 .261
105 Seawater 49 0.03 -

*Estimated from data given by Braithwaite and Molecke (Ref. 8),
assuming linear kinetics between data points at 70°C and 250°C.
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Table 6 Comparison of Oxide Attributes (After 29,30)
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Table 8 Corrison of weld and nonweld specimen
in salton sea brine in mm/yr (Ref. 46)

Temperature:

232°C ppm C1 :

Alloy/Filler Alloy

155,000 pH:

Nonweld Weld

6.1 at 25°C

Heat Treated Weld

deaerated
1020 C Steel/E6010 .419 .510 .520
1020 C Steel/E6011 .419 . 380 -—--
1020 C Steel/E6012 .419 .420 .430
1020 C Steel/E6013 .419 .510 .540
1020 C Steel/E7016 .419 .520 .410
1020 C Steel/E7018 .419 .430 .460
1020 C Steel/E7024 .419 .600 .420
4130 Steel/E6010 .330 .430 .470
oxygen at 100 ppm
1020 C Steel/E6010 26.900  30.000 -—=-
4130 Steel/E6010 25.400 28.400 —-—--
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Table 9 Summary of scenarios

Maximum Penetration Depth after 1000 years (cm)

Scenario Carbon Steel Cast Iron
general pitting general pitting
I --- - 2.3 9.2
II --- === 3.6 - 11 8
ITI 1.9 10.4 0.6 15.2
IV 19 - 28 failure -—= ---
v failure failure -—- -——-
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Table 10 Typical waste package design work elements

Table 11 Data needed to satisfy design related work elements
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Table 12 Waste-package component functions versus repository
history for reference waste-package conceptual design

Table 13 Summary of repository conditions in basalt

Table 14 Expected repository conditions at the emplacement location
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Figure 1 Pourbaix diagram for (Ref. 6) Figure 2 Passivation (Ref. 6)

Figure 3 Potential pH diagram for iron Figure 4 Potential pH diagram
in high salinity brine at 25 C. for iron in high
salinity brine at 250 C.
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Figure 5 Corrosion of gray iron in soils of differing resistivity

11/30/82 P-41 BWIP DSCA/APP P/COOK



Figure 6 Pourbaix diagram for iron with 355 ppm c1
At pH 8 this can be interpreted as: (Ref. 6)

1 = general corrosion of nonpolarized iron in anoxic solution.
2 = pitting of nonpolarized iron in oxic solution.
3 = active pits or crevices.
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Figure 7 Dimensions of a repository draft

Figure 8 Typical crossection of repository

Figure 8 Dimensions of boreholes between drifts
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Figure 10 -Borehole design

Figure 11 Backfilling Main Shaft of Repository
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Figure 12 Backfilling of borehole

Figure 13 Backfilling a large drift
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Figure 14 Canister construction with dimensions

Figure 15 Canister emplacement
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Table #1 Comparision of General and Pitting
Corrosion Rates

Sail or Sagarmor HA Hinford
Solution:___ || Synthetic Basalt | Fresh Water | LIOW 1 L1 41 _nacl Brine "AMs f  doam _f.__toem
Oryqgun: 50ppb-1 ppm OX1Ic <0, 05 ppiw 3,5 ppm <0.01 ppn ~30 Pph02 Aerobic Aernbic
prm C1- 50 70 0 0 6,000 300,000 / /
105~ or pH 6.7 plt _425ppmTDS| 1000 ppm TOS| 10,5 pll 10,5 pit 4.8 pH 525,555 ppu 8.8 pi 8.8 pH
e o |jf20.5 g at 250C) - L
Taperatuve: || 2509 250¢ 3109¢ 310°¢ 2500¢ - 250°C Anbient Fabient
Test length; 16 Years 22 days 9,2 months ~11 days 28 days 8 Years 17.5 years
Feference: Braithwaite & Southwell & Gadiyar & Efaythu 1980 (19) Shannon (11) Braithwaite | Romanoff 1968 Rom?noff
Moleche 1980 (8) Alexander ‘ 1977 Holecke 1980 (12) 1957 (13)
1970 (9) (a)
Qverall 0.04 0167 .0039 g} 0. 1,70 .02 ///,,/”’////
fitting 0.16 / / .22 /
e e BT — }
Overall a.,0291 d.o171 0.05 0068 .0091
b,1145 e, 0265 .0075
¢.0201
Pitting / 01 // / / 32 /
*10S = Jotal average of two Cast Steel Analysis of Steel Allay 1D 1018 Steel Sail Mot
Dissolved data points 0.27 ¢ .119 ¢, .35Hn, ,03F, ,Q3S, a) ,13C, 42, Lo o L Solution
Solids alloy 1.0, L04S i .008p, 0175 ['Brine "A" is
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vofib.22-8 ductile iron| 3,2 C Grey Average of 7-10 specimen b) .44C, 1,56Mn, times more
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' .68 Cr molarity)
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2. 136-4 grey iron #
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Hagnetite

Maghemite
Hematite
tepidocrocite

Geothite

Table #6 Comparision of Oxide Attributes (After 29,30)

Electrical Density gm/cm2
Resistivity

Insulator 3.40
Electrical 5.20
Conductor
Semiconductor 4.88
to insulator

Insulator 5.25
Insulator 3.97
Insulator 4,20

Thermal Behavior

Decomposes at 100'C to
magnetite

Stable to 1597°C

Transforms to hemitite
above 250°C

Decomposes to magnetite
at 1459°C and 1 atm

Dehydrates to maghemite
above 200°C

Dehydrates to hematite °
above 200°C

Chemical Stability

eStable only in absence of 0j.
< Highly soluble in water.

o Insoluble in high temperature water,
¢ May be partially reduced by
hydrogen to ferrous hydroxide,

¢ Hater causes conversion to
hemitite at Vower temperature.

¢ Water causes conversion to
maghemite at Yower temperatures.

e Water causes conversion to
hematite at lower temperatures.




Table 1 Comparison of General and Pitting Corrosion Rates
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Table 2 Corrorion of carbon steel in steam & air (Ref. 14)

Corrosive Temp. Alloy Penetration Depth Rate in
°C after 10,000 hrs. 3 mm/yr
Medium {14 months) mm x 10
Air 454 A216 10.2 .009
1029 14.5 .013
1035 14.7 .013
1116 33.0 .029
Air 538 A216 40.6 .035
1029 50.8 .045
1035 38.1 .033
1116 71.1 .062
Steam 454 A216 8.64 . 007
1029 10.9 .009
Steam 538 A216 66.0 .058
1029 30.5 .027
1035 96.5 .085
1116 55.9 . 049
Alloy Identification
C Mn P S Si Cu N Cr Mo v
A216 .30 1.00 .04 . 045 .60 50 50 .40 75 .403
1028 .25/.31 .60/ .90 .04 . 050 .35 -- -- -- -- -
10635 .32/.38 .60/ .90 .04 .50 -- - -- -- -- -
1116 .14/.20 1.10/1.40 .04 .16/.23 -- - -- -- - -
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Table 3 Corrosion of carbon steel in steam and air (Ref. 14)

Materials: Cast Iron & Carbon Steel

Environment: Anoxic Brine

Overpack Lifetime (Years)*

50°C 100°C 150°C 200°C 250°C 300°cC

2 x 108 2 x 107 4 x 106 9 x 10° 3 x 10° 1 x 105

*Lifetime defined as time to pit through a 30 cm overpack thickness and

simultaneously consume 7.5 cm by general corrosion. Equations used are:

(1) General corrosion assumes parabolic kinetics:

x (mm) 32.6 exp (~-2850/T(°K)) t(y)'®

(2) Pitting corrosion uses a pitting factor of four

x (mm) 130 exp (-2850/T(°K)) t(y)'*S
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Table 4 Estimated uniform metal penetration in
cast iron and carbon steel (Ref. 2)

Environment Temp. °C Rate Law 1000 yr Penetration Depth (cm)
With Factor 5

Uniform Allowance

pH 7 to é, H,0 250 Parabolic .38 1.90

13% NaOH 250 Linear .38 1.90

Neutral H,0 250 Linear .66 3.30

Soil Ambient Linear .57 2.55
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Table 5 The effects of radiation on uniform
corrosion of 1018 steel (Ref. 18)

T = 90°C

*Corrosion
Irradiation Test Corrosion rate w/o
Rate Duration Rate Radiation
{Rem/hr) Solution (days) (mm/yr) {mm/yr)
107 Brine B 79 1.00 .040
107 Brine A 79 1.00 .261
10% Brine A 49 0.10 .261
105 Seawater 49 0.03 -——-

*Estimated from data given by Braithwaite and Molecke (Ref. 8),
assuming linear kinetics between data points at 70°C and 250°C.
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Table 6 Comparison of Oxide Attributes (After 29,30)
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Table 7 Basalt groundwater (Ref. 4)

Ion Concentation (ppm) Millequivalents
+
Na 250 10.870
K 1.9 .050
T4
Mg* 0.04 .004
24
Ca2 1.3 . 066
co; " 27 .900
HCO® - 70 1.148
OH*3 1.4 .082
_ - H3f*54 103 1.084
& C1 148 1.096
108 2.250
/ .
e - 37 2.176
e
/"//
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Table 8 Corrison of weld and nonweld specimen
in salton sea brine in mm/yr (Ref. 46)

Temperature:

232°C ppm C1 :

Alloy/Filler Alloy

155,000 pH:

Nonweld Weld

6.1 at 25°C

Heat Treated Weld

deaerated
1020 C Steel/E6010 .419 .510 .520
1020 C Steel/E6011 .419 . 380 ———-
1020 C Steel/E6012 .413 .420 .430
1020 C Steel/E6013 .419 .510 .540
1020 C Steel/E7016 .419 .520 .410
1020 C Steel/E7018 .419 .430 .460
1020 C Steel/E7024 .419 .600 .420
4130 Steel/E6010 .330 .430 .470
oxygen at 100 ppm
1020 C Steel/E6010 26.900  30.000 ——=-
4130 Steel/E6010 25.400  28.400 ===
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Table 9 Summary of scenarios

Maximum Penetration Depth after 1000 years (cm)

Scenario Carbon Steel Cast Iron
general pitting dgeneral pitting

I -—- -——- 2.3 9.2

I1 -— - 3.6 - 11 8

I11 1.9 10.4 0.6 15.2

Iv 19 - 28 failure - -=-

\ failure failure -—- ---
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Table 10 Typical waste package design work elements

Table 11 Data needed to satisfy design related work elements
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Table #10
TYPICAL WASTE PACKAGE DESIGN WORK FLEMENTS

Determine the conditiaons that affect waste package design
° Thermal Loadina
° Chemical Environment

Determine the susceptibility of canister materials to degradation

a

Corrosion
° Embrittlement

Determine the release rate of waste forms

° Repository Chemical Environment
Repository Thermal Environment

[

Determine interaction between waste package components

° Canister
° Waste Form
° Backfill

Determine backfill characteristics

Porosity/Permeability
Swelling Properties
Chemical Properties

Table # 11 .
DATA HEEDED 70 SATISFY DESICN RELATED WORK ELEMENTS

CHARACTERISTICS OF WASTE PACKAGE COMPONENTS

Physical and chemical properties for:

? Waste Form
Canister Materials

° 3ackfill Materials

INTERACTIONS OF COMPOMENTS AND NEAR FTELD EMVIROMMENT

Advanced Corrosion Tests

Backfill Performance

Waste Form/Groundwater (lLeach)

Basalt/Groundwater (Buffering/Alteration)
Canister/Basalt/Groundwater {Corrosion)

Waste Form/Basalt/Groundwater (Release)

Waste Form/Backfill/Basalt/Groundwater (Retardation
Effects)

© o 0 0 0 0 O

DESIGH CONCEPTS
? Conceptual Desian Descriotions

Waste Package runctions

Emplacement Conditions

- Temperature of Comoonents
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Table 12 Waste-package component functions versus repository
history for reference waste-package conceptual design

Table 13 Summary of repository conditions in basalt
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Figure 1 Pourbaix diagram for (Ref. 6) Figure 2 Passivation (Ref. 6)

Figure 3 Potential pH diagram for iron Figure 4 Potential pH diagram
in high salinity brine at 25 C. for iron in high
salinity brine at 250 C.
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Figure 5 Corrosion of gray iron in soils of differing resistivity
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Figure 6 Pourbaix diagram for iron with 355 ppm c1

At pH 8 this can be interpreted as: (Ref. 6)

general corrosion of nonpolarized iron in anoxic solution.
pitting of nonpolarized iron in oxic solution.
= active pits or crevices.

W R
I
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Figure #6 Pourbaix diagram for iron with 355 ppm ct

At pH 8 this can be interpreted as:(s)
general corrosion of nonpolarized iron in anoxic solution.
pitting of nonpolarized iron in oxic solution.
active pits or crevices.

" Table #7 Basalt Groundwater(4)
Ion Concentation (ppm) Millequivalents
Na " 250 10.870
K 2+ 1.9 .050
Mg2+ 0.04 .004
caZ, 1.3 . 066
co ~_ 27 .900
HCQ3 70 1.148
OH 1.3 .082
H,S10, 103 1.084
C? -2 148 1.096
SQ4 108 2.250
F 37 2.176



Figure 7 Dimensions of a repository draft

Figure 8 Typical crossection of repository

Figure 9 Dimensions of boreholes between drifts
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Figure 10 -Borehole design

Figure 11 Backfilling Main Shaft of Repository
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Figure 12 Backfilling of borehole

Figure 13 Backfilling a large drift

11/12/82 45 BWIP DSCA/APP P/COOK



N\ Moditred At Prevace

=N
AN

H . :
vt Seanin
peseme |
Qay Sturey ' Suction line 10
e K KO e,
Kl —

Gravet
W 10.85 em)
- - '’

No=

(8) Initial Tremiea [
Conctition

g
(e AT o
o ."

A "

OETAILA

Figure #12 Backfilling of Borehole

note: This design assumes vertical borehole

Bulkhead Basalt

N

sz Ol g8 g g

¢ =
e, o 7 :5_11  Hand-heid power tampers (tvpical)
e +,0 K7 Conveyor material
4 1m . .
Structural =
Bacxfilt =
’
. 9 |
® o % H
=
L] o =
. =
*, » =
[ o v H

Soil compacted with hand-heid powes tampers or
/ by harizontakmounted hammer tampers

Placement lift L
# contiguragon ' : l
shown gashed Cracing
= b

Figure #13 Backfilling a large Drift



Figure 14 Canister construction with dimensions

Figure 15 Canister emplacement
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'CONTENTS

CONTENTS. - L . L . - . . L] ‘ L] . L] .' . L] L] * L L]

FIGURES * L] L] L] L ] . L] L L L L] » * . L ] . . . L L L] L]

1.

«—r’g'
g

L T L S

" - - . L L] * L L L] »

INTRODUCTION. L] L] .‘ L] L] L] L] L] L] L d * L] L] L L4 L] . L]

GENERAL CORRDSTON /i Wit iy oyibgumpmsy

eeas qmadn Rt
K1net1c Lawe e vV e e Y ST T WA

. L] L] * L] L] * L]

o @ ® & & o o o

. ”“‘_.;, RS E:a; “x@

Ay,

e & o @

s

[

X

2.1
-5--2,2 Reaction Mechirreis” and Kifetic ModeTs . oo Z
2.3 Solution Effect’s . =. . -o oad =iy ond I90Ee

1 Solution Composition. « o « « o o o &
2 Solution pH v ¢ &« ¢ ¢ ¢ o o o o o o &
3 FlowRate + o v o o ¢ o ¢ o o 2 o o &
4 Temperature and Hydrothermal Effects.
5 Reprecipitation « « « ¢« ¢« o ¢« o o « o«

2.4 Effects of Various Glass Characteristics . .

4,1 Glass Composition « « ¢« ¢ ¢ « ¢ « &
4.2 Phase Separation. « ¢« ¢« ¢ o« ¢ & o &
4,3 Devitrification « « « ¢ o « o ¢ o «
4.4 Glass Surface Area {SA) to Solution

RatiO.....‘.--.. *. ® o
4.5 Surface Stress.e « « o o«
4,6 Crackinge « « o « o o @
4.7 Other Pretreatments . .

e ® e 0 «£Z* 0 O

* L] L
» L] * * *
* L L] L] L

2.5 Cation Selectivity and the Diffusion of Ions
2.6 weathering L] -. * . . L] L] L] . . L] A.., L] L] » L ] . L]

LOCAL CORROSION AND STATiC FATIGUE. ¢ o« v o o &+ &

3.1 Static Fatigue Mechanisms. . . . . .

3.2 Slow Crack Growthe o« ¢ ¢ ¢ ¢ o ¢ « ¢ o « o @
3.3 The Law of Time to Failure . . . e o e
3.4 Effects of Environmental Interact1on .« o o »
3.4.1 Solution pH & & ¢ ¢ o ¢ ¢ ¢ ¢ ¢ o« « &
3.4.2 Humiditye « o « o o ¢ o » ¢ 2 o o o« »
3.4.3 Temperature and Pressure. « « « « « .
3.4.4 Glass Composition « ¢ o« ¢« o« ¢ « ¢ o &
3.8.5 FlawsS o o o o ¢ o s o o s o o s o o &
3.4.6 Microstructure and Plastic Deformatio

o

e € & @ =-e 2 o
| =

e o o o e e o

¢ o * e o
¢ o 5 e o

and

e. (9).
Gases

s 8 & 9 @

* o o » & 9



CONTENTS, Continued

8. RADIAFIONAEEFECT. oo vonivnp oo v vion o OV TR B PNOY

w «3:" T ldw . R‘V«&. ‘n" s e Wy W -:r?' A5 ‘
5. LONG-TERM PREDICTIGN MODELS e o s s e e s s e e s e e s e e s 52

T ~€0NCLQ»LONS AND 5EE€MMENDATIQ Swzk. o
g2 i TR G

7. REFERENCESO « & & & e & ¢ e s s e e * s .

A-d1



2.1

2.2

2.3
2.4

2.5

2.6

2.7
2.8
2.9
2.10
2.11
2.12
2.13

FIGURES

Five types of surfaces developed during the leaching of

Si]icate g]asses * L > . L - . - L . - L L ] L] . L] - - . L . L]

Durability of low-expansion borosilicate glass versus

pH of the reagent at a temperature of 95°C. . +« + ¢« ¢« ¢ ¢ &« &

Rate of attack on Corning 7740 in 5% NaOH at 95°C . + . . . .

Dependence upon of the rate of extraction of sodium oxide
yﬁ n)~1] from S15 glass at 35°C. « « o« o & o »

[mg g-glass~

Dependence upon pH of the removal of silica from P15 glass

at 35°C L] [ . L] L 4 L] L 4 - . L] - L] L] * . L] [ ] . L] L * * @ L L]

The effect of pH on the leach rate of glasses 189 and 209
at different temperatures . « « o « o o« ¢« o o o o o o o &

Silica dissolution vs pH curve of SRP glass « « « &« « « &
Cumulative leaching based on 905 analysis of SRP glass .
Soxhlet and static water leach rates for glass 189 . . .
Soxhlet and static water leach rates for glass 209 . ..
Leach rate of woste glass as'; function of temperature .
Commercial glass composSition areas o o o « « o o o o o &

Effects of components of PNL four components glass
on Soxhlet 1each rat@ &« o o« o & ¢ o ¢ o o ¢ o ¢ o s o o »

Soxhlet Tleach rate vs change in component from
centroid of PNL 11 components glassS « « « « « & ¢ ¢ o o o

Iﬁmiscibi]ity boundary of Na20-B203-Si02
glass SYStem . o o o o o o o 4 0 4 o 0 0 s s e 0 s e s e

Solution pH vs exposure time for various surface area-to-
solution volume ratios (SA/V) ¢ ¢ ¢« ¢ ¢ o ¢ ¢ o o o o o o

Changeover time in kinetics (t¢) as a function of
(SA/V) for various materials . . ¢ ¢ ¢ o ¢« ¢ o o« o o o

Leach rate (g-glass/mz-d) based on silicon vs time for
1.90-cm-diameter pellets (solid cylinder is an uncracked
sample and the rest are simulated cracked samples). . . .

Diffusion coefficients of sodium in sodium silicate glasses

386°C as a function of sodium concentration . . . . ¢« ¢ « ¢ & .

:
A-¥ii

at

N
1
12
14
15
17
20

24

25

27

29

30

32

34



2.20
2.21
2.22

2.23

2.24
2.25
2,26
2.27

3.1
3.2

Self-diffusion coefficients of CaZ*, Sr2+, RaZ+ Pb2+, and
Si4+ jons in various silicate and borate glasses « « « o« o o o «

Weight change of soda-lime and moderately resistant borosilicate
glass after weathering at 98% RH and 50°C. « & « « ¢« ¢ o « ¢ o &

Nap0 on surface after weathering of moderately resistant
borosilicate glass tubing at 98% RH and 50°C « v ¢« ¢ ¢ ¢ o « o &

Visual appearance, Nap0 and Hp0 generated on moderately
resistant borosilicate glass tubing and powder weathered at
different RH L ] L] * L] L] . L ] L] [ ] L] * L] * . * L L] * L] [ ] * . L] 1 . L]

Ho0 adsorbed on several glasses as a function of RH
after 7 days L] * L2 . L4 L L) L] * . L d . L] . . . L] . [ L ] . . * L) . .

The effect of cylic and static RH on visual
appearance Of various glaSSeSe o+ o« ¢ o o o o s ¢ o o o o o s o

Cross section of the weathering crust on
a ]7th—CentUT‘_y W'ine bOtt]e . '] . . . . . [ 3 [ * [ [ » . [ . () [

Enlarged section of a piece of window glass
buried for 288 YEArsS o « o » o 6 o ¢ ¢ o s s o ¢ o o ¢ o o o s »

Effect of glass composition on crack propagation rate., « « « «

Proof test diagram for borosiliééte crown glass Il ¢ « « ¢ ¢ « &

A WV

34

36

37

37

38

38

42

43
46
47



1. INTRODUCTION

The predominant effort in the development of a waste form for the contawn-
ment of radioactive waste is encapsulation in glass.

Glass in contact with water is a "worst case” scenario that assumes nu-
clear waste repository flooding in which the glass will be subjected to vari-
ous types of chemical and mechanical damage. The main thrust in waste form
development centers on the performance of the waste form as a barrier to
radionuclide release. A thorough understanding of the physical and chemical
properties of the waste form as well as its probable behavior in a variety of
aqueous environments are prerequisites to the assessment of waste form
integrity over geological time.

Given the lack of any existing comprehensive reviews, the purpose of this
report is to outline the mechanisms of glass corrosion under various labora-
tory and field conditions through a compilation of current data. Emphasis is
given to commercial and nuclear waste borosilicate glasses since these are the
primary candidate compositions for nuclear waste encapsulation., The data pre-
sented will be relevant to either a direct 1oading of waste in a glass matrix
or to a waste form design utilizing sacrificial glass layers. Other glass
types are included for the purpose of comparison and for those instances where
these tend to illustrate various processes of glass corrosion common to all
glass compositions. Within each section of the report, processes are dis-
cussed pertinent to any attempt at long-term prediction of glass corrosion.

The inherent radiation environment of the nuclear waste package is
another factor to be considered for the assessment of the integrity of glassy
waste forms. A brief summary of the radiation effect and its consequences are
also presented.

Since data on most of the processes discussed in the text are not cur-
rently available, solubility and leaching data for commercial and waste boro-
silicate glasses are presented as a separate appendix to this report.

This review will form the basis of our evaluation of glassy and alterna-
tive waste forms in BNL's waste package overview and test development tasks
for the NRC's Nuclear Waste Management Technical Support in the Development of
Nuclear Waste Form Criteria.
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2.  GENERAL CORROSION GGk «&y
General corrosion is a major mode of leaching in glass. In.the discus-
sion that follows we will first summarize the models for dissolution kinetics
and corrosion mechanisms. More specifically, the solution effects and the ef-
fects of various glass characteristics are critically evaluated for commer-
cial and nuclear waste borosilicate glass. The variables under consideration
in evaluating solution effects include solution composition, pH, flow rate,
temperature, pressure, and reprecipitation. The discussion of glass charac-
teristics includes composition, phase separation, surface area to volume
ratio, surface stress, cracks, surface finish, and matrix inhomogeneity.

"Cation selectivity in jon exchange and diffusion of gas and ions are re-
viewed separately since both characteristics are important to the assessment
of radioisotope migration and gas generation over geologic time. Finally,
consideration is given to corrosion by weathering particularly by the vapor
phase since this is likely condition to be encountered in actual repository
environments.

2.1 Kinetijc Law

There is general consensus that in a static condition stage 1, dealkali-
zation reactions occur with a square root time dependence at low to inter-
mediate pH values while the appearance of a stage 2, network dissolution re-
action occurs with a linear time dependence at high pH. The fractional power
relation between the amount of alkali removed Q and the time t, therefore, may
be expressed in the form:

Q = avt + bt (1)

where a and b are appropriate constants. No comprehensive mechanistic studies
are available at the present time to explain this relation., The square root
indicates a diffusion controlled reaction and the linear relation reflects an
interface controlled reaction. The relation is more or less empirical in na-
ture. Most of the experiments are reconcilable with an overall rate process
which varies with ‘t' at short times and low temperatures, and 't' at long
times and high temperatures. Examples inc}ude the work done by Bérqer(l) on
glass powders, by Douglas and El-Shamy(2’3 on alkali-oxide silica and
soda-Time silica glasses, and by PNL(3) on PNL 72-68 glass.

Although there has been considerahle controversy over the transition be-
tween the square root to linear time regimes, as well as in the extent of the
“transition and the origin of it, it is generally acknowledged that the .change
from diffusion controlled stage 1 to interface controlled stage 2 primarily
depends on the time required for the pH to reach a value of 9-10. It has been
observed that the long transition period occurs only when glass powders are
corroded. In powdered glass, concentration-cell effects locally increase the
surface-area-to-volume ratios causing a rapid increase in the pH surrounding
many of the glass particles.
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The formulation of 1e$ch kinetics thréugh the use of empirical or semi-
empirical equations is based on several assumptions such as homogeneous leach-
ing, the preservation of leachant composition, surface area and mechanical
integrity. In real situations, these factors should be incorporated into the
formulations. ‘

2.2 Reaction Mechanism and Kinetic Models
L]

At least three different stages are involved in the reaction of water
with a silicate glass containing alkali ions: The first is ion exchange of
hydronium (H30%) or hydrogen ions from the water with alkali ions in the
glass; the second is the partial hydration of the silicon-oxygen network of
the glass; and the third is the dissolution of the glass into the contacting
solution, Either or both of the first two steps can be absent, depending upon
glass composition or solution pH, and the third is absent when the glass
reacts with water vapor instead of liquid water or a solution. The initial
exchange of alkali ions in the glass and hydrogen or hydronium ions from water
can be described(SsS? as follows:

Nat (glass) + Ho0 (solution) = H* (glass) + NaOH (solution)
or (2
- Na* (glass) + H30% (solution) = Na* (solution) + H30* (glass)

In this layer of partial exchange the network structure of the glass is intact
and the only change is the replacement of one ion by another. Closer to the
glass surface the network can become.partially hydrated through the reaction
of silicon-oxygen bonds with water:

$i-0-Si + Hg0 = -Si-0-H-H-0-Si (3)

- This partial hydration leads to a more open structure than in the original
glass; ions from solution and water molecules can penetrate through this
partially hydrated or gel layer with mobilities much higher than in the glass
network which remains intact. At extended timei of reaction, silicon and
other glass constituents dissolve as follows:

2Hp0 = Si0, = Si(OH)g4

(4)
Ho0 + Ca0 = Ca(OH)

The dissolved species are ionized further. Sometimes, hydration involves
stress generation in the hydrated layer causing swelling, contraction, crack~
ing or peeling of the layer.
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In more complicated systems, the absence of one or more steps described
above leads to another classification of corrosion modes in view of the ap-
parent overall dissolution. The glass may: (1) react with the corrosive
materials to form new compounds on the surface; (2) be preferentially dis-
solved leaving a leached surface layer; (3) be totally diss?lveg continuously
exposing fresh glass. Workers at the University of Florida 7,8) extended
this concept to five types of surfaces (Figure 2.1) of a silicate glass and
correlated these to its durability. A type I surface has undergone only a
thin, <50ﬁ, surface layer hydration. Vitreous silica exposed to neutral pH
solutions has a type I surface. A type II surface possesses a silica-rich
protective film due to selective alkali ion removal. A glass with this type
of surface is reasonably durable. Two layers of protective surface films are
characteristic of type IIl. Such glasses are very durable in both acid and
alkali solutions. Type IV glass surfaces also have a silica-rich film but the
silica concentration is insufficient to protect the glass from rapid attack by
dealkalization of network dissolution, resulting in poor durability. A glass
of type V undergoes uniform attack losing considerable quantities of ions into
solution.

A. Paul(9) proposed the importance of the thermodynamic stability as
well as conventionally studied kinetic stability. The relative influence of
either of these two factors on durability will depend on the nature of the
test. For Tow temperature tests, the kinetic aspects will be predominant
while thermodynamic considerations will be more important if the surface area
of the glass sample exposed to the corroding medium is high, and/or the ex-
periment is carried out at relatively high temperatures. Also, it is very
Tikely that steady potentials will be obtained with conventional glass elec-
trodes within a short time such that the kinetic barrier would not appear to
play any important role, at least at the surface of the glass. Paul
calculated the stability of different oxides commonly used in glass making
(Si02, Zn0, PbO, Alp03, Zr0p, etc.) in aqueous solutions at different
pH, and related the guantitative results to the corrosion behavior of various
glass compositions. The important finding of this study is that the long-term
chemical resistance of a glass may be determined by the thermodynamic activity
and stability of its component oxides in aqueous solutions,

A quantitative prediction and interpretation of glass durahility as a
function of time needs comprehensive analytical models based on the qualita-
tive and mechanistic observations described above. Doremus(5) proposed a
mathematical model in which the two steps of interdiffusion of ions and dis-
‘solution of the glass can be combined in a diffusion model where the surface
of the glass is progressively removed. By solving the diffusion equations of
a moving boundary, the model estimates the kinetics of the cumulative amount ()
of ions diffusing out of the glass per unit area; square root of time law at
early stages, linear time law at longer periods for a diffusion coefficient
independent of composition, and approximately linear time law at longer times
for a concentration-dependent diffusion coefficient. Obviously this model is
oversimplified considering the many factors involved during the corrosion pro-
cess such as changes in solution chemistry as well as various glass character-
istics which will be discussed separately in later sections. In spite of the



simplification, the study presents important features in the lona-term pre-
diction of glass durability. As the corrosion system becomes complicated as
in the case of a concentration-dependent diffusion coefficient, -the kinetic
equations will also be complicated. During the laboratory testing period, the
kinetics can be approximated by a linear time Taw. However, for longer time
extrapolation, the exact solution may exhibit significant discrepancy from the
linear behavior. Thus, it may not be valid to use the simple apparent linear
time law in the prediction of long-term glass durability. Also, the authors
have found that even in a simple system it is necessary to make measurements
over a range at least three to four orders of magnitude in time to obtain re-
liable values for the coefficients of vt and t of the kinetics, since it is _
easy to deceijve oneself about the linearity of the plots of Q against t or /t.
The interpretation of short-term laboratory data should take these facts into
account.

A similar model was proposed by Godbee et al.{10,11) based on mass
transport theory which assumes that diffusion through the solid is a rate-
1imiting process. They include factors arising from more complicated situa-
tion such as periodic leachant renewal, initial wash-off of active or contami-
nated surface, the rapid change of surface concentration as well as the moving
boundary condition by surface dissolution. The calculated results show good
agreement with the cumulative loss of radiocactive isotopes leached by dis-
tilled water from waste ?or silicate glass and cement. Similar models have
been deve}o%ed by Ewest, 12) for more ideal situations, and by
Machiels, 13,14} including surface reaction and diffusion processes. Again
it is pointed out that data fitting based on short-term laboratory tests may
result in significant discrepancies when such models are applied to long-term
predictions. .

Workers at Catholic University of America(15-18) have attempted to
calculate the cumulative mass release from the waste form over geologic time
based on experimentally observed corrosion rates of glass. This model is the
first attempt to include the flow conditions and the accompanying pH change of
the leachate. The model is purely phenomenclogical in its assessment of leach
rates in that it Yacks a basic understanding of the corrosion mechanisms.

At the present time, more comprehensive models that would take into ac-
count the complex factors involved in real corrosion systems are not avail-
able for estimating glass durability. Due to a lack of basic data, it is
perhaps too premature to attempt a complete formulation of corrosion kinetics
for glass.

2.3 Solution Effects

2.3.1 Solution Composition

A small concentration of ions present in water or other aqueous solutions
affects glass leachability in various ways. Preliminary studies by Hench, et
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al.(19) have shown that leach rates in groundwater are greatly decreased

from those in deionized water commonly used in laboratory experiments. During
the leaching process, the pure solution will undergo compositional change as
the rate of surface attack progresses until it reaches a steady-state value;
concomitantly the solution will contain some fraction of the ions from the
glass components. A significant fraction of the mixed alkali effect, for ex-
ample, is due to solution ion effects (Mixed alkali effect: If a second
alkali oxide, such as potassium, is added to a sodium silicate glass, the
durability of the glass is increased; the presence of Nap0 and K0

together serves to lower the rate of surface dealkalization).

The influence of the salt compounds in improving durability has been
investigated, indjcating some of the effects of solution ions on the durabil-
ity of glass. 4,7) The influence of the salt compounds on leaching are in
decreasing order: CaClp, ZnClp, A1C13._Two extremes, ca2t and
A13+, will be described as follows: Ca2* ions in solution improve the
corrosion resistance of binary alkali-silicate glasses hy a factor of 10 in
comparison with pure water; for A13t jons (<25 ppm), glass dissolution
increased due to a more rapid increase in dealkalization and resultant solu-
tion pH. This is due to insufficient A13* jons to passivate active surface
sites and incomplete formation of stable alumino-silicate surface complexes.
At concentrations greater than 25 ppm A13+, the total dissolution of the
glass is greatly reduced. Sufficient concentration of A13* in solution
creates a dual protective film against extensive network dissolution. The
rate of selective leaching or ion exchange is relatively unaffected by the
presence of A13+ in solution.

In hrine solutions, the leach rates of waste glass are generally lower
than in DI water and silicate water.(20) Alkaline elements released will
enhance the durability because of resultant salinity increases. Cs and Mg,
however, have an adverse effect. These changes, though, are well within an
order of magnitude. Limited data exist on the effects of anions and organics
in leachants. The oxidation potential (Eh) is also controlled by the small
concentrations of the ions present in solution. For all practical purposes,
Eh effects would tend to be insignificant under repository conditions.

2.3.2 Solution pH

There is a fundamental difference between chemical attack by water or
acids and that of alkaline solutions. The former 1imit their action to the
other constituents but have very lTittle effect on silica, while the latter at-
tacks all constituents, including silica. The general effect of pH of the
solution on the relative rate of attack for a low expansion borosilicate glass
is shown in Figure 2.2. The test was performend at a temperature of 95°C.
Figure 2.3 shows the rate of attack for a borosilicate glass (Corning 7740) in
5% NaOH at 95°C. Below pH 7, alkali or alkaline earth ions are replaced by
hydrogen or hydronium ions, but the silica matrix of the glass is unaffected.
As the solution becomes more alkaline, the silicic acid formed hy bulk
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bulk amorphous silica in water ionizes and dissolution becomes more rapid.
Because of the ionization reactions, the solubility of amorphous silica in-
creases sharply above a pH of about 9, leading to a sharp increase of the dis-
solution rate above this value. The dissolution of silicate glasses, there-
fore, shows a strong dependency on the solution pH. The dissolution rate is - -
not influenced much by pH in neutral or acidic solutions because the dissolv-
ing species (non-ionized silicic acid) has a nearly constant solubility. In a
static leaching condition, a transition occ?rs by the replacement of alkali
ions to increase silica dissolution. Hench(19) explained this transition in
terms of typical surface structures (see Fig. 2.1); the change from a protec-

tive surface (type III) to a rapidly deteriorating surface (type IV or type
V).

El1-Shamy et al. (23) presented experimental data on the dependence on pH
of the decomposition for a number of alkali oxide-silica and soda-lime-silica
glasses. Typical examples are shown in Figures 2.4 and 2.5. Sodium extrac-
tion is indicated for S15 glass; silica removal is shown for P15 glass.

[ ] Py Py
(L3108 ¢ ) PRI 1
(-]
(1203 1n.0 4
x
sk ‘o
o
O r 1
0 | R s 7 Y it 13
R

Figure 2.4 Dependence upon pH of the rate of extraction of

sodium oxide [mg ?-g1a55"1 (/min)-1[ from S15
glass at 35°C, (23

[\ 4 . 4
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]

Figure 2.5 Dependence upon pH of the

removal of silica
from P15 glass at 35°C.(23)
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The addition of other constituents, such as 1ime, only slightly modified the
typical shapes of the graphs. For more complicated commercial glasses, this
general trend may still be valid with some modifications for the addition of
multicomponents. The gquantitative and detailed effects of these multicomponents
are not known at the present time. Some examples are given below.

In alkaline solutions, boron oxide in Pyrex horosilicate glass does not
influence, to any great extent, the rate of dissolution of the silicate lattice,
while in some instances (7050 glass) it leads to reduced alkaline durability.
Similarly, in 0010 glass a small amount of lead has Tittle effect on durability,
while in larger concentrations it reduces alkaline durability.

Certain ions in the glass can lead to preferential attack by acid solu-
tions. Glasses containing substantial amounts of boron, aluminum, or lead, such
as Corning 1720 and 7050, are much more rapidly attacked by acid than soda-lime
glass, while Pyrex and vitreous silica glasses retain their durability. The
high solubilities of boron, aluminum, and lead oxides in acid apparently lead to
their deleterious influence on the durability of glass.

Such complications lead to the unexplainable pH dependence on the leach
rates of U.K. borosilicate waste glass as shown in Figure 2.6(24) It can be
seen that the leach rates are increased by low pH leachants., At high pH the
Teach rates are also increased. Similar results were also obtained for Savannah
River Plant (SRP) borosilicate waste glass covering a wider range of pH than the
U.K. study. The SRP results are shown in Figure 2.7 and 2.8.(25,26)

Waste glasses usually contain Tess.than 50 wt.% Si0p while commercial
container glasses contain more than 70 wt,% Si0p. This accounts for the dif-
ference in behavior at lower pH. 27) At high pH, the trend of leach rates
generally follows that of commercial glasses. In actual repository conditions,
the unbuffered solution would have little affect on the leach rate while a buf-
fered solution may change the leach rates significantly as a result of the pH
shift.
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2.3.3 Flow Rate

The replenishment or flow of solutions has been reported as showing two
opposite ?ffects on the glass corrosion. In a leach test of K,0-Si0» glass
at 40°c(3 , @ marked increase in the extraction of silica was shown as the
number of replenishments is decreased. The increase can be attributed to the
evident accompanying rise in the pH of the attacking solution. If the flow rate
is slower than the rate of replenishment, the dissolution rates wil] low down
as a result of the saturation of the surrounding medium by silica. If the
flow rate is high enough to keep the system from leaching saturation, this could
account for conditions exhibiting higher leach rates. However, should repre-
cipitation of insoluble hydroxides, hydrates oxides, or silicates at _high pH
occur, radionucliide release to the environment could be saturated.?ZB) At
very high flow rates, the leach rates would be controlled by the pH of the
medium and the stability of the dealkalized layer. Taylor and Smith
reported a significant increase in weight loss under these erosive conditions.
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Some leach data are available for the behavior of waste borosi1icat? g1ass
subjected to different flow rates. Leach rates on British waste glasses 23)
were obtained using a Soxhlet apparatus, heating in static water, and exposed to
flowing (1 x 10-8 m3/sec) water. Duration of the tests was dependent on

time sufficient to achieve a measurable weight loss. This varied from approxi-
mately one week at 100°C to several months at ambient temperature. Leach rates
were obtained (Figures 2.9 and 2.10) over a range of temperatures. The figures
point to higher Teach rates in the Soxhlet method over the static. Glass 189
was doped with 5 weight percent 238py and stored. The results obtained in
Soxhlet leach tests for yearly intervals are shown in Table 2.1 It is evident
that higher leach rates are obtained using the Soxhlet method than in static
tests. Under repository conditions, the slow flow rates would tend to have an
insignificant affect on the leach rates as indicated by the above observations.

Table 2.1

Results of Soxhlet Tests of U.K. Glass for Yearly Interyals(24)_h_

Total Dose
: Over 3 yrs Leach Rates, (g/cmZ-day)
Temperature (C°) Disintegra- at 100°C
First yr  Subsequent yrs tions per g After 1 yr After 2 yrs After 3 yrs
50 20 2.7 x 1018 1.6 x 10°3 2.3 x 10°3 2.3 x 10-3
. 2.4 x 10-3
170 20 2.7 x 1018 1.5 x 103 2.3x10°3 2.6 x 1073
2.2 x 10-3
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2.3.4 Temperature and Hydrothermal Effects

The quantity of alkali extracted from a glass in a given period of time
increases with increasing temperature. The type of reactions which control the
release of radioisotopes in waste glass are also affected by temperature. For
most silicate glasses, the quantity leached in a given time is nearly doubled
for every 8°C to 15°C rise in temperature and the reaction rate increases by a
factor of 10-100 for every 100°C increase in temperature, dependin% 3n the
composition of the glass and the type of alkali ion. Some workers 9) have
attempted to express the temperature dependence of alkali extraction in terms of
the Arrhenius equation. However, it is not easy to assign a single activation
energy, since alkali extraction is always associated with pH changes and these
depend not only on the quantity of alkali released but also on that of silica.
Further, below approximately 80°C, a siliceous layer forms on a glass which acts
to retard further leaching. Metasomatic reactions, in which new crystalline
compounds form from some of the glass constituents, can also occur at the glass
surface, particularly at elevated temperatures. Such complications make it
difficult to theoretically define a single rate-determining step in a given
temperature range. Nevertheless, for a large number of nuclear waste glasses,
the a?gasent leach rate follows the single activation energy Arrhenius equa-
tion.(30) For PNL waste glass,(29) such an observation was made as shown in
Figure 2.11; representative leach rates at 25°C are 1 x 10-6 to 1 x 10-5 g
of glass/cmé-day. Representative leach rates at 40-50°C are 5 x 10-6 to 5 x
102 g of g]ass/cmz-day. Similar results for U.K. waste glass 189 and 209
were reported by measuring the leach rate over a range of temperatures using
static and Soxhlet methods. The results are shown in Arrhenius plots in Figures
2.9 and 2.10.{24) ynite(30) nas found the expected exponential increase in
rate with temperature well up to the hydrothermal range. This is noteworthy for
the assessment of waste glass durability since accelerated testing at high
temperature may be a valid means for the simulation of leaching over geological
time as a result of this single activation process. However, it is premature to
define the leaching mechanism based on these activation analyses due to a lack
of data and the system's complexity, which is described below.

In hydrothermal environments, the complexity is more significant since
glass is altered rapidly if the temperature is sufficiently high. Although it
is generally assumed that the maximum temperatures at which water will contact a
solidifjed waste form in a repository are more likely to be in the range of
150°C, or less, substantial research efforts have been invested in hydrothermal
reactions of waste glass in the Tast two years.

Hydrothermal effects were investigated at Sandia on a copper borosilicate
glass (PNL 76-199) with simulated Barnwell fission product oxide waste. (31
The tests were conducted in autoclaves for periods of 1 week to 3 months at
250°C and 16.5 MPa. The leach solutions used were: (1) deionized water: (2)
high Mgt2 (35,000 ppm) saturated brine; (3) saturated NaCl brine with low
Mg*+2 (10 ppm); and (4) seawater. The rate of corrosion and cesium extraction
increased in the order: dionized water *NaCl brine <MgClo brine <{seawater;
lower pH values lead to higher cation solubilities. Gel layer cracking was
reported in glass exposed to deionized water. Devitrification was evident but
no crystalline phases were identified.
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Tests conducted on ®NI 76-68 glass at 300°C and 300 bars in deionized
and artificial Hanford gro:ncdwater, resulted in the conversion of the glass
sherds to crystalline and .~ .-crystalline products plus dissolved species in a
two week period. The majc: uroducts were (Cs, Na, Rb)2(U02)2(Sip0g) + 4H,0
(weeksite) and pyroxene-1:" - phases (Na, Ca)(Fe, Zn, Ti)Sip0g (acmite,
augites). High NapO and iow Si0p may be responsible for the rapid
alteration of the sample. 7.ie PNL results indicate that the alteration of the

glass pellet was higher ii d-ionized water than in brine by a factor of 10
(see Tables 2.2-2.4)
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Table 2.2

-7
Percent Element in Solution After Hydrothermal Treatment of 76-68 G]ass(32)
(4 Weeks at 3000C and 300 Bars)

Cs Sr La Nd U ir Na Rb Ca Ba In S Mo 8 Fe Ni Cr

Defonized water 5.0 0.2 0.5 -- 0.03 --- 45 8.7 1.2 0.1 0.05 4.6 72 93 0.02 4.0 27
USGS MBT-6a brine 52 49 26 11 18"  0.05 <= 53  ace -uw 33 ewe 3 48 0.02 10.4 1.1

-4

Table 2.3

Leachability Results of 76-68 Glass_and
Super-Calcine SPC-4 at 3500¢(32)

%‘ Leacﬁ Rate Percent of Elepent
Based on Weight in Solutionb
Test Material Solution Time :Loss (g/cm2-d)® Cs Rb Sr FMo 39 B U In
1 Glass Brine 7d 4.0 x 10-3 66 72 3.6 54 0.2 71 <0.1 0.5
76-68 i
2 Glass Brine 74 4.6 x 10-3 80 82 3.4 59 0.2 73 <«0.1 0.3
76-68 .
3 Glass Brine 21d % . 4.5 x 10°3 95 90 4.8 62 0.1 89 <0.1 0.3
76-68
4 Glass Brine 21 d c " 70 96 3.4 ¢ 0.1 89 0.2 0.6
76-68 ) ;
5  Glass Dejonized 7d 5.3 x 103 6 16 0.2 49 2.2 100 0.1 <0.1
76-68 Water
6  Glass Defonized 21.d _ 4.0 x 10-3 4 20 0.4 63 1.9 86 0.2 <0.1
76-68 Water w TE
A Super- Brine 3 < 46 80 3.3 0.6 0.5 c ¢ c
calcine
SPC-4

2)eight loss of a cylinder of maieriﬁ] divided by its geometric surface area and time.
bEach test included rou?hly 20% by weight of a solid cylinder and 80%-325 mesh powder. The
majority of ions in solution were leached from the powder.
“Not available or not present. ’ -

[ S
i
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Table 2.4

Results of Scouting Autoclave Leach Tests
of Various Glasses, Ceramics and Minerals at 250°C(32)

Leach Rate, g/cwl-dayd
30 =l Brine 1350 ml Brine

Sample Material Solution Solution Deionized Water

Soda-1ime-silica glass (NBS Ho. 710) 3 x 103

Borosilicate glass (NBS No. 717} 5 x 1074

Waste glass 72-68 7 x 10-%

Maste glass 76-68 2 x 104 2 x 10-3 8 x 10-3
Granite 6 x 10-4

V02 fuel pellet 2 x 10-4

Alumina 2 x 104

Sintered Supercalcine (SPC-2) 4 x 104

3Samples immersed in simulated WIPP "B brine for 72 hr at 250°C and 1000 psi.
Leach rate based upon weight 1oss and geometric surface area.

As a result of these tests the role of water under hydrothermal conditions may
be described as follows:

(a) Crystallization catalyst: acts to convert a Na-Fe rich
glass into Na-Fe rich crystalline pyroxene-like phases

(b) Solvent and transport medium: dissolves and transports
Cs, Na, U, and Si from a glass at weeksite-like
crystalline

-{c) Reactant: forming hydrated weeksite-like phase and a
: hydroxyapatite.

Additional research reported hydrothermal alt?raSion of powdered sodium
zinc borosilicate glass at temperatures up to 200°C.{33) Zincsilite is a

major product in the alteration. The addition of Zn0 was found to improve
durability at 100°C through the formation of a Zn-rich alteration zone. Zn0O is
said-to promote subliquidus immiscibility in borosilicate glasses.

Under hydrothermal conditions, alteration is a major variable influencing
the enhanced leach rate. Since the alteration is accompanied by complications

such as stress generation, a delineation of the mechanisms involved in hydro-
thrmal leaching is not easily achieved.

2.3.5 Reprecipitation

~_The dissglved silica begins to recrystallize under prolonged leach condi-

tions. Barkatt(34) observed the recrystallization of Pyrex glass in water at
a pH of 9.5. It was further observed that multivalent ions and species are
tightly bound to the matrix by the recrystallization process. Recrystallization
has received recent attention as a result of its effect on the measurement of
leach rates by solutions analysis. It is quite easy to distort leach data by
. ignoring the analysis of precipitates in solution. When, under what conditions,

and to what extent precipitation takes place depends largely on the system. The
controlling mechanisms and accompanying variables are only recent subjects re-
quiring further investigation.
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2.4 Effects of Various Glass Characteristics

2.4.1 Glass Composition

Before presenting specific illustrations of compositional effects on the
chemical durability of commercial and waste borosilicate %a s, we will
briefly outline a general approach taken by Adams, et a].% 53 to "force-
frit" complex commercial glasses into a ternary description composed of net-
work formers, B203, and network modifiers. The sum-of network formers is
described as X02 which replaces Si0p in the ternary scheme and generally
consists of additional oxides such as Al203, Zr0», Ti02, FepO3, Cr203, P20s5,
Y203, MoO3, TeOy, Lap03, Ce0p, Prglyq, Nb203, Gd203 and Smp03. Network form-
ers are known to be re?atively inso}uble in water. The network modifiers in-
clude the sum of all alkali oxides, R20, such as Naz0, Ko0 and Li20.

‘They generalTy weaken the networks and are readily soluble in water. The al-
kaline earths or divalent atoms, RO can be considered as part of X0z since
they generally enhance water durability, or as part of the R20 since the

role of RO in the formation of crystallographic structures is similar to that
of R20. RO includes oxides such as Ca0, Mg0, PbO, ZnO, BaO, Sr0 and NiO. In
this study compositions of various commercial borosilicate glasses were plot-
ted in the ternary system of X0 -B 0 -R 0(+R0) (Figure 2.12). Approximations
were made for the lines of equivalent durabilities (isodurs) using a model
based on the correlation between the integrity of crystallographic structure
and the chemical durability. Numbers 1, 2, and 3 are in decreasing order of
the chemical durability. Since their model is empirical in nature and
supported by experimental data, the contour lines illustrate fairly well the
general trend of the comosition effact.

—OPTICAL
WAVEGUIDE
GLASSES

CHEMICALLY
RESISTANT
GLASSES

BULB/LENS

NUCLEAR GLASSES

WASTE
GLASSES

QPTICAL
GLASSES

100 100
Rzo (+RO) 8,05

Figure 2.12 Commercial glass composition areas, (35)
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T?e compos1t10n iffect has been studied, qualitatively in most

cases, (957 by considering whether the component: (1) is
thermodynam1ca11y stable in a given pH-temperature range and affects the ther-
modynamic stability of other components; (2) affects the formation of insol-
uble surface film and concomitantly retards or accelerates the surface disso-
lution rate; (3) affects the diffusion rate of certain ions responsible for
the observed dissolution rate (such ions include hydrogen ions, hydronium ions
or other cations); (4) influences the solution chemistry, especially the pH;
and (5) changes the crystallographic structure of the network leading to a
change of dissolution rate. The studies vary from simple binary systems to
complex multicomponent systems while the majority restrict their tests to room
temperature. Nevertheless, as shown in the beginning of this section, the
general trend can still be observed from room temperature to maximum 100°C

for the borosilicate glass system. A summary of the effects of particular
components is given below.

Network Formers

o Si0p: The stability of vitreous silica has been illustrated for a
given pH range at room temperature as shown in Appendix A.1. The
solubility or dissolution rate increases rapidly at pH above 9 by the
increased ionization of silicic acid. The solubility increases
linearly with temperature up to 200°C.

o Al203: The addition of Al203 slightly increases alkaline
durability and mechanical abrasion resistance. Presumably this im-
provement is attributed to: (1) decreased mobility of hydronium and
alkali ions, (2) formation of .a protective aluminosilicate film in a
static condition, (3) the stabilization of calcium-silicate-rich film,
and (4) the reduction of the effect of pH in the glass dissolution.

o Zr0p: A small amount of Zr0p (about 2 weight percent) increases
acid and alkaline durability. The hydrated Zr02 surface is stable at
all conceivable pH ranges and offers a very high activation barrier for
the diffusion of other 1on1c spec1es.

e Ti0p: Similar to A1203 and Zr0o, T102 is expected to in- -
crease in chemical durability. However, no measurements of ionic
mobilities are available.

e P20g5: An extensive investigation of corrosion reactions of an
inert soda-lime-silica glass containing P205 has been conducted
because of the incredible property of the glass to form a strong and
stable bond with living bone. This is attributed to the formation of a
stable calcium phosphate film when in contact with an aqueous environ-
ment (type IIl surface in Figure 2.1), occasionally accompanied by the
formation of a fine-grained polycrystalline apatite mineral phase:
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B»03

B203 causes a reduction in the diffusion coefficient of alkali ions.
In Pyrex borosilicate glass, the diffusion coefficient is low compared to
other silicate glasses, including fused silica, and it also accelerates inert
film formation as in the case of the PoOg-containing glass. The extracted
B203 acts to neutralize the alkali and reduce the solution pH. These
effects combine to increase glass durability.

Network Modifier: R»0

As the amount of monovalent alkali element increases with the remaining
constituents held in the same ratios, the rate of reaction with water in-
creases., In static solutions this trend is primarily related to the increase
in the total quantity of alkali in solution surrounding the glass. This leads
to a progressively more alkaline solution and a rapid attack of the glass.

The diffusion coefficient of alkali increases as the amount of alkali in the
glass increases. This increased reaction rate has also been interpreted in
terms of surface effects (type IV surfaces in Figure 2.1).

The relative durability "contribution" of ions among the R20 group is
in the order is Liz0 > Nap0 > Kp0, Their role in the formation of a
durable Si0p-film is reflected in this order. It has been observed that the
hydronium ions have a higher mobility in potassium. Also, from the thermo-
dynamic point of view, the absolute stability increases in ;he above arder.

If a second alkali oxide, such as potassium, is added to a sodium glass,
the durability of the glass is reported to increase. The increase is greatest
when the molar ratio of alkali ions is about equal. This increase is a result
of the "mixed-alkali" effect, in which the mobility of an alkali ion is
reduced when another alkali ion is added, or when the second alkali aids film
formation leading to a limited surface attack.

Network Modifier: RO

e Ca0: The addition of calcium oxide inmproves the durability and reduces
the extent of selective alkali leaching (up to approximately pH 10). It
appears that the addition of calcium lowers the mobility of alkali and
hydronium ions., When the alkali ions are lost during corrosion, they
leave behind a much more stable Ca0-Si0p rich film reducing the

surface dissolution rate. However at high temperatures, Ca0 greatly
weakens the glass network.

e Mg0, Sr0, Ba0, Cd0: These oxides of divalent metals give a similar
enhancement of durability as Ca0. Sr0 is known to provide a greater
resistance to the destruction of the above-mentioned calcia-silicate
surface film. The addition of Ba0 is reported to reduce the extent of
selective alkali leaching.

o Zn0: ZIn0 addition to a silicate glass increases its chemical dura-
bility in the alkaline range up to approximately pH 13, and is
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susceptible to vigorous alkaline attack above pH 13. Also,
zinc-containing glass will be susceptible to acid attack up to
approximately pH 5.5.

o Pb0: It is generally knowﬁ~that 1éad oxide increases the alkaline
durability and decreases the acidic durability.

The preceding discussion on the composition effects and the particular
mechanisms involved was aimed at providing a brief summary on a complex sub-
ject. Most of the data presented were obtained for relatively simple systems
(usually ternary components). As the number of components increase, the char-
acteristics described should be modified to some extent, especially when
nuclear waste is incorporated. Quantitative measurements relating to gowposi—
tion effects are scarce at the present time. One attempt made by PNL (37 .
centered on the effects of 26 oxides in a generic study of defense waste
glass. Chemical durability was tested in acid and basic solutions, at RT and
99°C, in distilled water; percent weight loss was determined for each of the
samples. Table 2.5 is a summary of the results which shows a general agree-
ment with the summary of each component described previously. In addition,
the effects of U308, MnOp, Fes03 and Ni0 were observed. These types
of studies are useful in determining the effect that a certain component may
have in a specific glass composition.

Table 2.5

Summary of Defense Waste Glass Durabi]ity(37)

- Durability
Base 99°C

Oxide Glass, Variation, Distilled

Components wt% wt% Water pH-4  pH-9
Li0 3.0 0-6.0 ++ ++ 0
Nap0 13.9 5.0-15.0 o+t ++ 0
K20 0 0-6.0 | ++ ++ 0
Mg0 0 0-3.0 + + 0
Ca0 4,53 0-6.0 0 ++ 0
Bal 0 0-3.0 ++ ++ 0
U30g 1,53 0-4.0 - 0 0
Ti02 7.5 0-10.0 - 0
MnO> 2.58 1.16-4.0 - + 0
Fep03 7.9 0.39-15.41 0 + 0
NiO 0.53 0-3.0 0 0 0
Zn0 0 0-7.0 ++ ++ 0
Bo03 7.50 5.0-15.0 0 ++ 0
A1203 11.60 1.56-21.64 - ++ 0
Si02 39.4 -— 0

-

0 indicates negligible change with increase in this compo-
nent, + and - indicate increases or decreases, and ++ and
-- indicate large increases and decreases with component
increase.
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A PNL study(38,39) on the generic effects of composition on waste glass
properties was conducted where testing involved a systematic variation of
glass components. The fitted models used in the prediction of glass
properties are shown below. Figure 2.13 gives the predicted Soxhlet weight
loss of a four component mixture including the defense waste calcine. The
general trend is consistent with our previous summary with the exception of
complications arising from the addition of Bo03. However, as the number
of glass components increases, complications are compounded due to inter-
actions among the various components as shown in the test of the 11 components
(Figure 2.14).
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F1gure 2.13 Effects of components of PNL four gomponents
glass on Soxhlet leach rate. (38

This type of graphical presentation of compositional effects is useful in
illustrating multicomponent effects such as in nuclear waste glass although
experimental data are very limited at the present time.
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2.4,2 Phase Separation

The chemical durability of phase-separated glasses is closely related to
the microstructure. The microstructure of phase-separated glasses may be
classified into three types, namely (a) an interconnected microstructure; (b)
chemically more durable ée.g., Si02 rich) phase particles dispersed in the

~chemically less durable (e.g., Nap0-B203 rich) phase matrix; and {c)
 chemically less durable phase particles dispersed in the chemically more
durable phase matrix. The chemical durability of glass deteriorates with
phase separation when the glass exhibits microstructural types (a) and (b);
chemical durability remains increased or relatively unchanged when the glass
durability was found to depend primarily upon the composition of the chemi~
cally less durable phase.

The presence of phase separation in borosilicate glasses strongly influ-
ences their chemical durability. There is evidence that commercial Pyrex
borosilicate glass separates into a diiconnected sodium borosilicate phase in
a silica-rich matrix, on a scale of 20A or less, contributing to chemi-
cal durability. However, as Pyrex borosilicate is heated to 600°C or higher,
its durability deteriorates as a continuous sodium borosilicate phase sepa-
rates from a silica-rich phase. Previous studies by Skatulla et a].?40 for
Pyrex-type glass have illustrated the phenomenon of decreased durability due
to phase separation. Transitions in behavior between a discontinuous to a
continuous microstructure also depend on the types of glass considered. For
most commercial borosilicate glasses, the phase separated microstructure re-
sults in a reactivity of the glass akin to that of a high silica phase lead-
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ing to high chemical durability. Sometimes even when the sodium borosilicate
phase was continuous it could not be easily etched out because of the high
pressure needed to force liquid water through capillaries 30 R in diameter.
However, as the interconnected microstructure becomes bigger, the soluble
sodium borosilicate phase will be easily etched out.

The immiscibility boundaries of the system Nas0-B203-5i02 have :
received the widest attention since this system is the basis ?f many commer-
cial borosilicate glasses. An illustration by Haller, et al. 41) is
reproduced in Figure 2.15 where three boundary regions are observed at various
temperature ranges. A variety of sodium borosilicate glasses containing up to
about 10% Nap0 and from about 10% to 70% Bp03 (balance: Si02), can
readily separate into two phases; other elements such as calcium oxide and
aluminum oxide reduce the tendency to phase separation. Currently, several
places in the U.S. are involved in research on the immiscibility gap for
nuclear waste borosilicate glass.

The surface of commercial glasses will sometimes exhibit a slightly dif-
ferent composition from that of the bulk. This compositional difference can
be accentuated through phase separation, resulting in a considerable ?iffer-
ence in the chemical durability of the surface layer. One examp]e( is
commercial borosilicate glass with an interconnected microstructure having an
excess Al1203 concentration in the surface layer. Excess Al203 lowers
the HF etch rate because of the lower extent of phase separation on surface.

Researchers have considered the possibility of increasing the driving

force for crystallization by prior glass phase separation. However, there is
no consensus on this point nor any experimental evidence for demonstration.
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2.4.3 Devitrification

The effects of devitrification on corrosion are dependent on the compo-
sition ang the degree of devitrification. In a simple system such as 33L
glass,(19) 90% crystallization improved corrosion resistance considerably
when tested for 120 hrs at 95°C. This is attributed to the absence of a com-
positional gradient across the phase boundaries between the glass and the
crystals. However, in practical systems, the composition of the crystalline
phase is different from that of the glass, leading to a measurable attack of
the glass phase. In fact, PNL 72-68 which was devitrified at 700°C showed an
increase in Soxhlet leach rate of nearly one order of maqnitude.(19) When
the extent of devitrification is reduced, a very small change (less than a
factor of 5) in leach rate was observed in 72-68 glass, and no difference was
reported in 76-68, 77-107 and 77-260 g1asses.(43) In nuclear waste reposi-
tory conditions, the thermal devitrification rate is so low that the enhance-
ment of the leach rate may not be significant: at most an increase of a
factor of 10 which is well within the leach rate variations observed between
waste glasses of different compositions.

There is a possibility that devitrification affects leach rate indirect-
ly. PNL 76-68 glass in a hydrothermal environment (300°C and 300 bars water)
showed that crystalline phases may be responsible for the subsequent glass
fragmentation which increases the exposed surface area leading to an enhanced
leach rate.{(32) The formation of a zinc-rich alteration zone was reported
as being composed of main1§ zincsilite under hydrothermal conditions in sodium
zinc borosilicate glass.(3 ) This alteration was presumed to be responsible
for an improvement in durability. No comprehensive results are available at
present on these indirect effects.

2.4.4 Glass Surface Area (SA) to Solution Volume (V) Ratio

Several investigations have firmly established that the corrosion rate
increases as the SA/V ratio increases for static corrosion conditions. The
data also show that increasing SA/V is a valid means of accelerating the rates
of the static attack of glass surfaces. One example is given in Appendix A
where the alkali extracted from borosilicate and soda-1ime powder specimens
with the areas of 7000 cml was compared with the weight lost by plate glass
specimens of 100 cm?. For bulk glass surfaces, the quantity of a specified
glass constituent in solution at a given time is directly proportional to the
(SA/V) ratio, namely the constants, a and b of Equation 1 include the linear
term (SA/V). No systematic data of (SA/V) are available for commercial
borosilicate glass. The following is a summary of a recent study on nuclear
waste borosilicate glass.

Under static leaching conditions, it was shown that the loss of alkali or
alkaline earth species from glass to an aqueous media increases the solu-
tion pH and concomitantly leads to a transition from t1/2 kinetics to t
kinetics. The progressive increase in solution pH for PNL 72-68 under static
leaching conditions at 120°C and_15 psi in distilled water is shown in Fiqure
'2.16 for various (SA/V) ratios.(19) It is shown that the increase of (SA/V)
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as a function of (SA/V) ratios for various glasses including 72-68 glass at
different temperatures. When the logarithm of the time required for the glass
to reach a specified level of attack is plotted, similar features will be ob-
tained. The surface attack becomes greatly accelerated at high (SA/V) ratios
and only short times are needed to show surface deterioration. Additional
data on nuclear waste glass are currently being generated in several labora-
tories.
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Figure 2.16 Solution pH vs exposure time for various surface
area-to-solution volume ratios (SA/v).(19)
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Figure 2.17 Changeover time in kinetics (t.) as a function of (SA/V)
for various materials. 72-68 is a zinc-borosilicate
simulated nuclear waste glass; 33L-X'tal is the divitrified
33L glass; 33N is a 33 mole% Nap0-67 mole% Si0p glass;
20N is a 20 mole% NapO -80 mole% Si0» glass; and the
commercial soda lime glass is a glass container composi-
tion.(19?

Tests on powdered glass show complications in the determination of (SA/V)
ratios arising from particle geometry, the surface area-time dependence and
concentration cells. Particle shapes are complicated, containing sharp edges
and even some porosity. The true surface area of these particles decreases
with exposure time causing a corresponding decrease in (SA/V). During a
static corrosion test, the glass grains settle to the bottom of the container,
creating an agglomerate of particles containing concentration cells, and
undoubtedly corroding in a manner different from that of the bulk glass
surfaces due to local pH variations. Also film formation on smaller particles
greatly alters the effective surface area for further reactions and this error
becomes more severe the longer the exposure time until the smaller particles
are totally dissolved. No quantitative data are now available for the dynamic
determination of the effective (SA/V) ratios and its effect on leach rates.
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2.4,5 Surface Stress

During the glass leaching process, the surface experiences stresses or
swelling arising from hydration, ion exchange or crystallization. They sub-
sequent]y lead to the spalling or peeling-off of surfaces before the congruent
state is reached. For PNL 72-68 and 77-107 glasses leached using the IAEA
technique of deionized water at 25°C with weekly c?anaes of leach solution,
the glasses exhibited cracked "mud flat" surfaces. Surface disintegra-
tion was also observed in strontium alumoborosilicate g]as§ by volatile Cs in
the temperature range of 550°C-600°C for up to 300 hrs. (44) For the above
mentioned surface deterioration conditions, the leach rate will rise abruptly
due to cracking and partial or complete peeling off of the protective layer.
The abrupt Teach rate makes it difficult to predict the leaching kinetics of
the type described by Equation (1).

Sometimes surface stress generated by the crystallization of the leached
layer induces a catastrophic failure of the bulk glass by the propagation of
the stress into the interior of the sample. This again will result in an
unpredictable leach rate. Glass failure of this type will be discussed
further in the section on static fatigue.

2.4.6 Cracking

Considerable controversy exists on the effects of microfracturing in
glass leaching. PNL's study of partially devitrified 244Cm-doped waste
borosilicate glass exhibited microfracturing with no accompanying measurable
effect on leach rate. (45,46 0 her groups have, however, considered the
significance of cracking. 5,4 Recen% é a more systematic simulation of
cracking was performed by Perez et al Cracks were simulated by stack-
ing glass pellets with platinum wire spacers and holding them together with a
stainless steel clamp. Their findings indicate that crack depth and crack
width are important parameters with the possibility of a minimum crack depth
1imit required prior to enhanced leaching. In some cases, more than a factor
.of two increase in leach rate has been observed, as shown in Figure 2,18, It
should be noted that for most cases, the increased cracked area does not ap-
pear to result in a proportional increase in leach rates. The importance of
this work lies in its attempt to quantify the effects of cracks on the leach
rate of glass. Further work is needed that would tie in this approach to the
overall aspects of glass leaching.

‘2.4.7 Other Pretreatments

Surface chemical and structural variations can arise from a number of
sources during the manufacture of glass. Variation in batch formulations
including, forming procedures and environments, annealing conditions, subse-
quent hot end treatments, and exposure history, will affect the observed cor-
rosion behavior during testing.
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Figure 2.18 Leach rate (g-g]aSS/mz-d) based on silicon vs time for 1.90-cm-
diameter pellets (solid cylinder is an uncracked sample, and the
rest are simulated cracked samples.
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Generally a more rapid reaction has been obierve in the case of quenched
glass with water compared to the annealed glass, 5,49) This result can be
understood from the higher ionic mobility in B?e quenched glass which has a
lower density and a more open structure.(49s5 However, the quantity of

the enha?cewent is usually not significant being, at most within a few
percent. 51) 1In fact, for the ternary sodium borosilicate giass, no dif-
ference was observed betw?gn the rapidly quenched glass and the glass annealed
for 2 1/2 hours at 600°C, (35) .

Glass homogeneity also affects leach rates. Inhomogeneity in this case
mainly includes the quantity of undissolved constituents. Studies of 76-68
glass with several different thermal histories have shown that the best Jeach
resistance was obtained from the glass exhibiting the best homogeneity.

A quantitative assessment is not available at present.

Other variables such as surface roughness will also have an effect on
leach rates. Sanders, et al. investigated this effect ?n 3 binary lithium
glass by abrading the surface using various grit sizes. 52) Solution anal- |
ysis showed that the initial rate of silica-rich film formation is most rapid
for the smoothest surface. Evidence seems to indicate that surface roughness
will also influence static fatigue behavior. Although complex processes are
introduced by this parameter, it is clear that the extent of the roughness
will have an influence on both the relative and total amounts of material
removed from the surface of the glass.

2.5 Cation Selectivity and the Diffusion of lons and Gases

Toxic radioisotopes may escape from the waste form by solid state diffu-
sion. Cation selectivity and the diffusivity of ions and gas molecules are
responsible for this process. What follows is a summary of the properties of
diffusion and ion selectivity in glass.

Figure 2,19 shows a tabulation of the diffusion coeffgcient for mono-
valent_sodiuym ions in varjous silicate glasses at 386°C. (6) Note the range

of 10-10 cmz/sec for Pyrex borosilicate glass, which gives a diffusion
distance of approximately 1-2 cm for 1000 years. The distance, however, will
decrease by orders of magnitude at temperatures below 100°C. Anions and ca-
tions of higher valence diffuse much more slowly than monovalent cations in
glass. The self-diffusion coefficients of cations other than alkalj }3"5 mea-
sured at relatively low temperatures are summarized in Figure 2.20,(5 Un-
fortunately no data are available for borosilicate base glass, where the dif-
fusivity changes by the relative amount of sodium borate phase and the contin-
uous silica phase. As more sodium borate is added to the glass, the absolute
value of the dif-fusivity decreases by the decrease of the effective area of
the continuous silica phase. The quantitative amount of this change is not
known. For the glassy materia;s suitable for the long-term storage of highly
radioactive wastes, Ralkova studied the diffusivity of 137¢s and

OSr in alkali-lTime-silicate glass and basalt. In the tem?era ure range of

300°C-600°C, diffusivities were of the grder of 10-13.10-11 em“/sec in
the basalt. Again data are not available for borosilicate base glasses.
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Some diffusion measurements for gases in sodium borosilicate glasses are
summarized in Table 2.6. Gas diffusivities are in general higher than the
cation diffusivities.

Table 2.6

Molecular Diffusion in Sodium Borosilicate Glass(55-57)

Glass Gas Diffusion Coeff, at 200°C
Pyrex He 4,7 x 10-7

" Do 4,1 x 10-9
Borosilicate*  He 5.0 x 10-8

" Ne 7.0 x 10-11

(*60% Si0p, 30.5% By03, 9.5% Nap0)

The problem of relating glass composition %o Bon exchange has been
studied extensively by Eisenman and co-workers. The competing inter-
actions of cations in dilute aqueous solutions are categorized as 11 sequences
in a cation selectivity order. Table 2.7 shows the selectivity sequences, re-
lated in a definite way to the composition of the glass, which determines the
field strength in the table. Data for silicate glasses without boron and
aluminum fall to the Tower end of the ‘table, whereas the opposite is true for
the borosilicates.

Table 2.7

Eisenman's Selectivity Orders Among the Alkali Tons (58)

I Cs Rb > K > Na > Li

I Cs > Rb > K > Na > Li L

IIa Cs > K >Rb > Na >Li or II Rb > Cs > K > Na > Lia
IIIa K> Cs >Rb > Na > Li or III Rb >K >Cs > Na > Lija
Iv K>Rb >Cs » Na > Li

v K>Rb>0Na>Cs>Li

VI K>Na>Rb > Cs > Li

VII Na > K>Rb>Li >Cs

IX Na > K > Li >Rb > Cs

X Na >Li >» K >Rb >Cs

XI Li > Na >XK >Rb >Cs

Calculated for closely spaced sites.

This basis will not be valid for glasses exhibiting phase separation,
hydration, and before electrochemical properties are stabilized. The
stabilization in certain cases may take long periods of time.
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2.6 Weathering

Even though a water solution may be absent, chemical reaction can occur
in the presence of water vapor in the atmosphere. Static and cyclic humidity
must be taken into account when assessing glass durability. Corrosion will
proceed if: (1) the products of ion exchange (notably alkali) remain on the
surface; and (2) ambient conditions of relative humidity or temperature are

disrupted.

Water adsorption tends to increase with time and humidity; alkali gener-
ation increases with time but varies with humidity. Other cations may enhance
durability by decreasing the reactivity of the alkalj such as Zn, Sr, Ba, Pb,
Zr. Ir, Tor exampie, reacts to tform a tignt zirconium alkaii-silicate pro-
tective layer increasing significantly acid and alkali durability.

Figures 2.21 through 2.25 and Table 2.8 show the results of tes%s Son-
ducted at Corning on the effects of humidity on various glass types. 59

The relative humidity (RH) ranged from 30-90%, Weathering effects have been
observed down to 30% RH. Certain glasses can weather as much at 30% RH as at
90% RH. Weathering effects have been found to decrease (or slow down) with
increasing RH by a dilution effect from adsorbed water.
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Figure 2.21 Weight change of soda-lime and moderately
resistant borosilica%e 31ass after weather-
ing at 89% RH, 50°C. (50
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interpreted as indicative of a linear time dependence of glass dissolution.
One of the oldest analyzed decomposed glass is a glass bead dating to
approximately 1600 8C.(68) The weathering pro?uc was found to be impure
hydrated silica. Results obtained by Geilmann on medieval glasses

confirm findings that alkalies and alkali earths are almost completely
removed. Aluminum, iron, titanium, and several minor components remain or
increase (reprecipitate) in concentration due to exchange or adsorption on the
hydrated silica from soil or mineralized groundwater.

The complexity of the weathering process under burial conditions is evi-
dent through the examination of ancient glass. Investigations by Brill and
Hood at Corning on weathering layers, suggested a periodic or cyclical ac-
cumulation of weathered crusts. The initial work involved the examination of
ancient soda-lime-silica and potash-lime-silica compositions. Weathering
layers (0.3-15 um thick) tended to correspond to the approximate number of
years that the object had been exposed to weathering. Initially seasonal
variations (temperature, humidity or wet/dry periods) were suggested as the
probable cause for such correlations. However, samp]ei of ancient glass which
had been submerged at sea also showed this pattern. The layers seen in
Figure 2.26 consist of almost pure amorphous silica. Similar results were
obtained on borosZ%isate glasses involved with the production of Yycor-type
glass at Corning. The correlation between the number of layers and the
number of years of exposure has not been given an adequate explanation, al-
though attempts have been made, (/2,73,74)

These studies also point out the nonuniformity of attack at the glass
surface. Figure 2.27 shows a weathering 'plug' occurring beneath the amor-
phous weathering layers, possibly due to a high concentration of moisture at
that point. The semi-circular aregs §t the top are also indicative of non-
uniform weathering at the surface. Decomposition begins at a large
number of sites on the surface and proceeds into the bulk forming a series of
alkali-depleted spherical layered shells which, at some point, will tend to
coalesce parallel to the original surface.

The above review presents some evidence on the long-term integrity of

various glasses. For a more quantitative study, a data base 1nc1ud1ng pro-
filing, devitrification, and weathering conditions is needed.
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Regarding the compositional effect on weathering of glass over geological
time periods, analyses of 12th to 16th century glass showed that the most
durable samples fell in the compositional range of 70-75% "Si02, low "R0O"
(10-40%) and notably low MgO (1.2-3.2%).(65? Conclusions based on the study
of medieval glasses indicate that they do not weather noticeably during the
500-800 years of exposure provided the "Si0" content is greater than 60
mole percent. This seems to have bee c?nfirmed in additional studies by
E1-Shamy on Kp0-Ca0-Mg0-Si0» glasses. (66

X-ray fluorescence analysis coupled with SEM on medieval soda-lime glass
and Roman soda-lime glass offer potentially useful insights for comparison
into oxide depletion. The results of a profile study op the elemental com-
position of these glasses is presented in Table 2.9.(679 The surface al-
teration of these glasses was due to weathering processes as a result of near-
surface burial.

Table 2.9

Profiles of Medieval and Roman G1asses(57)

Oxide (Weight Medieval Glass-YMG 1 Roman Glass-YMG 396
Percent) Surface: A B C Surface: A B C
Na 20 3.4 10.9 16.8 n.d. 11.4 18.9
Mg0 0.9 0.8 0.8 1.0 0.4 0.4
A12013 1.8 1.7 . 1.6 6.9 2.4 1.5
Si0» 65.9 63.7 68.7 63.8 60.4 70.2
Po0s 0.8 0.7 0.9 0.4 0.2 0.3
K20 2.0 1.9 1.7 2.0 1.1 1.2
Cal 9.3 9.4 7.2 6.1 7.3 6.0
Mn0 0.9 0.9 0.6 1.0 1.1 0.8
Fe203 1.1 1.0 0.9 0.7 0.7 0.6
Cul 0.4 0.4 0.2 0.1 0.1 0.01
Zn0 0.05 0.05 0.03 0.04 0.04 0.03
PbO 0.8 0.8 0.6 0.2 0.2 0.1
n.d. = Not detected; detection limit reported <0.8 weight percent Na»0.

A = Surface of sample - untreated. _
B = Subsurface region approximately 200 um below surface.
C = Approximately 500 um below weathered surface; bulk composition.

If we assume that surface A represents the original surface with no de-
tachment of weathered layers and that the depletion of Na»0 and Si0» have
been uniform, the ratios of weight percent oxide loss to geologic time (ap-
proximately 800 yrs and approximately 1700 yrs for the Medieval and Roman
glass, respectively) appear relatively close. Both samples were found in the
same locality and we may assume that they were exposed to similar weather-
ing conditions. The apparent uniformity in Naps0/Si02 depletion may be
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Table 2.8

Summary of Visible Damage and Generated Alkali on V rigus Glasses
Weathered 14 Days at 98% RH, and 50°C(36

Glass Type Visible Damage Alkali Generated
(ng/cm?)

Alumino silicate None 0,01

Alkali borosilicate A Barely detectabie 0.01 to 0.05

‘Alkali borosilicate B Slight 0.05 to 0.25

Alkali lead Moderate 0.25 to 1.0

Soda lime A Appreciable 1.0 to 5.0

Soda lime B Severe >5.0

Crizzling or spalling is a result of the adverse effects of weathering on
glass surfaces. Spalling of the surface hydration layer may result where the
alkali-depleted network is too weak to sustain stress. The protective layer
will ?ct as a barrier only as long as the high silica network remains in-
tact. (80) At the Conasauga test site (Tennessee; shale) PNL 75-25 boro-
silicate glass, subjected to alternating wet-dry cycles, exhibited a 20
vm-thick layer showing network cracks and noguniform penetration of corrosion
into the underlying unaltered bulk g1ass.(61 Spalling has been noted in a
variety of archaeological glass compositions that have been subjected to
alternate wet-dry cycles. This phenomenon came to the attention of conserva-
tors when glasses previously submerged were placed in dry enviro?ments for
exhibit resulting in the spalling of the hydrated surface layer.

Since long-term weathering effects are quite difficult to duplicate under
laboratory conditions for the geologic time periods under consideration in
nuclear waste management issues, archaeological samples of weathered glass may
provide insights into long-term durability.

Shaw,(53) using X-ray diffraction and differential thermal analysis,
showed that the weathering crust on approximately 300 year-old buried po?ai-
sium glass had a relatively high degree of crystallinity. Khy and Nauer 64)
estimated the time period for the crystallization based on solid state trans-
formation kinetics for the systems Nap0-Si02 and Lip0-25i0, at 300 K.

The Nap0-Si0; system can be taken as resembling the compositional charac-
teristics found in certain ancient glass forms due to a higher Nas0 and
lower Ca0 content. Crystallization by homogeneous nucleation is beyond the
range of archaeological consideration (approximately 10l years). If the
magnitude of acceleration as influenced by hydroxyl groups is taken into
account, homogeneous nucleation will result at approximately 1014 years.
Crystallization from heterogenous nucleation, assuming "worst case" conditions
may occur in aparoximate]y 10° years. Since ancient glasses from periods
greater than 10° years have survived a variety of different weathering
environments, Khy and Nauer's assessment is not unrealistic and is confirmed
by the long durability of ancient glass compositions.
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Figure 2.27 Enlarged (X50) section of a piece of window glass
which had been buried for 288 years. The top sur-
face was probably the outside of the window and
there are 65 parallel layers at that surface be-
fore the 'plug' adds another 220 layers. Far
fewer 13 érs occur at this part of the Tower sur-
1"ace.(7 {
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3. LOCAL CORROSION AND STATIC FATIGUE

There are insufficient data at the present time to draw any definitive
conclusions on the importance of local corrosion in glass. The evidence seems
to suggest that under labortory condition% 13ca1 corrosion, such as pitting,
is no more severe than general corrosion. Although ancient glass ex-
hibits lTocal attack during weathering processes, experimental data on the
effects of this phenomenon with respect to overall durability are not cur-
rently available.

Static fatigue, on the other hand, is known to be a very important mode
of disintegration for glass in the presence of water. Cracks developed under
static fatigue will increase the exposed surface area leading to a significant
increase in the leach rate. Due to the importance of this phenomenon, static
fatique mechanisms, time to failure, and pertinent variables such as solution
pH, humidity, temperature pressure, compos1t1ons matrix microstructure and
surface flaws, require some discussion.

Static fatigue occurs only in the presence of water which reacts chemi-
cally with the strained bonds at the crack tip causing bond rupture. There-
fore, static fatique is a chemical process that involves a stress-enhanced
chemical reaction between water and the highly stressed region near the crack
tip. The general characteristics of static fatigue are as follows:

e static fatigue occurs generally in the presence of water;

e static fatigue can be detected for load times as short as 10-2
second; -

e static fatique is an activated process;
e static fatigue limit is observed in some cases.

3.1 Static Fatigue Mechanisms

Several proposed mechanisms by which the crack extension procedure occurs
may be summarized as follows:

e Chemical Corrosion: Highly strained bonds at the crack tip are more
susceptible to corrosive agents. The chemical reaction rate theory of
Hi114 agd Charles(/5,76) and the multibarrier kinetic theory by
Brown are considered in assuming this mechanism.

e Strain-Gradient Induced Diffusion: This mechanism employs a strain-
gradient induced diffusion of mobile ions yielding concentrations of
such ions at positions in advance of the crack tip. Enrichment, with
respect to these jons at the crack tip, reduces the local Si-0 bond
strength allowing crack adva?cement and apparently premature rupture.
GerberECh an Stout(78), cox (7 Hasselman, Stevens and
Dutton(80,81; proposed slightly different diffusion models.
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o Surface Energy Reduction: Orowan{(82) attributed static fatigue to
an adsorption-induced lowering of the glass surface energy, concom-
itantly leading to an easier crack growth.

o Others: A model by Weidman and Ho]]oway,(83) proposed that the
growth of a p]astwi 23ne controls the rate of crack propagation.
Fuller and Thomson(84) modeled a one-dimensional crack in two
semi-infinite chains of atoms. Although these models explain
certain features, such as a higher fracture energy than the
surface energy, experimental evidence is needed to show that the

adjustable parameters or uncertainties in each model can be
eliminated.

o Mechanism Predominance: Depending on the enrivonment, the relative
importance of each factor has been determined. For instance, in a
corrosive environment chemical corrosion is Tikely to be the dominant
process while the effectiveness of the environment for the reduction of
surface energy will be predominant in the presence of noncorrosive
environments.

3.2 Slow Crack Growth

From fracture mechanics studies, crack velocity v was found to be a func-
tion of a stress intensity factor Ky. For various glasses of different com-
positzoni, Figure 3.1 illustrates the Ky dependency in water environ-
ment Several expressions for this K; dependency were developed. 1In
general v is dependent on Kj exponent1a11y. The most representative expres-
sion is given by

v = vq exp[(-E* + bK{)/RT] (5)
where vo, E* and b are empirical constants representing, vg, the 1n1t al
velocity; E*, the activiation energy without the applied stress (86,87,88)
For boros111cate glass in water

E* = 30.8 Kcal/mole
b = 0.200 (m>/2/mole)
Invg = 3.5

3.3 The Law of Time to Failure

Generally, the time to failure depends on the magnitude and total dura-
tion of the load. The time to failure at a given stress level is inversely
proportional to the nth power of the applied stress. The representative
equation for the time to failure is given by

In(t/t1y2) ¥ -gog(o/oy -1/2) (6)
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Figure 3.1 Effect of glass compositZOn on crack propagation rate.
Tested in water at 25°C.(85)

where t1/7 is the failure time at ¢/oy = 1/2, ot is found experimentally,

t is time, o is a%81ied stress and oy is the failure stress at liquid nitro-
gen temperature.( ) For borosilicate glass with different surface treat-
ments, the following girameters were derived experimentally in a water envi-
ronment (Table 3.1).( o :

Table 3.1

Parameters for Various Glasses With Different Surface Treatments

Breaking stress

Glass Surface Treatment at 77°K (kpsi) Bog
FN borosilicate Abraded 11.0 31
FN borosilicate Centerless ground 14.8 43
Pyrex - - 64
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For the purpose of long-termm prediction a simple calculation of the time
to failure at zero applied stess is given as 5 x 106 years froma 1 um
crack which detemines %éég tg be 2.14 seconds in water based on the formula
of Wiederhorn and Bolz. 1) Various assessments at different stress
levels and environmental conditions are possible and this will be a future
research topic. In the above equations, the stress term can be converted into
a fracture mechanics term by simple substitution resulting in a similar ex-
pression.

In practical design, a proofing test is used, and the time to failure,
tf, is usually expressed as

tf = oa'z fop/oa)

where 05 is the service load, 0y is a proof test load, and f is determined
from measurements ?f Kic, the critical stress intensity, and from crack

growth data.(92-94) The data for borosilicate crown glass II is shown in
Figure 3.2.

log{Tmind.nec

Figure 3.2 Proof test diagram for borosilicate crown
glass I1; minimum time to failure, Tpin,

given as a function of service stress
Ja, and proof test ratio, op/oa.(92,94)
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From the practical viewpoint of a laboratory test, the critical stress
intensity Kig gives the material capability to carry a load in the presence
of a given size of notch, or some other form of flaw or defect. The critical

stress intensity factors for borosilicate glasses in vacuum are‘'shown in Table
3.2

Table 3.2

Critical Stress Intensity Factor K¢ (MN/m3/2) of Borosilicate Glass(94)

N Vacuum, DCB Vacuum
Yacuum, DCB Preheat 300°C 3 Point Bend, Dry, NoGas

Glass No Preheat for 30 min. No Preheat <0.02% RH
Borosilicate 0.760+0.007 0.770+0.012 0.777+0.032 0.764+0.008
Borosilicate

Crown, 1 0.862+0.032 0.927+0.010 01842ip°007 --
Borosilicate

Crown, I  0.866+0.001 0.879+0.034 0.904+0.014 -

*DCB: Double Cantilever Beam.

However, when we consider geologic time periods, it is probable that
cracking may develop even in the absence of applied stress (see Equation 6)
during the corrosion process. One such example is shown in the study of
cracks induced in 3 stress-free alkali silicate bottle after a few weeks
exposure to water.(9%) Such failure possibility can always take place for
all glasses over geologic time.

The static fatigue model should eventually include the effects of sur-
face stress caused by surface crystallization, hydration, or spalling which
will also lead to crack propagation during the corrosion process. Therefore,
the realistic prediction of time to failure will be much more complicated than
the above simple equations which were derived from fracture mechanics and are
basically empirical in nature.

3.4 Effects of Environmental Interaction

3.4.1 Solution pH

It was determined that the pH of the aqueous environments has a signifi-
cant effect on the strength of glass. In high pH solutions {above 13), the
strength of glass was greater, while in low pH solutions (below 1), the
strength was less than in neutral solutions. In strong alkali solutions,

. samples will not be susceptible to cracking when the corrosion rate proceeds
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faster than the crack ve]ocity.(gs) In the middle range of pH, the strength
is nearly constant. For silicate glass, the slope of the crack velocity
versus str?ss intensity factor was found to decrease as the pH increases.
Wiederhorn(87) rederived the crack velocity equation in the Charles and
Hillig model, including [OH]~ ion concentrations, and found that the
velocity is proportional to the nth power of the [OH]™ ion concentration.

When water is the corrosive agent, the effect of a wide pH variation is
important since the crack tip solution is rapidly modified by the glass and
contains significant concentration? OE elements that are normally present in
the glass composition. Wiederhorn further stated that high alkali
glasses result in basic solutions at the crack tip, whereas low alkali glasses
have crack tip solutions that are mildly acidic. This local pH change is
determined by a dynamic balance between the ion-exchange and ion-diffusion
processes. This local pH inflyences the slope and the shape of the universal
fatique curves.

3.4.2 Humidity

Humidity will hydrate the surfaces of some glasses causing them to swell,
thus creating local stresses at a flow tip which will propagate cracks. The
crack velocity is fou?d to ?e proportional to the relative humidity by a
theoretical analysis. 97,98) The time to failure for older g]a?s as found
to be an inverse exponential function of the relative humidity. 99) These
are valid when other parameters governing the crack growth or the time to
failure are fixed. Quantitative data for borosilicate glasses are not avail-
able at the present time.

3.4.3 Temperature and Pressure

Glasses of poor chemical durability tend to crack at lower tempera-
tures; concomitantly, the reverse is true at very high temperatures. The
crack growth velocity and the time to failure have been expressed in an
Arrhenius-type equation relating to temperature. For borosilicate glass, the
activation energy for the crack velocity is reported in the previous section
-on fracture mechanics. The characteristic gzme to failure, ty,2, is simpli-
fied to be a linear function of temperature. 85) i ‘

As for pressure dependency, high pressyre ;S known to have no effect on
static fatigue in the range of 6 to 7 Kbar. 100

3.4.4 Glass Composition

Both the crack velocity and the time to failure change as the composition
changes.

Systematic studies on composition effects or data pertaining to borosili-
cate glass per se are not available at the present time.



3.4.5 Flaws

The delayed failure curves for a number of glasses were quite sensitive
to surface finish. Generally as the flaw size increases, the time to failure
decreases. There is no report on the limitation of flaw size, below which no
failure occurs. For optical fiber glass, %he failure origin was found even
though flaw sizes are much less than 1 um. Since ty/2 is also a func-
tion of flaw size, universal fatigue curves are obtained when the time to
failure is normalized in most cases. The fracture mechanics study illustrates
the quantitative prediction of the dependency of flaw size on the time to
failure or.ty/2.

3.4,6 Microstructure and Plastic Deformation

Phase separation is reported to increase the crack growth rate.(gs)
The plastic deformation is believed to play no role in the fracture process.
However, very little quantitative data is available concerning these proper-
ties.

Static fatigue data for nuclear waste glass are not available at the

present time. Several laboratories, including the National Bureau of
Standards, have recently begun formal studies on this subject.
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4, RADIATION EFFECTS

This section will briefly summarize the anticipated radiation effects on
leaching and overall integrity of glass based on experimental work on commer-
cial and nuclear wgste glass. A more detailed review is due to appear in the
BNL Tliterature. (20

In waste g]as? 31pha, beta, gamma-rays, and transmutation effects are
expected to exist. 2 Recently, Walker, et al. 101) reported on a pre-
liminary study involving borosilicate glass leaching during 60Co gamma,

4 Cm alpha, and 90Sr beta radiation. Leach rate was increased within a
factor of 2 by gamma radiation presumably due to the leachant pH change by
radiolysis, while no significant effects were observed for alpha or beta ra-
diation. To date, transmutation effects on glass leaching have not been re-
ported in the literature. Studies on crystalline waste forms(102) seem to
indicate that the effect may not be significant. Indirect effects involving
differential swelling and compaction have been observed in partially devitri-
fied glass by alpha and gamma radiation leadingsto microfracturing. The con-
comitant increase of surface area will enhance the leach rate quite signifi-
cantly 103), similar effects are expected as a result of transmutations.

The concentration of transmuted atoms may be large enough to form a second
phase causing stress generation at the interface. No experimental evidence
has been reported to date on this topic.

In a design utilizing commercial qlass in a sacrificial capacity to en-
capsulate the nuclear waste glass, beta and gamma ra?iatBon effects are an-
ticipated. Following the results of Walker, et al., it appears that
only the gamma radiation would affect.the leach rate. An indirect effect may
involve stress generation between the sacrificial layer and the waste glass
from differential compaction and swelling. This stress may lead to microfrac-
turing resulting in increased leach rate due to increased surface area.(1033

Dose rates under repository conditions are assumed to be generally slower
than under laboratory conditions reducing the above mentioned radiation ef-
fects. Given the limited experimental data, it becomes quite difficult to as-
sess the effects of radiation on the integrity of glass over geological time.
However, we feel that the radiolysis effect is quite minor and the fracture
process can be avoided by a proper design of the waste form{(103) which
would preserve the integrity even in the presence of radiation.

A-51



5.  LONG-TERM PREDICTION MODELS

A1l the efforts reviewed up to this point were aimed at predicting the
durability of glass over geological time. The numerous complications and
uncertainties in the preceding sections suggest that it is quite premature to
generate a comprehensive model for prediction. Nevertheless, researchers have
attempted to develop a method for long-range prediction of the durability of
nuclear waste storage materials based on several hypotheses.

Hench(4) emphasized a graphical method based on the analyses of labo-
ratory tests, field tests, and natural analog materials by plotting material
loss through leaching as a function of time. The best and worst cases are
used for the upper and lower limit of the plot. For example, the accelerated
leach rate by hydrothermal conditions is a factor controlling the worst case.
It was admitted, however, that there are so many uncertainties involved, it is
almost impossible to construct any specific chart at the present time. For
instance, a study of natural analogs, especially in relation to laboratory
tests, has only recently beguf. Several scenarios of film dzss lution and
rupture behavior presented by workers at Catholic University(15) offer addi-
tional proposals for the prediction of long-term durability.

Current attempts at modeling face severe shortcomings by their recourse
to a limited number of variables. As shown in the previous sections, the
interacting variables are complex and require a more sophisticated and
realistic treatment if they are to offer any predictive advantage at all.
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6. CONCLUSIONS AND RECOMMENDATIONS

We have reviewed various chemical and mechanical processes for the degra-
dation of glass. Such processes are often translated into formulas or models
for the prediction of long-term durability. Attempts have been made at con-
structing predictive models for borosilicate glass in a water environment
based on experimental data. Since current efforts in this area are valid only
under very limited circumstances it is inevitable that we conclude our review
on a qualitative note.

From the experimental results on the leaching of binary systems, the dif-
fusion controlled dealkalization is predominant in the beginning with a square
root time dependence while the appearance of network dissolution occurs with a
linear time dependence following the diffusion process. However, the develop-
ment of the time laws for this process is still too idealized and a linear ex-
trapolation of those kinetics to geological time is, therefore, quite over-
simplified at present. In the case of multicomponent systems even such simple
kinetics are not currently available.

Solution and environmental variables such as temperature and pressure
will have a direct effect on the durability of glass. As dealkalization
proceeds, the nature of the solution will change. The solution composition
effects are difficult to discern since these are interrelated to pH change and
passive film formation at the glass surface. Typical reactions in simple
systems involve silica network dissolution in high alkaline solutions and
lTower leach rates in neutral and acidic environments. Multicomponent glass
systems also exhibit greater durability in acidic environments. Changes in
pH, precipitation, and the effects of erosion resulting from variations in
flow rates may result in unpredictable leach rates. The single activation
process, observed in many commercial and nuclear waste glasses, offers a
method of accelerating conditions at high temperatures to simulate long-temm
corrosijon effects., For hydrothermal conditions, the alteration product
resulting from glass-solution interaction is one of the most important
variables determining the leach rate. A thorough understanding of the role
-played by the altered zone is needed in order to adequate]y 1dent1fy the
mechanisms involved in the corrosion process.

Glass composition is one of the most important factors determining the
leach rate. Generally, network formers and divalent modifiers increase dura-
bility while monovalent modifiers have the opposite effect. The effects of
phase separation on leaching is dependent on the microstructure and can either
enhance or retard durability. The ratio of solid surface area to solutijon
volume is another important parameter effecting leach rates. However, the
difficulty in the determination of the total surface area makes the exact for-
mulation of this parameter extremely difficult. As parameters having secon-

dary effects on the leaching process, partial devitrification, internal
" stress, surface roughness, and local inhomogeneity contribute to changes in
the leach rate. No quantitative data on the contribution of these parameters
are available at the present time.

Toxic radioisotopes may escape from the waste form by solid state dif-
fusion. Tabulations of gas and ionig diffusivity in glass indicate that such
events are very unlikely under repository conditions.
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In glass, local corrosion is not any more severe than general corrosion.
Static fatigue, however, should be recognized as an important mode of disin-
tegration over geological time. From the well-defined fracture mechanics, it
is known that there is a fatigue Timit for borosilicate glass below which no
cracking occurs; however, changes at the microstructural level may modify the
fatigue 1imit hypothesis. Modifications may arise due to surface stress, so-
lution pH, humidity, temperature, pressure, compositional and microstructural
inhomogeneity.

Radiation would probably not affect the leach rate by more than one order
of magnitude as a result of radiolysis. An indirect effect such as micro-
fracturing may be avoided by a proper design of the multibarrier glassy waste
form.

Typ}cal va]Hes for the d1ssqut1on rate of waste borosilicate glass range
from 10-/ to 10~ g/cm -d, varying depending on the component. From the
data at hand on the chem1ca1 and mechanical aspects of glass durability, and
given an adequate design incorporating sacrificial layers and a proper burial
site selection, waste form integrity, at least for the first thousand years,
is achievable. It is still premature to attempt quantifying material released
from glass over geological time since major uncertainties exist in the
identification of the various mechanisms involved in glass leaching. Several
research topics which would contribute to our understanding of long-term
corrosion are presented below:

o Study the effects of groundwater jons on the selective leaching and
passive film formation.

o Study pH effects on nuclear waéte'glass--seek to explain why acidic
solutions affect leaching in binary glass differently from leaching in
multicomponent systems;

e Study the flow rate effect in multicomponent systems thoroughly,
especially the relative change of solution pH, reprecipitation, and
passive film formation;

o Verify the single activated process by the measurement of leach rate as
a function of temperature systematically for multicomponent systems;

e Study the surface chemistry of the alteration zone during leaching,
especially during hydrothermal reactions. Surface-sensitive tools
such as ESCA and AES are usefull and should be adopted;

o More sensitive analytic tools, such as neutron activation analysis,
should be used in the analysis of the leachate;

e Study the optimization in tailoring the glass composition for best
leach resistance along with a formulation of the mechanisms in-
volved, especially in multicomponent systems incorporating nuclear
waste;
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Study the optimum microstructure for high leach resistance based
on the principle of phase separation;

Develop valid means of defining and measuring the surface area of
powdered and cracked samples. Local pH change and corrosion cell
formation in powdered samples should be thoroughy understood;

Partial devitrification, surface roughness and local inhomogeneity
should be studied more quantitatively;

Measure jonic and gas diffusivity in glass at ambient temperatures;
especially the diffusivity of fission products in nuclear waste glass;

Study the wet-dry cycle effect on glass and compare the results
to natural and archaeological analogs;

Use a more mechanistic approach in understanding static fatigque--the
effects of surface stress on crystallization is one example as opposed
to relying on the well defined artificial stress intensity. More
quantitative studies of the effects of pH, humidity, temperature,
pressure and glass composition are needed, especially in the area of
nuclear waste glass development;

In radiation effects, a-radiolysis, and radiation induced cracking and
pH change should be studied.

Study of natural analogs and ancient glass requires a more systematic
approach if they are to offer insights into long-term durability;

More sophisticated and comprehensive modeling of glass corrosion
processes are needed. Computerized code generation may be a
necessary step in the assessment of the complex processes and in
the area of long-term prediction of glass durability.
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APPENDIX R

MECHANISMS FOR TRANSPORT OF
RADIONUCLIDES FROM THE WASTE BACKFILL
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Issue No. 2.1

1. Name of the Site: BWIP - Hanford, Washington

2. Statement of the Issue: What are the possible mechanisms by which water

will penetrate the packing material around containers?

3. Importance of the Issue to Repository Performance

Penetration of the packing material around the container by groundwater may
result in contact of the waste container with the groundwater. In turn,
contact of the waste container with groundwater may lead to corrosion, thus

~compromising the integrity of the container and of the waste form within.

Movement of water through the waste packége provides a potential release
pathway for radionuclides.

4. Portions of 10 CFR 60 That Are Directly Connected To The Issue

§ 60.113 Performance of particular barriers after permanent closure.

(a) General provisions.

(1) Engineered barrier system

(i) The engineered barrier system shall be designed so that assuming antici-
pated processes and events, (A) Containment of HLW will be substantially com-
plete during the period when radiation and thermal conditions in the under-
ground facility are dominated by fission product decay; (B) any release of
radionuclides from the engineered barrier system shall be a gradual process
which results in small fractional releases to the geologic setting over long
times.

12/03/82 1 BWIP DSCA/SIA 2.1/CHANG



(ii) In satisfying the preceding requirement, the engineered barrier system

shall be designed, assuming anticipated processes and events, so that:

(A) Containment of HLW within the HLW waste package will be substantially
complete for a period of 1,000 years after permanent closure of the geologic
repository, or such other period as may be approved or specified by the
Commission.

(B) The release rate of any radionuclide following the containment period
shall not exceed one part in 100,000 per year of the inventory of that radio-
nuclide calculated to be present at 1,000 years following permanent closure,
or such other fractijon of the inventory as may be approved or specified by the
Commission; provided, that this requirement does not apply to any radionuclide
which is released at a rate less than 0.1% of the calculated total annual

~release at 1,000 years following permanent closure.

Design Requirements for the Waste Package

§ 60.135 Requirements for the waste péckage and its components.

(a) Waste package design requirements for high-level waste.

(1) Packages for HLW shall be designed so that the in-situ chemical, physical,
and nuclear properties of the waste package and its interactions with the
emplacement environment do not compromise the function of the waste packages

or the performance of the underground facility or the geologic setting.

(2) The design shall include but not be limited to consideration of the follow-
ing factors: solubility, oxidation/reduction reactions, corrosion, hydriding,
gas generation, thermal effects, mechanical strength, mechanical stress,
radiolysis, radiation damage, radionuclide retardation, leaching, fire and

explosion hazards, thermal loads, and synergistic interactions.

12/03/82 2 BWIP DSCA/SIA 2.1/CHANG
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5. Summary of the Present State of Knowledge, With Analysis of Uncertainties

Penetration of the packing material by water may occur as a result of an .
increase in hydraulic conductivity caused by one or more of the following
chemical degradation mechanisms (BNL-NUREG-31770, 1982):

- loss of hydrothermal stability.
- aging.
~ selective dissolution on leaching of the packing material matrix.

- vradiation effects, including radiolysis.

The hydrothermal stability of the packing material is the principal cause of
concern.

~ Water may also penetrate the packing material by means of the following

mechanical failure mechanisms (BNL-NUREG;31756, 1982):

- fracturing
- embrittiement
- Tliquefaction

- hydrologic erosion

6. Summary of the Additional Information Needed to Resolve the Issue By

the Time of Construction Authorization Application:

Further investigation is needed of the changes in the hydraulic conductivity
of candidate packing materials resulting from the chemical degradation
mechanisms Tisted in (5), above, in the 100° to 300°C temperature regime at
pressures of 300 bars with the dissolved solids concentrations, the Eh, and
the pH of the simulated groundwater at their expected values under repository
conditions. Also, the mechancal failure mechanisms listed in (5), above, need
further study under expected repository conditions. (For example, it is not
clear if such mechanical failure mechanisms occur under expected repository
conditions.) Because irreversible microstructural changes may occur in the

12/03/82 3 BWIP DSCA/SIA 2.1/CHANG



packing material as a result of exposure to repository conditions, the effects
of the history of the material as well as the effects of the conditions at the
time of testing should be addressed. (For example, how does prior exposure of
the material to 300°C at 300 bardsfor some specified time period affect the
hydraulic conductivity later at 100°¢ at 300 bars?)

7. Summary of the Planned Approaches to Testing, Tests, Test Methods and
Investigations to Provide the Information Needs of (6):

The present issue is addressed by the following Work Element in the SCR:

W.1.15.B: Define the characteristics of the packing materials required
to retard the flow of groundwater to the container. Identify packing
materials with these characteristics.

-Measurements of the hydraulic conductivities, swelling pressures, and mech-

anical strengths of various unspecified basalt/bentonite mixtures are
planned. These properties will be measured as a function of temperature and
density. The dependence of these propérties on moisture content and grain
size must also be determined. These data will be used to verify the licens-
ability of the reference waste package packing material mixture of 25%
bentonite/75% basalt by volume. Other potential mixtures (for example,
crushed basalt and sand) will also be investigated.

8. Analysis of (7) As To Completeness, Practicality and Likelihood of
Success:

The conditions under which the measurements described in (7), above, will be
performed are not well defined in the discussion of Work Element W.1.15.B in
the SCR. Pressure is not explicitly mentioned as an important variab]e?Z}s
any mention made of thg use of simulated basalt groundwater at the appropriate
pH and Eh as the perme;ting fluid. Temperaturesof up to 300°C at pressures of
300 bars (maximum lithostatic pressure) in the presence of simulated ground-
water are discussed in connection with other Work Elements, for example,

W.1.16.B. Measurements of the wett{ng of an initially dry packing material

12/03/82 4 BWIP DSCA/SIA 2.1/CHANG
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are not explicitly noted in the SCR, and measurement of the hydraulic conduc-
tivity as a function of the hydraulic gradient are not discussed. It is
possible to conduct measurements of the penetration of packing materials by
water under repository conditions in autoclave systems.
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Issue No. 2.2

1. Name of the Site: Basalt Waste Isolation Project (BWIP) - Hanford,
Washington.

2. Statement of the Issue: To what extent over time will groundwater flow,

temperature, or other effects change the ability of packing materials to con-
trol flow through those materials? What chemical and physical changes are
possible? What are the chemical and physical properties?

3. Importance of the Issue to Repository Performance: Changes in the

chemical and physical properties of the packing material may affect the

ability of these materials to control the flow of groundwater and

radfonuc]ides through the waste package.. Contact of the waste container with

groundwater may compromise the integrity of the container and of the waste

form within movement of water through the waste package provides a potential
j:) release pathway for radionuclides. '

4, Portions of 10 CFR 60 that are Directly Connected to the Issue:

§ 60.113 Performance of particular barriers after permanent closure.

(a) General provisions.

(1) Engineered barrier system

(i) The engineered barrier system shall be designed so that assuming antici-
pated processes and events, (a) Containment of HLW will be substantially
complete during the period when radiation and thermal conditions in the under-
ground facility are dominated by fission product decay; (b) any release of
radionuclides from the engineered barrier system shall be a gradual process
which results in small fractional releases to the geologic setting over long
times.
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(i1) In satisfying the preceding requirement, the engineered barrier system
shall be designed, assuming anticipated processes and events, so that:

(A) Containment of HLW within the HLW waste package will be substantially
complete for a period of 1,000 years after permanent closure of the geologic

repository, or such other period as may be approved or specified by the
Commission.

(B) The release rate of any radionuclide 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 Commission; provided, that this requirement does not apply to
any radionuclide which is released at a rate less than 0.1% of the calculated

total annual release at 1,000 years following permanent closure.

DESIGN REQUIREMENTS FOR THE WASTE PACKAGE
§ 60.135 Requirements for the waste péqkage and its components.

(a) Waste package design requirements for high-level waste.

(1) Packages for HLW shall be designed so that the in-situ chemical,
physical, and nuclear properties of the waste package and its interactions
with the emplacement environment do not compromise the function of the waste
packages or the performance of the underground facility or the geologic
setting.

(2) The design shall include but not be limited to consideration of the
following factors: solubility, oxidation/reduction reactions, corrosion,
hydriding, gas generation, thermal effects, mechanical strength, mechanical
stress, radiolysis, radiation damage, radionuclide retardation, leaching, fire
and explosion hazards, thermal loads, and synergistic interactions.
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5. Summary of the Present State of Knowledge, With Analysis of Uncertainties

—

Reduction of the ability of the packing material to retard the flow of water

and radionuclides may result from a variety of chemical and physical changes:

= loss of hydrothermal stability
- aging
- decrease in sorptive capacity by chemical reaction or poisoning
- selective dissolution or leaching of the packing material matrix
- radiation effects, including radiolysis
- fracturing
-~ embrittlement
- liquifaction
- hydrologic erosion.
-AIthough such degradation mechanisms have been characterized to varying
degrees, much of this information has been obtained under conditions not
typical of those expected in the BWIP repository (see NUREG/CR-2755,
\> BNL-NUREG-31756, and BNL-NUREG-31771, 1982).

Several chemical and physical properties of the packing material which are of
primary importance in the ability of the packing material to control flow are
affected by the above changes. These properties are the hydraulic conduc-
tivity, swelling pressure, plasticity (on extrudability), density, diffusion
coefficient, sorptive capacity, and ion exchange capacity.

6. Summary of the Additional Information Needed to Resolve the Issue By

the Time of Construction Authorization Application:

Because the packing material will experience a temperature cycle from an

initial repository ambient temperature (60 to 70°C) to as high as 250 300°C
and then a slow return to ambient while the pressure increases to 300 bars,
the temperature dependence of the chemical and physical properties on which

the packing material attributes are Séed must be known over a temperature <t:f<

range of 60 to 300°C at 300 bars of pressure. The effects of groundwater
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composition, Eh and pH on the chemical and physical properties of the packing
material must also be known. (NUREG/CR-2755, 1982, Section 2.2.1). Very
similar information needs have been identified in the SCR (Section 15.3).

. Thermal stability of potential packing materials (primarily basalt/
bentonite mixtures) in the temperature range 150° to 300°C at 300 bars
for up to 6 months.

. Mineralogical and chemical characterizations of alteration phases for
basalt and packing materials under expected repository conditions (150°

to 300 bars, simulated groundwater chemistry, expected Eh and pH).

. Effects of radiation on the above measurements.

. Rates of the above processes.

7. Summary of the Planned Approaches to Testing, Tests, Test Methods, and
Investigations to Provide the Information Needs of (6):

Approaches to the present issue are implicitly addressed by the following work
elements in the SCR:

. W.1.16.B Define the characteristics of the packing material required to
reduce the rate of radionuclide release’ from the waste package. Identify
packing materials with these characteristics.

Hydrothermal experiments are being conducted under site-specific conditions in
the range of 150 to 300°C to determine the thermal stability 1imits of packing
materials. The effects of dehydration on the structural stability of hydrated
candidate packing materials (for example, smectite clays, zeolites) are being
investigated. On the basis of data being generated currently, packiﬁg mate-~
rial mixtures will be chosen and flow-through experiments completed under

repository conditions to measure radionuclide transport through a saturated
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packing material. These data will then give an indication of whether radio-
nuclide transport rates [and the flow of groundwater] can be controlled satis-
factorily by the packing materials.

. W.1.12.A Determine the extent to which the interaction between the
container materials, waste form, packing material, and host rock in a
saturated environment results in retardation of radionuclides.

Hydrothermal-interaction studies of barrier materials are to be carried out
with controlled experimental parameters over the relevant range of repository
conditions. Temperatures should range between 100° and 300°C, with a total
pressure of 300 bars (full lithostatic pressure). Periodic sampling of the
groundwater solutions under test conditions is necessary to determine the rate
of approach to steady-state solution composition. Hydrothermal hot-cell
testing of engineering-scale waste packaged will be scoped to measure critical
intéractions in a radiation field. -

. W.1.3.A Determine the effect of the waste package radiation environment
on the near-field geochemistry, wéste package, and barriers material

performance.

Two methods are planned for investigating the effect of radiation on stability
and degradation modes of barrier materials:

(1) Imposition of a radiation field on standard container and packing

material testing apparatus.

(2) Inclusion of barrier materials with radioactive waste forms inside
hydrothermal autoclaves of a hot-cell facility.

8. Analysis of (7) As To Completeness, Practicality and Likelihood of

Success:

The planned approach described in (7), above, is relatively complete. Details

of the proposed studies are not given in the SCR, but such studies are well
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within the state of the art with respect to feasibility. Measurements
combining the features of all three work elements should also be carried out,
that is, a flow-through experiment under expected repository conditions
including interaction between the waste package components under hydrothermal
conditions in a radiation field. Such a study would, in effect, be a waste
package simulation. The studies outlined in (7), above, from the SCR, as well
as the waste package simulation just mentioned, should be carried out for
extended periods of time, at Teast the six months noted in (6) above and
longer, if possible. (There are some minor problems with the Work Elements.
For example, no external pressure js mentioned in W.1.16.B. Also, the lower
1imit of the temperature range is given as 150°C in W.1.16.B and 100°C in
W.1.12.A. Probably, a better, more comprehensive lower limit would be 60°C as
noted in (6), above, based on ambient repository conditions.
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Issue No. 2.3

1. Name of the Site: BWIP - Hanford, Washington

2. Statement of the Issue: What are the hydrothermal conditions with time at

the surfaces of the waste form and container and within packing materials
which influence property changes and radionuclide release?

3. Importance of the Issue to Repository Performance

The stability of a waste package component on exposure to liquid water at
temperatures between about 50° and 400°C and at high enough pressures to keep
the water in a liquid state is termed hydrothermal stability (BNL-NUREG-31770,
1982, p. 50). Hydrothermal stability is a primary consideratin in any analysis
of waste package performance because of the possibility of groundwater intru-
sion in the presence of radiocactve decay heat under an external hydrostatic
and/or lithostatic pressure. Loss of integrity of the waste package may result
if any of its components have poor hydrothermal stability characteristics.

4. Portions of 10 CFR 60 That Are Directly Connected To The Issue

§ 60.113

(a) Generation provisions.

(1) Engineered barrier system.

(i) The engineered barrier system shall be designed so that assuming
anticipated processes and events, (A) Containment of HLW will be
substantially complete during the period when radiation and thermal
conditions in the underground facility are dominated by fission

product decay; (B) any release of radionuclides from the engineered

12/03/82 1 BWIP DSCA/SIA 2.3/CHANG



[y

barrier system shall be a gradual process which results in small

fractional releases to the geological setting over long times.

(i1) In satisfying the preceding requirement, the engineered barrier
system shall be designed, assuming anticipated processes and events,
so that:

(A) Containment of HLW within the HLW waste package will be
substantially complete for a period of 1,000 years after
permanent closure of the geologic repository, or such other
period as may be approved or specified by the Commission.

(B) The release rate of any radionuclide 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
Commission; provided, that this requirement does not apply to
any radionuclide which is released at a rate less than 0.1% of
the calculated total annual release at 1,000 years following
permanent closure.

§ 60.135 Requirements for the waste package and its components.

(a) Waste package design requirements for high-level waste.

(1) Packages for HLW shall be designed so that the in situ chemical,
physical, and nuclear properties of the waste package and its
interactions with the emplacement environment do not compromise the
function of the waste packages or the performance of the underground
facility or the geologic setting.

(2) The design shall include but not be limited to consideration of the

following factors: solubility, oxidation/reduction reactions, corrosion,

hydriding, gas generation, thermal effects, mechanical strength,
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mechanical stress, radiolysis, radiation damage, radionuclide
retartation, leaching, fire and explosion hazards, thermal loads, and
synergistic interactions.

5. Summary of the Present State of Knowledge with Analysis of Uncertainties

The near-field temperature conditions for the undisturbed basaltic host rocks
are relatively well defined, a range of 60° to 70°C having been given as a
reasonable estimate" for the Umtanum flow in the Grounde Ronde formation.
Estimates have also been made for the maximum temperature (300°C) and pressure
(100 bars and 300 bars for the hydrostatic and Tithostatic pressures,
respectively, at a depth of 1000 m). The temperature will drop as the
radionuclides in the waste decay, leveling off to the original temperature of
the flow after about 1000 years. The pressure at the time of emplacement is
close to atmospheric, but after repository closure the pressure is expected to
increase over a unspecfied time period to some value between the hydrostatic
and lithostatic pressures. See NUREG/CR-2780 (1982) and the references cited
therein, in particular RHO-BWI-ST-7 (1980) and NWTS-16 (1981) for further
details.

6. Summary of Additional Information Needed to Resolve the Issue by the

Time of Construction Authorization Application

Better definition of the near-field temperafure and pressure characteristics
as a function of time is needed and can be obtained only from an analysis of
specific waste package designs within a well-characterized near-field
repository environment. The thermal loading of the waste form and the thermal
conductivity characteristics of the waste package components and of the host
rock must be used to calculate the near-field temperature as a function of
time. The swelling characteristics of the packing material upon exposure to
water must be used to deduce the rate of approach to pressure equilibrium.
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7. Summary of the Planned Approaches to Testing, Tests, Test Methods, and
Investigations to Provide the Information Needs of (6)

Approaches to the present issue are simplicitly addressed by the following
work elements in the SCR:

W.1.2A. Determine conditions that affect design of waste packages, including
thermal loading, mechanical loading, and chemical environment

during...emplacement...and after repository decommissioning.

Thermal hydraulic models of the waste package, repository, and host rock

will be used to estimate the time for migration of groundwater around and into
the waste package. The results will depend on the specific repository and
waste package designs selected, so the evaluations will be updated for the
conceptual, preliminary, and final design phases.

W.1.12A. Determine the extent to which the interaction between the container
materials, water form, packing material, and host rock in a saturated
environment results in retardation of radionuclides.

Hydrothermal-interaction studies of barrier materials are to be carried out
with controlled experimental parameters over the relevant range of repository
conditions. Temperatures should range between 100° and 300°C at a pressure of
300 bars (lithostatic pressure). Hydrotherﬁa] hot-cell testing of
engineering-scale waste packages will be scoped to mesure critical
interactions [identified in the hydrothermal interaction studies of barrier
materials] between the several components of a waste package which
incorporates a radioactive waste form. Test data will be reconciled with
model predictions.

8. Analysis of (7) As To Completeness, Practicality and Likelihood of

of Success

The two approaches outlined in (7), above, should together lead to a better
definition of the hydrothermal conditins in the vicinity of the waste
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package. The two planned approaches are not described in detail in the SCR
and could not be at the present stage of waste package design. Feedback
between the thermal hydraulic modeling and the hydrothermal-interaciton
studies will be necessary as part of the development of both the hydraulic
modeling and the hydrothermal-interaction studies. The modeling and the
hydrothermal-interaciton studies are both feasible. The period of time over

which the hydrothermal studies would be carried out is not given in the SCR.
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Issue No. 2.4

Name of the Site: Basalt Waste Isolation Project (BWIP) - Hanford,
Washington

Statement of the Issue: What are the possible mechanical failure modes

for the container?

Importance of the Issue to Repository Performance

The container is generally considered to be the most important engineered

barrier with respect to containing radionuclides. Because of this a container

which remains unbreached by mechanical failure modes for extended periods will

allow in-situ radionuclide decay, and delay the onset of waste-form leaching.

i:) Thus, a container will be of significant importance with respect to defining

the radionuclide source term.

4.

Portions of 10 CFR 60 That Are Directly Connected To The Issue

§ 60.113 Performance of particular barriers after permanent closure

(1)

(i

Engineered barrier system

The engineered barrier system shall be designed so that assuming
anticipated processes and events, (A) containment of HLW will be
substantially complete during the period when radiation and thermal
conditijons in the underground facility are dominated by fission produce
decay; (B) any release of radionuclides from the engineered barrier
system shall be a gradual process which results in small fractional

releases to the geologic setting over long times.
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5. Summary of the Present State of Knowledge, With Analysis of Uncertainties

A recent report by Soo and Brewster (BNL-NUREG-31774, 1982) shows that the
mechanical failure of a HLW container is primarily dependent on the specific
design, the temperature history and the mode of loading. Containers
constructed of thick, ductile, high-strength alloys will be more resistant to
mechanical failure; lower temperatures will increase the strength and also
reduce the possibility of failure. (It should be noted that corrosion-enhanced
mechanical failure such as stress corrosion cracking, is considered elsewhere.)
With respect to the effect of stress state on the failure for a container,

four (4) different loading conditions are of importance (a) failure from
lithostatic/hydrostatic stresses , (b) failure from seismic activity,

(c) failure from waste form swelling or internal gas pressurization and

(d) failure from residual stresses.

In a sealed basalt repository a summary report by Siskind and Hsieh
(BNL-NUREG-51548, Part 1, 1982) states that at a depth of 1100 m the hydrostatic
and lithostatic stresses in basalt would be 11 and 33 MPa, respectively.

Recent work shows that the horizontal component of the stress from the rock
overburden could be as high as 66 MPa (Doe, ONWI-9(4), 1980). However, in

the case of BWIP, bentonite packing material would exert an additional stress

on the container when it swells through saturation with groundwater. This

swelling pressure would be additive to the hydrostatic stress and the total
effective hydrostatic stress on the contaiAer could be as high as 21 MPa. At
a temperature of 300°C, there could be deformation of the low carbon steel
container, especially in the void region adjacent to the waste glass surface.

This would lead to creep or ductile failure of the container.

Seismic events in which hard rock masses could deform along linear faults were
considered to be a source of high stress by Pusch (KBS Report, KBS-TR-22, 13977).
His analysis showed that certain materials uesd in KBS container designs would
not withstand shear stresses which could breach the container. He believed,
however, that high strength materials could withstand mechanical failure

provided packing materials were placed around the container.
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Waste glass may suffer from irradiation induced swelling which will deform the
type 304L stainless steel mold into which the glass is cast. However, a
maximum volume increase of 1 percent is anticipated after 1000 years and this
would be expected to cause deformation in the mold rather than the surrounding

Tow carbon steel container in the BWIP design.

Residual stresses in the low carbon steel container are probably concentrated

in welded regions. Although they may induce lecal deformation at 300°C due to
stress relief effects, they do not appear to present a problem in the absence

of an aggressive environment. Since the BWIP waste package is non-shielded,

hydrogen will be generated by gamma radiolysis and this could lead to

container failure.

6. Summary of the Additional Information Needed to Resolve the Issue By

the Time of Construction Authorization Application

In order to successfully specify a mechanically~adequate container design the

following additional data requirements will be required:

(a) A conservative estimate of anticipated stress levels in the container

system over the 1000 year containment period.

(b) A specification of the maximum compressive stresses (vertical and
horizontal) and 1ikely shear modes acting on the container system over
the 1000 year containment period.

(c) Accurate estimates of the container temperature as a function of time.

(d) A detailed description of waste package materials, geometries, and
dimensions to determine stress-strain behavior under likely loading

conditions.

(e) Comprehensive information of creep and other mechanical properties for

low carbon steel base and welded material for temperatures

12/02/82 3 ‘ BWIP DSCA/SIA 2.4/CHANG



[y

between 80-300°C. Effects of hydrogen level on deformation

behavior also need to be determined.

(f) Multicomponent stress analysis to determine how the waste form and

packing material modify the loading and deformation of the container.

7. Summary of the Planned Approaches to Testing, Tests, Test Methods,

and Investigations to Provide the Information Needs of (6):

EfemenT farhe T
The contents of Work Wiwmwnt No. W.1l.2.A purpose to address the eva]uatien of
mechanical loads on the container but, as discussed in NRC Issue No. ziifé,z.
the actual ptan for this effect does not seem to devote enough effort to this
problem. These appears to be little description of the types of mechanical
failure which could occur after Fepository closure, with the exception of
stress-corrosion cracking and hydrogen embrittlement described in Work
Element W.1.6.A. It is felt that some consideration should be given to
specifying Tikely mechanical failure modes for breaking the container since
the distribution and size of failed zones will determine the rates of

release of radionuclides from 1the waste form.

8. Analysis of (7) As To Completeness, Practicality and Likelihood of

of Success:
At present the definition of mechanical fa%]ure modes for the container are
not adequately addrssed in the SCR Work Element. It is recommended that this
be carried out as a Aimportant priority since the types of failure will
influence radionuclide release rates. 1If the waste package design and
reporting conditions are well defined it is 1ikely that the controlling
failure mode can be identified, and verified by experiment and structural

analysis.
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Issue No. 2.5

1. Name of the Site: BWIP - Hanford, Washington

2. Statement of the Issue: What are the chemical and physical property

changes in container materijials and what are the resultant properties.

3. Importance of the Issue to Repository Performance

The container will be the principal component that restricts water from
reaching the waste form. Since jits chemical and physical properties will be
altered by corrosion and mechanical failure, its impact on the rate of radio-

nuclide release needs to be quantified.

4q. Portions of 10 CFR 60 That Are Directly Connected To The Issue

j:) §60.113 Performance of particular barriers after permanent closure

(1) Engineered Barrier system

(i) The engineered barrier system shall be designed so that assuming
anticipated processes and events, (A) éontainment of HLW will be sub-
stantially complete during the period when radiation and thermal
conditions in the underground facility are dominated by fission product
decay; (B) any release of radionuclides from the engineered barrier system
shall be a gradual process which results in small fractional releases to

the geologic setting over long times.

5. Summary of the Present State of Knowledge with Analysis of Uncertainties

The consequences of container corrosion and mechanical failure processes need
to be evaluated insofar as they affect the behavior of adjacent waste package

: components. Several important factors concern their effect on the release of
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radionuclides from the waste form, and packing material performance. In the
one case, the rate at which repository water flows around the waste form
depends on the corrosion/mechanical failure mode operating. For example,
catastrophic cracking from hydrogen embrittlement would be expected to give
water unlimited access to the waste form, whereas failure by a small number of
corrosion pits may restrict the release of radionuclides. A scenario for the
corrosion/mechanical penetration of the container will, therefore, be needed.
With respect to corrosion of low carbon steel, voluminous oxide formation will
inhibit heat transfer and may elevate the waste form temperature and enhance
the Teach rate. Together, the corrosion products and released radionuclides
could form alteration products with the surrounding packing material and alter

their sorptive behavior.

6. Summary of Additional Information Needed to Resolve the Issue by the

Time of Construction Authorization Application

The following data will be needed to characterize the interaction behavior of

the container with adjacent barriers: .

(a) A postulated container failure scenario which will permit an estimate to
be made of the rate at which repository water passes through a perforated
container to the waste form. This will enable the effect of water

residence time on leachability to be determined.
(b) Estimates of the thickness and thermal conductivity of oxide films on the
container. This will permit temperature profiles through the waste

package to be determined as a function of time.

(c) An evaluation of the change in packing material performance as a result of

interactions with corrosion products from the waste form and container.

7. Summary of the Planned Approaches to Testing, Tests, Test Methods, and

Investigations to Provide the Information Needs of (6)

Several Work Elements in the SCR (W.1.6.A, W.1.7.A, W.1.12. A, W.1.19.8B)

generally cover the performance of waste package components after repository
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closure. However, more address in any detail the specific issues listed in

Mo

section (6) above. It is possible that as the BWIP effort progresses, there ’

specfific issues will require analysis and be factored into the ongoing

research and development programs. To fully characterize,fhgichanges&in the
MATUR P

physical and chemical name of changes in the container characterities,

however, an extensive effort is required since the changes will be severe as
the residence time of the waste package in the repository becomes large.

Thus, a satisfactory means offTﬁL%yilQ' these long term changes from more- Seieri”
therm experiments needs to be deve]opéd.

Zoren

8. Analysis of (7) As To Completeness, Practicality and Likelihood of

of Success

As specified in (7), above, the BWIP program does not directly address the
T{ng term physical and chemical changes in package components due to
interaction effects. Because of the complexity of the problem, definite data
may not only be obtained but it may be possible to make conservative estimates
of the changes which can then be factored into yﬁste package desﬁgn. In doing
so, the ability of the engineered system to‘;zgk NRC performance criteria can

be addressed.

12/02/82 3 BWIP DSCA/SIA 2.5/CHANG



iy

Issue No. 2.6

1. Name of the Site: Basalt Waste Isolation Project (BWIP) - Hanford,

Washington

2. Statement of the Issue: What are the mechanical loads on the container

vs. time? How do the packing materials alter the loading?

3. Importance of the Issue to Repository Performance

The basic importance of mechanical failure issues for BWIP containers is
described in NRC Issue No. 2.4 and focuses on the container's role in radio-
nuclide containment and source term quantification. The current Issue on
the definition of the load vs. time relationship is of importance since it
is needed to qualify the mechanical design of the container system, to esti-
mate the degree of container breaching so that water flow rates around the
waste form can be examined for leach rate analysis, and to estimate the time

when the waste form will be contacted by water.

4. Portions of 10 CFR 60 That Are Directly Connected To The Issue:

§ 60.113 Performance of particular barriers after permanent closure

(1) Engineered barrier system

(i) The engineered barrier system shall be designed so that assuming antici-
pated processes and events, (A) containment of HLW will be substantially
complete during the period when radiation and thermal conditions in the
underground facility are dominated by fission produce decay; (B) any
release of radionuclides from the engineered barrier system shall be a
gradual process which results in small fractional releases to the geo-

logic setting over long times.
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5. Summary of the Present State of Knowledge with Analysis of Uncertainties

At this time the BWIP waste package design is tentative as are estimates of

the anticipated temperature changes with time. Effective l1ithostatic/
hydrostatic stresses also appear to be largely unknown. The recent work at
Stripa (KBS-TR-22, 1977) shows that horizontal stresses in granite may be twice as
large as those estimated from the rock overburden so that any mechanism failure
of the container would more likely occur from this stress condition. Shear
failure may also be a possibility due to rock movement along fault planes. At
this time, therefore, significant uncertainties exist with respect to the
identification of the stressing mode on the container, the magnitudes of the
stresses, the effects on a deformable packing material in redistributing
stresses, and the rate of deformation. Until these factors are quantified the

mechanical failure time for a container cannot be determined.

6. Summary of the Additional Information Needed to Resolve the Issue By

the Time of Construction Authorization Application

In order to successfully specify a mechanically-adequate container design the

following additional data requirements will be required:

(a) A conservative estimate of anticipated stress levels on the container

system over the approximately 1000 year containment period.

(b) A specification of the maximum compressive stresses (vertical and
horizontal) and likely shear modes acting on the container system over

the approximately 1000 year containment period.

(c) Accurate estimates of the container temperature as a function

of time.
(d) A detailed description of waste package materials, geometries, and

dimensions to determine stress-strain behavior under likely loading

conditions.
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(e) Comprehensive information of creep and other mechanical properties for
low carbon steel base and welded material for temperatures between
80-300°C. Effects of hydrogen level on deformation behavior also need

to be determined.

(f) Multicomponent stress analysis to determine how the waste form and pack-

ing material modify the loading and deformation of the container.

7. Summary of the Planned Approaches to Testing, Tests, Test Methods,

and Investigations to Provide the Information Needs of (6):

The general outline in SCR Work Element No. W.1l.2.A covers the recommended
work scope in their Site Issue Analysis. It covers the proposed
determination of temperature, loading and environmental histories for the
waste package. However, close evaluation of the plan for Work Element
W.1l.2.A. on page 15.3-13 seem to focus only on chemical/hydraulic effects
with 1ittle consideration for evaluing the loading to be expected 6n a waste
package as a function of time. %t»sgems that much more emphasis needs to be
placed on the Tatter since weé&ufi::ivfai1ure modes may be extremely

PSRN

important with regret to demonstrating compliance with NRC performance

objectives.

8. Analysis of (7) As To Completeness, Practicality and Likelihood of

of Success:

Based on the discussion in (7) above it-seems that extra emphasis will be

- i

needed on characterizing the waste package loading “errt for the anticipated

B

. —i.ade : -0 .
BWIP repository design. Apart.rom their the overall BWIP text plan which
correlates environment and thermal conditions with 1oading?ﬂ&iWL apears to be
appropriate. A reevaluation of the text program should be carried.out by NRC

as full details of the loading are specified.

12/02/82 3 BWIP DSCA/SIA 2.6/CHANG



‘*\\ References:
——
1. KBS~TR-22, "The Influence of Rock Movement on the Stress/Strain Situation
in Tunnels or Bore Holes with Radiocactjve Canisters Embedded in a

Bentonite/Quartz Buffer Mass," 1977.

o’

12/02/82 4 BWIP DSCA/SIA 2.6/CHANG



Iy,

Issue No. 2.7

1. Name of the Site: Basalt Waste Isolation Project (BWIP) - Hanford,
Washington
2. Statement of the Issue: What are the possible corrosion failure modes

for the container?

3. Importance of the Issue to Repository Performance

The container is generally considered to be the most important engineered
barrier with respect to containing radionulcides. Because of this a container
which remians unbreached by corrosion failure modes for extended periods will
allow in situ radionuclide decay, and delay the onset of waste-form leaching.
Thus, a container will be significant importance with respect to defining the

radionuclide source term.

4, Portions of 10 CFR 60 that are Directly Connected to the Issue

§ 60.113 Performance of particular barriers after permanent closure

(a) General provision.

(1) Engineered barrier system.

(i) The engineered barrier system shall be design so that assuming
anticipated processes and events (A) containment of HLW will be substantially
complete during the period when radiation and thermal conditions in the
underground facility are dominated by fission product decay; (B) any release
of radionuclides from the engineered barrier system shall be a gradual process
which results in small fractional releases to the geologic setting over long

time.
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:: 5. Summary of the Present State of Knowledge with Analysis of Uncertainties

Voluminous data exist on the corrosion of low carbon steel in a wide range of
aqueous solutions. Uniform corrosion, pitting, crevice corrosion, stress

corrosion cracking and hydrogen embrittlement are known to occur.

Although uniform corrosion rates in "clean" water are unlikely to cause
failure of the BWIP container, based on available data on the range of uniform
corrosion rates, pitting may present a problem since the rate of penetration
may be higher by a factor of 4 to 11 (Southwell, Romancff). Thus pits may

penetrate the BWIP container during the containment period.

Crevice corrosion may readily occur in low carbon steel due to the formatiqp
of an oxygen concentration cell consisting of a small oxygen starved g;izzgland
a large caghode with a higher surrounding oxygen level. 1In the crevice region
(the aiggﬁé) the lack of oxygen allows the hydrogen ion concentration to rise
and attract ions such as §1—to migrate to the crevice to maintain

(%j) electroneutrality. As ﬁg;bui1ds up the metal in the crevice region is rapidly

attached. A similar mechanism applies to pitting.
Carbon steel can suffer failure by stress corrosion cracking (SCC) under caustic
environments and mechanical tensile stresses. Current theory uses a variety of
mechanisms to describe all the characteristics and mode of SCC. These can be
segregated into roughly three categories: cracks which are associated with
either

(a) pre-existing active paths

(b) strain generated active paths

or (c) specific ansorption at subcritical stress sites.

Pre-existing active paths in an alloy are formed by microsegregation and

precipitation within a metal, usually at grain boundaries. Local galvanic cells

)
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are established weakening the metal against mechanical failure.
Microsegregation can be minimized by proper melting practice and careful
consideration of casting technique. Precipitation can be minimized by keeping

alloy content low and removing suifur. (Parkins)

Strain generated active paths usually initiate at slip steps occuring at the
surface of the metal. SCC proceeds intergranularly. Specific absorption
paths require absorption of gases (particularly HZ) into small cracks on the

surface of the metal. (Parkins)

The role of hydrogen in SCC is not explicitly defined, although it is clear
the H2 of m'l4 embrittiement will render a metal susceptible to SCC. (Logan and
Yolken) In some cases if metal is in a strain condition, hydrogen will reduce

the metal's yield strength to the point where it can fail mechanically. (Bhat)

The rate of hydrogen diffusion into a metal and the depth of attack
(decarburization and fissuring) various with metal heat treatment, H2
pressure, atomspheric moisture content and temperature. (Bhat, Gutziet,

Logan berefrx7) There exists an incubation period for attack, although it is
shortened considerably by water vapor. Water vapor also increases the depth
of hydrogen attack. However, Gutziet and Thygé;son report attack depths which

¥
Jogarithmically approach only a few millimeters. (Gutzeit and Thygemson Jr.)

Solution chemistry and mechanicé] strength also plays a dominate role in the
modes of SCC. In aqueous chloride environments, for example, SCC is dependent
on the yield strength of the alloy. Probability of failure increases for
steels with strengths greater than 689 MN/m? (100,000 psi), while steels less
strong appear uniformly resistant. Cracking rate increases with temperature
and CI concentration, but the critical stress factor (K ) does not.

ISCI

6. Summary of the Additional Information Needed to Resolve the Issue By

the Time of Construction Authorization Applicaton

The following basic data will be needed to fully quantify the corrosion

behavior of a low carbon steel container in BWIP:
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(a) A specification of the temperature-time history and locad-time of the

container.

(b) A specification of the Eh, pH in the vicinity of the container as a

function of time.

(c) A determination of the water chemistry between the container and packing

material.

(d) Long term data on the uniform, pitting, and crevice corrosion rates for

base and welded material.

(e) Examination of the stress on the container and its effects on stress

corrosion and hydrogen embrittlement.

(f) Determination of gamma radiolysis effects in terms of oxygen and hydrogen

pickup, and how these factors influence uniform and local corrosion.

7. Summary of the Planned Approaches to Testing, Tests, Test Methods

and Investigations to Provide the Information Needs of (6)

The SCR addresses the need to fully characterize corrosion failure modes in
Tow carbon steel in order toc determine whether the container can meet NRC

radionuclide containment requiréments. In the text program given in WOrk4,
Hesd e
Element W.1.6.A (Table 15-2) the basic research will be centered on terrain-of
PRS- T phiea e £ S8 Fimal v
a range of candidate memes to determ1ne the most corros1on reactions. Adcance
2 liaat 'f?‘z“i,n«., - Y TCL»
texts will then be conducted on 2-3 high proor1ty memoes to be texted in the

Py v

presence of pack1ng material for a range of ant1c1pated repository conditions,

Ve AT A ER AR cfregt-
including radiocaction. Uniform corrosion, printing, strem-corrosion cracking,

.

untergranular corrosion, crevice corrosion, and hydrogen embrittlement are all

to be addressed.
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:: 8. Analysis of (7) As To Completeness, Practicality and Likelihood of Success

The text program as briefly outlined in Table 15-2 is logical and complete.
The program should be adequate if the tekt take into detailed confidence the

localezied conditions which will be present however the container and packing

material. Also, alteration number be focussed on the effects of tocal
P R LA A U
nter and precipotation which are known to significiantly affect

corrosion. Characterization of welds is also mandatory.
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ISSUE NO. 2.8

1. Name of the Site: BWIP - Hanford, Washington

2. Statement of the Issue: What is the effect of packing materials on

the corrosion mechanisms for the container?

3. Importance of the Issue to Repository Performance:

The container's ability to restrict water ingress to the waste form
surface depends on its resistance to corrosion failure. Any adverse
interaction with packing materials is likely to accelerate uniform and

localized corrosion and lead to a reduction in containment time.

4. Portions of 10 CFR 60 That Are Directly Connected To The Issue:

§60.113 Performance of particular Barriers after permanent
closure.

(1) Engineered barrier system

(i) The engineered barrier system shall be designed so that assuming
anticipated processes and events, (A) containment of HLW will be
substantially complete during the period when radiation and thermal
conditions in the underground facility are dominated by fiséion
produce decay; (B) any release of radionuclides from the engineered
barrier system shall be a gradual process which results in small

fractional releases to the geologic setting over long times.

5. Summary of the Present State of Knowledge, With Analysis of Uncertainties:

Most research carried out to date on metallic corrosion of container
materials involves the exposure of metal samples in prototypic groundwater,
i.e., single component testing. The presence of packing material adjacent

to the container is Tikely to adversely affect the rate of corrosion by

12/02/82 1 BWIP DSCA/SIA 2.8/CHANG



Iy,

./

providing a geometry equivalent to that for crevice corrosion in which
local water chemistries may be dramatically altered. 1In the small volume
of water between the container and packing material it is well documented
that rapid decreases in groundwater pH values will occur, possibly leading
to accetlerated uniform corrosion and pitting and also hydrogen absorption.
Complex corrosion produce/packing material interactions may occur which
again may lead to a poorly defined local repository water chemistry.

Radiolysis effects would also be magnified in the restricted volumes of

water.

6. Summary of the Additional Information Needed to Resolve the Issue By

the Time of Construction Authorization Application:

Comprehensive data are needed to characterize container/packing

material interactions in order to:

(a) Determine Eh, pH conditions at the container surface and
correlate these with long term local and uniform corrosion

rates.

(b) Determine chemical changes in the'groundwater as a result of
corrosion and radiolysis products and correlate these with

local and uniform corrosion rates.
(c) Determination of chemical changes in the groundwater as a
result of its passage through packing materials and correlate

these with local and uniform corrosion rates.

7. Summary of the Planned Approaches to Testing, Tests, Test Methods,

and Investigations to Provide the Information Needs of (6):

?

- "ﬂ VA. .
The text programs described in Table 15-2 pf tje SCR, fig. Screening and
’f’&tz\w ] P
advanced texts on container components w1th4and without policy a,:vuef

,‘/y0~ ,';'Q).);A
being presnet (WOrk E1ement W-1.6.A), des1reTy advances the need to determine
the possible delet1on effects of packing materials on corros1on failure
rates. Total Eh and pH corrosions are a part of this text effort as well

as radioaction effects.
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8. Analysis of (7) As To Completeness, Practicality and Likelihood of

N of Success:
-

-t .
P AA
Py A A~ -

The general on=line of the interaction texts specified in Table 15-2
appear satisfactory but the completeness and likely needs of the program
will depend on the specific types of te;ts carried out, and:he means by

which extrapo1a§ion of text data to long term behavior predication is
e AT

developed.

).
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Issue No. 2.9

1. Name of the Site: BWIP - Hanford, Washington

2. Statement of the Issue: How do Eh, pH, and PO, change with time in the

vicinity of the container packaging?

3. Importance of the Issue to Repository Performance

Eh, pH, and dissolved oxygen content PO, of the repository water will largely
determine the containment 1ife and the radionuclide release rate of the waste
package. The corrosion rate of the mild steel container is expected to depend
greatly on dissolved oxygen content (RHO-BWI-ST-15, 1982). The stability of
the packaging material under hydrothermal conditions may depend upon the pH
because the solubilities of component phases are affected by strongly alkaline
or acid solutions (BNL-NUREG-31770, 1982). These parameters (Eh, pH, and
controlled oxygen content of the repository water) will change with time
following repository closure as the repository temperature changes and as
transport processes and controlling chemical reactions proceed. Therefore, the
values of Eh, pH, and PO, within the waste package as a function of time must
be known. These values are needed to determine whether laboratory tests can

reflect waste package behavior in the changéng repository environment.

4, Positions of 10 CFR 60 that are Directly Connected to the Issue

§60.113 Performance of particular barrier after permanent closure

(a) General provisions

(1) Engineered barrier system

(i) The engineered barrier system shall designed so that assuming anticipated
processes and events (A) containment of HLW will be substantially complete

during the period when radiation and thermal conditions in the underground

facility are dominated by fission product decay; (B) any release of radionuclides
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from the engineered barrier system shall be a gradual process which results in
small fractional releases to the geologic setting over long times. In the case
of disposal in the saturated zone, it shall be assumed in designing the engineefed
barrier system that partical or complete filling with groundwater of all
available void spaces in the underground facility occurs. (ii) In satisfying
preceding requirement, the engineered barrier system shall be designed,

assuming anticipated processes and events, so that: (A) Containment of HLW
within the HLW waste package will be substantially complete for a period of

1,000 years after permanent closure of the geologic repository, or such other
period as may be aproved or specified by the Commission. (b) The release

rate of any radionuclide from the engineered barrier system following the
containment period shall not exceed one part in 100,000 per year of the inventory
of that radionuclide calculated to be presented at 1,000 years following
permanent closure, or such other f}action of the inventory as may be approved

or specified by the Commission; provided that this requirement does not apply

to any radionuclide which is released at a rate less than 0.1% of the calculated
total release rate limit. The calculated total release rate 1imit shall be

taken to be one 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.

5. Summary of the Present State of Knowledge with Analysis of Uncertainties

Anticipated Eh, pH, and dissolved oxygen coﬁtents are presently derived from
studies on basalt-seawater systems, direct laboratory measurements on synthetic
groundwater contacted with crushed basalt and measurements on actual samples of
basaltic groundwater (PNL-4382, 1982). These data imply that the repository Eh
and pH will be controlled by the geochemical properties of the basalt. »
Strongly reducing anoxic conditions (Eh ~-0.5 eV) are predicted to prevail over
most of the repository lifetime. Oxygen introduced during repository emplace-
ment operations is expected to be scavenged following repository closure. pH
values ~6.0 to 9.6 are anticipated (RHO-BWI-ST-7, 1980). Uncertainties
associated with Eh and pH predictions include the following: (1) the Eh of
repository groundwater is difficult to measure under field conditions
(PNL-4382-and NUREG/CR-2780). Present Eh data on field samples are largely
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inferred from thermodynamic considerations or observed chemical specifications
in redox couples, (2) the present data base on 0, scavenging kinetics in
basalt-water systems is limited. Detailed information is not available on
surface area and/or surface alteration effects which may 1imit uptake rates.
Initially, it was estimated thét several hundred years might be required to
achieve equilibrium redox conditions following repository closure (RHO-BWI-ST-7).
Recently, these estimates have been substantially reduced. (3) It is not yet
clear how well "bulk" Eh and pH determinations carried out at high water to
rock ratios reflect local conditions at the interface between packing and a
(possibly corroding) container. (4) Recent experiments to investigate the
geochemical reactions between groundwater and packing components are largely
carried out under accelerated conditions in a static environment. Additional
information 1s needed to relate accelerated hydrothermal test results to

anticipated reactions and reaction rates in the repository environment.

6. Summary of the Additional Information Needed to Resolve the Issue by the

Time of Construction Authorization Application

The reaction kinetics of oxygen scavenging should be determined and confirmed
under actual field conditions over a range of temperature and groundwater flow.
Rate limitations imposed by surface area and/or surface alteration of the
basalt should be clearly defined. Analytical techniques used to predict
l;steady state" Eh conditions should be confirmed. The degree of correspondence
between "bulk" solution properties and those local properties very near the
packing-container interface should be established. This should include
consideration of solution radiolysis effects (see Issugiz.lo). It should

be confirmed that the dominant reactions in accelerated hydrothermal tests will
also be rate controlling in the repository environment over a range of flow

rates and temperatures.
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7. Summary of the Pianned Approaches to Testing, Tests, Test Methods, and

Investigations to Provide the Information Needs of (6)

TBD

8. Analysis of (7) As To Completeness, Practicality and Likelihood of

of Success

TBD
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Issue No. 2.10

1. Name of the Site: BWIP - Hanford, Washington

2. Statement of the Issue: What is the radiolytic generation of hydrogen,
oxygen and other species due to gamma radiation in the vicinity of the

container.

3. Importance of the Issue to Repository Performance

The chemical durability of the barrier components which retard the progress of
water to the waste forms depends sensitively upon the Eh, pH and oxygen content
of the water to which these components are exposed. These properties in turn
may be affected by gamma radiolysis processes in the groundwater. For example,
corrosion rates of the mild steel container could be increased if radiolytic
oxidants are generated in sufficient quantity. This issue is directly related
to issue No. 2.9 which generally addresses the evolution of Eh, pH and PO, in

the vicinity of the container and packaging.

4. Portions of 10 CFR 60 That Are Directly Connected To The Issue
60.113 Performance of particular barrier after permanent closure
(a) General provisions

(1) Engineered barriersystems

(i) The engineered barrier system shall be designed so that assuming
anticipated processes and events (A) containment of HIW will be
substantially complete during the period when radiation and thermal
conditions in the underground facility are dominated by fission

product decay; (B) any release of radionuclides from the engineered
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barrier system shall be a gradual process which results in small
fractional releases to the geologic setting over long times. In the
case of disposal in the saturated zone, it shall be assumed in
designing the engineered barrier system that partial or complete
filling with groundwater of all available void spaces in the

underground facility occurs.

(i1) In satisfying the preceding requirement, the engineered barrier
system shall be designed, asssuming anticipated processes and events,

so that:

(A) Containment of HLW within the HLW waste packages will be sub-
stantially complete for a period of 1,000 years after permanent
closure of the geofogic repository, or such other period as may

be approved or specified by the Commission.

{B) The release rate of any radiocnuclide from the engineered barrier
system following the containment period shall not exceed one
part in 100,000 per year-of the inventory of that radiocnuclide
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 Commission; provided, that this
requirement does not apply to any radionuclide which is released
at a rate less than 0.1% of éhe calculated total release rate
1imit. The calculated total release rate 1imit shall be taken
to be one part in 100,000 per year of the inventory of radio-
active waste, originally emplaced in the underground facility,

that remains after 1,000 years of radioactive decay.

5. Summary of the Present State of Knowledge with Analysis of Uncertainties

A lot of information exists on radiolysis effects in pure water.
Radiolysis data on rock salt brines is presently available and additional data
are being generated. Radiation corrosion data are also available for various

reactor applications and are being generated for container/brine systems.
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These data have been recently reviewed (Glass, 1981) from the viewpoint of

corrosion effects on HLW containers. However, a bounding analysis for conditions

relevant to a basalt repository have not been carried out.

Uncertainties in the yields of radiolysis products in basaltic groundwaters
under BWIP conditions largely reflect the lack of direct experimental data. As
a first approximation one might consider basaltic groundwater as similar to
deijonized water. However, scavenging or recombination processes peculiar to
the particular chemical makeup (including possible corrosion products, etc.)
of the system under study might significantly affect this correspondence. It
has been postulated (Smith, 1980) that under the strongly reducing conditions
anticipated under steady state conditions in the backfill, water radioé&sis
would be suppreséid by recombination process 1nvo1v1ng dissolved hydrogen.
(alculations.bullen-and-modre, 1976) For water rad1ocys1s in a reactor
environment indicate that the concentration of radiocytica]]y produced
oxidines such as OH and 0, may be substantially reduced by dissolved hydrogen
pressures of ~ 0.01 MpA. On the other hand, when scauengen are present, water
radicysis can proceed for beyond this point. Irradiated baines, ofr example,
may yield H, pressures greater than o.6 ‘MpA. The major uncertainties, then in
the radly__ product yields and levels in the vicinity of the Casnister are
associated with (1) the rates at which radiocytic process complete with the
geochemical buffening process (2) Uptake and loss measurements for disscussed
hydrogen (3) the effects of possible and (4) the rate at which

oxidizing species are assumed in corrision.

6. Summary of the Additional Information Needed to Resolve the Issue By

the Time of Construction Authorization Application

Information to bound the formation rates (G-values) and steady-state concentra-
tion of 0,, H, and H,0, will be required. Other radiolysis products which
might alter Eh or pH should be identified and their effects bounded. This

information should consider the influence of radiation dose rates, temperature
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and local conditions at the container packing interface. In particulat, the

following information should be obtained.

The effect of dissoTved hydrogen concentrative one steady state

concentration of radiocysis products,

. The rate at which dissolved hydrogen concentrations will near
the container/backfill interface due to geochemical raditions and transport

processes.
Indentification of any mechanisms, including corrosion which
would complete with recumbimation processes for osdeletion of radiocytic

oxisants.

The possible effects of local innomifenieties (i.e., cells crevices,

etc.) at the container-backfill interface.

7. Summary of the Planned Approaches to Testing, Tests, Test Methods, and

Investigations to Provide the Information Needs of (6)

For an __ container, only the corrosion tests under gamma irradiocation
described in work element W.1.3.A appear to be immediately ____ . Backfill is
to be exposed to extermal gamma irradiation in work elements W.1.3.A. It is
not clear if the conditions of backfill expérimentswi11 be applicable toward
desirring radiocysis effects at the container.backfill interface. These
experiments appear to be the scoping type: In the corrisoion experiments,
hydrothermal tests are to be carried out to detelrmine if radiation affects
rates. If an effect is observed, further measurements will be carried

out. Detailed experimental conditions are not stipulated.

Hydrothermal testing expeiments will radioactive write forms as a radiation
source and also describe in work element W.1.3.A. 1In pronciples, these should
display radiation effects within the entire waste package, in the presence of
interacting components. It may be diffucult, in such a complex system. to

extract data on particular radiation effects (i.e., supression of radiocysis
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by issolved hydrogen) from these experiments. The extent of interactive
between these experiments, and the backfill and corrosion these under extermal

irradiation was not described.

8. Analysis of (7) As To Completeness, Practicality and The Likelihood of

of Success

The experiments described in the planned approcise do not, in general, appear
capable of generating detailed inconmption on the anticipated concentrative of
radiocysis process. This is admittedly judgemental, since the plans are not
set forth in detail. However, no specific mention is made or directly
identifying radiocytic species or determining the kinetic aspects of the
radiocysis mechanism (dose not effects, gydoues and steady state
concentration, etc.) Rather the approaches is to determine now (if at all)
radiation affects a particular process (e.g. corrosion) under a particular set
of conditions (e.g. hydrothermal contact with relastic groundwater at low

eH). Subsequent plans will depend on the results of these scuping experiments.

In the obsence of a mechanistic study on radiocysis effects themselves a major
concern with the present approach is now well the planned experiments reflect
wont care or bounding conditions. This topic is not discussed in the test
plans; indeed, some mechanistic consideration might be necessary to define
such conditions. For example, if a locally reducing environment and/or a high
hydrogen fugdcity is postu]atedvto be important radiocysis effects, then
scoping tests should reflect the manner and extent to which such conditions
may be established in the repository environment. Tests where the geochemical
reactions are accelrated or the hydrogen partically contained may mask the

significance of radiocysis may be masked.
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Issue No. 2.11

1. Name of the Site: BWIP - Hanford, Washington

2. Statement of the Issue: What is the dependence of the oxygen removal

rate from packing material upon temperature, pressure, radiolysis,
packing materials physical characteristics, groundwater flow rates,

composition, and time?

3. Importance of the Issue to Repository Performance

The time evolution of Eh values within the waste package following repository
closure is said to be dominated by oxygen scavenging in the packing material
following resaturation. Eh is a key factor in the performance of the packing,
container, and waste form. The rate at which this oxygen scavenging occurs is
broadly relevant to all issues concerning the geochemical environment of the
packing, container, and waste form (see issues 2.9, 2.10 and 2.18. The ability
of the packing material to provide a low Eh environment must be known over a
range of external variables, both to establish anticipated behavior and to

determine operating limits for waste package performance.

4. Portions of 10 CFR 60 That Are Directly Connected To The Issue

§ 60.113 Performance of particular barriers after permanent closure

(a) General provision.

(1) Engineered barrier system.

(i) The engineered barrier system shall be design so that assuming
anticipated processes and events (A) containment of HLW will be substantially
complete during the period when radiation and thermal conditions in the
underground facility are dominated by fission product decay; (B) any release

of radionuclides from the engineered barrier system shall be a gradual process
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which results in small fractuinal releases to the geologic setting over ling
time. In the case of disposal in the saturated zone, it shall be assumed in
designing the engineered barrier system that partial or complete filling with
groundwater of all available void spaces in the underground facility occurs.

(i1) In satisfying the preceding requirement, the engineered barrier
system shall be desinged, assuming anticipated processes and events, so that:

(A) Containment of HLW within the HLW waste packages will be
substantially complete for a period of 1,000 years after permanent closure of
the geologic repository, or such other period as may be approved or specified
by the Commission.

(B) The release rate of any radionuclide from 1the engineered barrier
system 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 Commission; provided, that
this requirement does not apply to any radionuclide which is released at a
rate less than 0.1% of the calculated total release rate 1imit. The
calculated total release rate limit shall be taken to be one part in 100,000
per year of the inventory of radioactive waste, originally emplaced in lthe

underground facility, that remains after 1,000 years of radicactive decay.
§ 60.135 Criteria for the waste package and its components.

(a) High-level-Waste package design in genéra].

(1) Packages for HLw shall be designed so that the in situ chemical,
physical, and nuclear properties of the waste package and its interactions
with the emplacement environment do not compromise the function of the waste
packages or the performance of the underground facility or the geologic
setting.

(2) The design shall include but not be limited toconsideration of the
following factors: solubility, oxisation/reduction reactions, corrosion,
hydriding, gas generation, thermal effectls, mechanical strength, mechanical
stress, radiolysis, radiation damage, radionuclide retardation, leaching, fire

and explosion hazards, thermal loads, and synergistic interactions.
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1. Information on the fundamental rate constants which describe the oxygen
scavenging reaction(s), in the vapor and liquid phases. This should
describe the effects of external variables such as temperature, pH, and

pressure,

2. Information on the effect of "process parameters,” such as water-to-rock
ratio, surface to volume ratio, repository flow rate and radiolysis
effects (see Issué:Z.lo) on the extent to which the scavenging
reactions operate. In particular, it should be established how oxygen
scavenging rates will be affected as reaction products accumulate on

material surfaces.

6. Summary of the Additional Information Needed to Resoive the Issue By

the Time of Construction Authorization Application

7. Summary of the Planned Approaches to Testing, Tests, Test Methods, and

Investigations to Provide the Information Needs of (6)

TBD

8. Analysis of (7) As To Completeness, Practicality and The Likelihood of

of Success

TBD
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Issue No. 2.12

1. Name of the Site: Basalt Waste Isolation Project (BWIP) - Hanford,
Washington

2. Statement of the Issue: How do microbes effect conditions affecting

corrosion modes? What effect do microbes have on the conditions

affecting transport?

3. Importance of the Issue to Repository Performance

Corrosion of the container is expected to be a critical consideration in
determining how water will penetrate the waste package. It has been
recognized for some time {cf. Shrier, 1976) that the corrosion rates of
metals, and in particular, iron, can'be,affected or enhanced by microbial
activity under certain conditions. Microbial activity may also affect pH and
redox environments; if these effects were to occur under repository

conditions radionuclide transport properties in the backfill could be

‘modified. This would affect the manner in which radionuclides are replaced

from the waste package.

Microbial activity in a deep geologic repository has not been extensively

studied. Under anticipated repository conditions, one might anticipate that
microbial effects would be relatively l1imited. A bounding analysis, however,
is necessary to establish the extent and significance of microbial effects on

conditions within the waste package.
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4. Portions of 10 CFR 60 That Are Directly Connected To The Issue

§ 60.113 Performance of particular barrjers after permanent closure.

(a) General provisions.

(1) Engineered barrier system.

(1) The .engineered barrier system shall be designed so that assuming
anticipated processes and events (A) containment of HLW will be substantially
complete during the period when radiation and thermal conditions in the
underground facility are dominated by fission product decay; (b) any release
of radionuclides from the engineered barrier system shall be a gradual
process which results in small fractional release to the geologic setting
over long times. In the case of disposal in the saturated zone, it shall be
assumed in designing the engineered barrier system that partial or complete
filling with groundwater of all available void spaces in the underground
facility occurs.

(i1) In satisfying the preceding requirement, the engineered barrier system
shall be designed, assuming anticipated processes and events, so that:

(A) Containment of HLW within the HLW waste packages will be
substantially compiete for a period of 1,000 years after permanent closure of
the geologic repository, or such other period as may be approved or specified
by the Commission.

(B)Y The release of any radionuclide from the engineered barrier system
follows the containment pefiod shall not exceed one part in 100,000 per year
of the inventory of the 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 Commission; provided, that this requirement
does not apply to any radionuclide which is released at a rate less than 0.1%
of the calculated total release rate limit. The calculated total release
Timit shall be taken to be one part in 100,000 per year of the inventory of
radioactive waste, originally emplaced in the underground facility, that

remains after 1,000 years of radioactive decay.
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§ 60.135 Criteria for the waste package and its components.

(a) High-level-waste package design in general.

(1) Packages for HLW shall be designed so that the in situ chemical,
physical, and nuclear properties of the waste package and its interactions
with the .emplacement environment do not compromise the function of the waste
packages or the performance of the underground facility or the geologic

setting.

(2) The design shall include but not be limited to consideration of the
following factors: solubility, oxidation/reduction reactions, corrosion,
hydriding, gas generation, thermal effects, mechanical strength, mechanical
stress, radiolysis, radiation damage, radionuclide retardation, leaching,

fire and explosion hazards, thermal loads,1 and synergistic interactions.

5. Summary of the Present State of Knowledge, With Analysis of Uncertainties

Microbial effects on corrosion have been studied for some time in connection
with behavior of pipes, and other objects, buried in soils. Corrosion may be
enhanced either through this action of microbial metabolic products, such as
sulfuric acid or sulfides, cathodic deploarization associated with anaerobic
growth, or local changes in solution chemistry which establish electrochemical
cell (Shrier, 1976). It has been estimated that bacterial activity may
account for as much as 50% of the failures of stainless steel buried in soils.
Perhaps the most important effects in this respect are associated with the
actions of bacteria on sulfur-containing compound. Under aerobic conditions,

Thiobacillus thio- oxidans may produce sulfuric acid by direct oxidation of

sulfur; Ferrobacillus (or Thiobacillus) ferro-oxidans may oxidize the ferrous

ions 1in FeS2 producing acid waters. It is noteworthly that the “../~e./i.-attacks
the iron directly. (Alexander, 1977). Other sulfate reducing species such as
Desulfurvibra Resulfuricans may produce corrosions of iron under anaerobic

conditions both by generating the corrosive species H,S, and possibly by a
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mechanism involving control dedi . Acid species produced will of course

vary the local pH; Eh values will also be affected by microbial redox behavior.
Anaerobic microbes, for example may reduce the Eh value of a soil from 0.4 to

- 0.1 v within one month after flooding (Spencer, et al., 1963).

In the present context, the major uncertainty in assessing microbial effects
lies in estimating the effect of repository conditions on microbial activity.
The waste package represents a hostile environment for microbes - temperatures
in excess of 100°C coupled with a relatively intense jonizing radiation field
would appear to provide an initjally sterile atomsphere, although this point
must be established. It seems most plausible that microbial activity in the
waste package could begin if microbes are transported to its vicinity
somewhere near the end of the thermal period-several hundred years after
closure. It remains to be established if this ié a viable scenario, and how
well the available nutrients (in particular carbon) would support an anaerobic
microbe population. Microbial activity has proved troublesome in gold and
coal mining operations. On the other hand, Belgian workers (Dresselaers, 1982)
examining long term (60-90 years) corrosion of cast iron structures in under-

ground coal mines were unable to find any evidence of Thiobacillus,

ferro-oxidans, or Drsulfurvibro Desulfuridans. Possibly, some preventative

measures were taken. In any event, it is difficult to generalize about

microbial activity, and site-specific evaluations are needed.
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ISSUE NO. 2.13

1. Name of the Site: BWIP - Hanford, Washington

2. Statement of the Issue: What is the solubility of radionuclides vs. time

in the vicinity of the waste form and packing materials? How are the

radionuclides released from the waste form?

3. Importance of the Issue to Repository Performance:

Radionuclides released into a volume of water adjacent to the waste form will
be partitioned between aqueous species, radiocolloids and pseudocolloids. The
concentrations of each of the components at any time is related to the physico-
chemical environment and degradation modes of the waste form. The mass flux
of radionuclides from the waste package to the near field environment can be

no larger than the product of the radionuclide concentration (including aqueous
species and other forms) times the volumetric flux of water through the waste
package. The relationship of radionuclide solubilities and waste form degrada-
tion modes to time dependent parameters such as temperature, redox potential
and pH must be known before the release rate of radionuclides from the waste

package can be predicted.

4, Portions of 10 CFR 60 That Are Directly Connected To The Issue:

§ 60.113 Performance of particular barriers after permanent closure

(a) General provisions

(1) Engineered barrier system

(i) The engineered barrier system shall be designed so that assuming

anticipated processes and events (A) containment of HLW will be
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substantially complete during the period when radiation and thermal
conditions in the underground facility are dominated by fission
product decay; (B) any release of raidionuclides from the engineered
barrier system shall be a gradual process which results in small
fractional releases to the geologic setting over long times. 1In the

case of disposal in the saturated zone, it shall be assumed in

.designing the engineered barrier system that partial or complete

filling with groundwater of all available void spaces in the

underground faiclity occurs.

In satisfying the preceding requirement, the engineered barrier
system shall be designed, assuming anticipated processes and events,
so that:

(A) Containment of HLW within the HLW waste packages will be sub-
stantially complete for a period of 1,000 years after permanent
closure of the geologic repository, or such other period as may

be approved or specified by the Commission.

(B) The release rate of any radionuclide from the engineered barrier
system followng 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 éuch other fraction of the inventory as may be
approved or specified by the Commission; provided, that this
requirement does not apply to any radionuclide which is released
at a rate less than 0.1% of the calculated total release rate
1imit. The calculated total release rate 1imit shall be taken
to be one part in 100,000 per year of the inventory of radio-
active waste, originally emplaced in the underground facility,

that remains after 1,000 years of radicactive decay.
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§ 60.135 Criteria for the waste package and its components.

(a) High-level-waste package design in general

(1) Packages for HLW shall be designed so that the in situ chemical, physical,
and nuclear properties of the waste package and its interactions with the
empigcement environment do not compromise the function of the waste

packages or the performance of the underground facility of the geologic

setting.

(2) The design shall include but not be limited to consideration of the
following factors: solubility, oxidation/reduction reactions, corrosion,
hydriding, gas generation, thermal effects, mechanical strength,
mechanical stress, radiolysis, radiation damage, radionuclide retardation,
leaching, fire and explosion hazards, thermal leads, and synergistic

interactions.

5. Summary of the Present State of Knowledge with Analysis of Uncertainties:

The solubilities of radionuclides and the durability of waste forms over a wide
range of physico-chemical conditions must be understood in order to predict
radionuclide release rates during the regulatory period. As discussed in

Issues No. 2.3 and 2.9 during the containment period, the immediate surroundings
of the waste form may change from a high temperature, acidic, oxidizing environ-
ment to a cooler, alkaline, reducing one. The properties of a glass waste

form may change due to devitrification and radiation damage (Issue No. 2.14).

At present it is not possible to predict the solubilities of radionuclides at
elevated temperatures (200-300°C) with any confidence. Most of the available
radionuclide stability complexation constants have been obtained at.temperatures
below 50°C (Apps, J.A.). Experimental determinations of solubilities of waste
form components at higher temperatures have shown that it is difficult to

assign solubilities to waste elements at the present time (Fullam, H. T.). It
is not possible to determine the temperature dependence of radionuclide
solubilities without a large number of solubility measurements at several

temperatures (Apps, J. A.). Based on a limited amount of data, it has been
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suggested that some of actinides and rare earths in the waste form may exhibit

a negative temperature coefficient of solubility (Ogard, A.).

Waste elements which can have several oxidation states may exhibit Eh-dependent
solubilities. Experimental studies at low temperatures (25°C) suggest that the
solubilities of uranium, neptunium, technetium and selenium under oxidizing
conditions are several orders of magnitude higher than they are under reducing
conditions (Wood, B. J.). Other multivalent elements such as plutonium and
americium have solubilities which are insensitive over the Eh range relevant to
waste repositories (Wood, B. J.). The solubilities of monovalent waste elements
may be independent of Eh; however, if the element forms complexes with ligands
whose concentration are Eh-dependent (e.g., 5042/HS—), then the solubility may
depend on the redox potential.

The solubilities of elements which form aqueous hydroxyl complexes or solid
oxides and hydroxides (e.g., Sb(OH)3®, Sn(OH),°, U(OH)g-, UO,(OH),, Pu(OH), (am),
Am(OH),+, may exhibit a complicated dependence upon solution pH (Apps, J. A.).

The leaching behavior of glass is similarly dependent upon a large number of
environmental characteristics. These include temperature, Eh, pH, radiation
damage (Burns, W. G.), thermal history (Clark, D. E.), and solution composition
(Lanza, F.). A1l of these parameters will vary during the regulatory period.
The deposition of a surface film of insoluble oxides and hydroxides or the
formation of a leached Tayef Will reduce the leach rate. Leachability
generally increases at higher temperatures and can be related to the Arrhenious
equation (Westsik, 1981). The actual temperature relationship, however is,
element specific and depends upon the solution chemistry and occurrence of
secondary hydrothermal reactions (Westsik, 1980; Stone, J.). Spent fuel
leaching is less dependent on temperature and may show a negative temperatue

dependence (McVay, G. L.).

In an open system, where waste elements are flushed from the waste package by
rapidly flowing groundwater, the leach rate will determiné the radionuclide
release rate. Under stagnant conditions, where the products of leaching
accumulate in the leachant, radionuclide solubilities will control the release

rate.
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6. Summary of the Additional Information Needed to Resolve the Issue By

the Time of Construction Authorization Application:

As discussed in the previous paragraph, radionuclide complexation data must be
obtained for the most toxic elements at several elevated temperatures. The
data must be obtained under the redox conditions that are most likely to
prevail at these temperatures. Leaching studies should be performed under
similar conditions and should be carried out with "aged" devitrified glasses as
well as fresh samples. The stability of the leached layers that forms during

glass dissolution should be evaluated.

7. Summary of the Planned Approaches to Testing, Tests, Test Methods,

and Investigations to Provide the Information Needs of (6):

(TBD)

8. Analysis of (7) As To Completeness, Practicality and Likelihood of

of Success:

(T8D)
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Issue No. 2.14

Name of the Site: Basalt Waste Isolation Project (BWIP) - Hanford,
Washington

Statement of the Issue: What properties of the waste form change with

time and alter the ability of the waste form to contribute to the overall
performance of the repository system or impact on the performance of

other barrier materials and properties of the site.

Importance of the Issue to Repository Performance

The solidified waste form is the source term for release of radionuclides to

the rest of the repository system and subsequently to the biosphere.

4.

Portijons of 10 CFR 60 that are Directly Connected to the Issue

§ 60.113 Performance of particular barriers after permanent closure

(a)

(1)

(i)

General provisions.

Engineered barrier system.

The engineered barrier system shall be designed so that assuming
anticipated processes and events, (A) containment of HLW will be
substantially complete during the period when radiation and thermal
conditions in the underground facility are dominated by fission product
decay; (B) any release of radionuclides from the engineered barrier
system shall be a gradual process which results in small fractional
release to the geologic setting over long times. 1In the case of disposal
in the saturated zone, it shall be assumed in designing the engineered
barrier system that partial or complete filling with groundwater of aill

available void spaces in the underground facility occurs.
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(i) In satisfying the preceding requirement, the engineered barrier system

Y
\
T——y shall be designed, assuming anticipated processes and events, so that:

(A) Containment of HLW within the HLW waste packages will be substantially
complete for a period of 1,000 years after permanent closure of the
geologic repository, or such other period as may be approved or

,specified by the Commission.

(B) The release rate of any radionuclide from the engineered barrier
system following the containment period shall not exceed one part in
the uncertainties in assessing repository performance are large,
special emphasis is placed upon the ability to contain to wastes by

waste packages within an engineered barrier system. This is known

as the containment period. The engineered barrier system includes

the waste packages and the underground facility. A waste package is

composed of the waste form and any containers, shielding, packing,

and absorbent materials immediately surrounding an individual waste

container. The underground facility means the underground
<:) structure, including openings -and backfill materials, but excluding,

shafts, boreholes, and their seals.

Following the containment period special emphasis is placed upon the
ability to achieve isolation of the wastes by virtue of the character-
istics of the geoTogic repository. The engineered barrier system
works to control the release of radiocactive material to the geologic
setting and the geologic setting works to control the release of
radioactive material to the accessible environment. Isolation means
the act of inhibiting the transport of radicactive material to the

accessible environment in amounts and concentrations within 1limits.

5. Summary of the Present State of Knowledge with Analysis of Uncertainties

Properties of the waste form will impact on the underground facility,
particularly the groundwater. Vitrified radiocactive waste and spent fuel will
;:) cause both thermal and radiation induced changes in the groundwater. Since

the backfill performance, the corrosion behavior of the container(s) and the
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leaching of the waste form itself are all dependent on the water pH, Eh, and
chemical composition, the changes in these properties induced by the presence
of the waste should be addressed. (It should be noted that by simply increas-
ing the temperature of the medium, leaching can be increased orders of
magnitude and corrosion rates will also be enhanced.) The effects of the water
environment will alter the time of containment and the rate of radionuclide

release.

In addition, the waste form may undergo changes with time that affect the rate
at which radionucliides are released. Devitrification (Hench, 1982) phase
separation as well as changes in the glass induced by fission product decay
may alter the leach properties of the glass. Recently it has been suggested
that the phase separation resulting from isothermal devitrificatin of the
glass may result in as much as a factor of 140 increase in the leach rates of
glass. Decay of the fission products will produce compositional changes in

the glass, the magnitude of which will depend on waste composition.

There is also evidence that (Wicks, 1982) surface film formation on SRP glass
results in a more durable waste form. The film which is rich in Fe and Mn
appears to be protective. In contrast, the presence of iron in the leaching
medium (McVay, 1982) has been shown to increase the leach rate of glass.
While these results are not directly comparable, the question of surface film
formation and the effect of the environment and other package components on
the durability of film is aﬁ issue that should be addressed if film formation
is claimed to enhance the performance of the glass. For spent fuel the
effects of aging on its performance have not been determined, nor have the

effects of cladding failure and corrosion product buildup.

6. Summary of the Additional Information Needed to Resolve the Issue By

the Time of Construction Authorization Application

The long term performance of the repository system is affected by the thermal
and radiolytic changes in the groundwater caused by the presence of the waste.

In addition, the performance of man made barriers and the rate of release of
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radionuclides from the waste form is affected by the environment. The

following information is necessary to close out these issues:
a. Combined thermal and radiolytic effects on groundwater.

b. Engineering studies of the variation in leach rates alone and with other
barrijer materials in "typical waters" which include the effects of

temperature and radiation.

C. Effect on leach rates/dissolution rates in "typical waters" as a result
of changes in glass properties induced by fission product decay (aged
glass), devitrification/phase sepration. The impact of film formation
and the effects of the environment (i.e., water composition, etc.) and

other package components.

d. Effect on leaching from spent fuel in "typical waters" as a function of
changes in the spent fuel in the presence of other barriers, and
considering the effects of radiation and heat.

7. Summary of the Planned Approaches to Testing, Tests, Test Methods, and

Investigations to Provide the Information Needs of (6)

The text (Chapter 11) specifically states that the present data base is
inadequate for determining the performance of the waste form (either
borosilicate glass or spent fuel) in basalt repository conditions. The
problems of devitrification, phase separation, and compositional changes in
glass as well as phase change and compositional variability in spent fuel are
noted. The potential interaction of the waste form with other barrier
materials as a function of temperature radiation and groundwater chemistry

(including Eh and pH) are also discussed.

A program is planned to determine the performance of package materials

under basalt conditions (W1l.1A). The work scoped in this work element has
complementary test activities to consider the aspects of radiation and barrier
material interactions (W1l.6A, 1.12A, and W3.7A). These tests appear to be

planned for hydrothermal conditions only.
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8. Analysis of (7) As To Completeness, Practicality and The Likelihood

of Success

The description given in the work plans is inadequate to insure that the
program is complete and likely to succeed in addressing 6(a)-(d). For

example, the materials testing plan (W1l.1lA) appears to be designed to evaluate
the performance of the waste form under hydrothermal conditions alone. This
assumes that mechanisms of leaching will not change with time and would also
infer the potential problems of long term changes in the waste form (phase
separation compositional changes, etc.) are not to be addressed. If contain-
ment fails when hydrothermal conditions no longer apply and long term changes
in the waste form have occurred, the leach rates or dissolution characteristics
determined under hydrothermal conditions may have no similarity to the behavior
at later times. Similarly, the pfograms designed to address the effects of
radiation on waste form behavior do not appear to address lower temperatures
taking into account the possibility of loss of containment when hydrothermal

conditions no longer apply.

It is clear that leach rates under hydrothermal conditions will not satisfy
the controlled release criterion. There is not enough information in the plan
to estimate the means or effectiveness of extrapolating hydrothermal data to a

lower temperature.

The programs to address barrier material interactions are again not described

in enough detail to insure that 6(b)-(d) will be resolved.
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Issue No. 2.15

Name of the Site: BWIP - Hanford, Washington

Statement of the Issue:

2.15 . What is the effect of water resident time on release of

radionuclides from the waste form?

Importance of the Issue to Repository Performance

In modeling rates of release of the various components of solide
nuclear waste forms exposed to chemical degration in agueoue media,
a distinction exists between the process which control the overall
degradation rates and transport of material away from the waste form
under conditions of short residence times on one hand and of (high
flow) long residence times (low flow) on-the other. At high rates
(or high dilutions) the degradation rates are largerly affected by
the leaching kinetics of the solid in water, where the compgg%tion
of the water reflects the conditions prevailing in the environment
of the waste package rather than interaction with the waste form.
At low flow rates the loss rates depend in part upon the
thermodynamic solubility and upon the rate at which the water in
contact with the solid (which has been considerably modified as
aresult of dissolution of species from the waste form) is replaced
with fresh, unreacted water. Under repository conditions, water
exchange rates are likely to be low in a large number of cases, and
therfore solubilities consitutes a key factor in determining the

long-term durabililty of the material.

As mentioned above, water subjected to prolonged interaction with
the material becones substantially altered. This alternation of the
composition affects the reactivity of the medium with respect to the
dissolution of a particular species from the waste form in the
following ways: (i) pH changes, e.g., increase in pH due to

dissolution of alkaline components from the solid, cause large
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effects on solubility 1imits as Qe]] as on leach retes;

(ii) increasing concentration levels of species of interest may
result in approaching saturation in the case of nearly inscluble
species; (iii) increasing concentrations of other degradation
products can affect subsequent dissolution of the species of
interest due to secondary interactions; (iv) increasing solute
concentrations in the aqueous phase can give rise to phenomona such
as re-adsorption, ion-exchange and other modifications of the
solid-Tiquid interface which affect further material transport
processes across the surface (v) pH changes as discussed in

(i) above may influence formation of complex ions for exampie,
carbonate oxilate, sulfonate and ferro-silicate complexes, and
colloidal particales which in turn pickup radionuclides and effect
their mobilization. Macedo, Avgado all of these processes affect
transport of radionulides in the engineered barrier system and hence

rates at which they will be released from the system.

For an engineered system designed which does not include barriers
which impide radionuclide transpért or provide sorptive properties
the release rate from the waste form would determine the engineered
system performance. For engineered systems with multiple barriers
controlling release the waste form release rates will greatly affect

the reliability of the overall system performance.

Portions of 10 CFR 60 That Are Directly Connected To The Issue:

§60.113 Performance of particular barriers after permanent
closure.
§60.135(a) Requirements fro the waste package and its

components; waste package design requirements for

high level waste.

Summary of the Present Sate of Knowledge, With Analysis of

Uncertainties:
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General correlations of relase rates of radionuclides from
borosilicate glubs and spent fuel exist for many different

conditions. Relase are controlled by diffusion mechanisms for young
glass and by dissolution of the glass over the long term. Typical
values for dissolution rates range from 10-4g/cm2-day to 10-7g/cm2-day
depending on water resident times and resulting solution chemistry,

(BNL-NUREG-51494).

Knowledge of the solution (pH and dominant soluble and colloidal
species) chenistry in the muflicomponent system including, aged
glass, canister corrosion products and packing material where water
resident times is a variable, respresents a major uncertainity in
resolution of this issue.

Summary of the Additional Information Needed to Resolve the Issue By

the Time of Construction Authorization Application:

with conditions controlled, ie., gamma radiation, temperature.and
heat flux, must be accomplished to.verify anticipatal ranges of the
key chemical parameters, Eh and pH, are properly identifed as a
function of water resident time. Testing to identify complexes and
colloifual parfides which occur in the multicomponent system must

aslo be accomplished.

Summary of the Planned Approaches to Testing, Tests, Test Methods

and Investigations to Provide the Information Needs of (6):

Analysis of (7) As To Completeness, Practicality and Likelihood of

Success:
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Issue No. 2.16

1. Name of the Site: Basalt Waste Isolation PRoject (BWIP) - Hanford,
Washington

2. Statement of the Issue: What are the ranges of residence times of a unit

volume of water in contact with a unit over waste form and when do the
residence times occur? For spent fuel, how do hulls change the effective

residence time?

3. Importance of the Issue to Repository Performance:

In modeling rates of release of the various components of solid nuclear waste
forms exposed to chemical degradation in aqueous media, a distinction exists
between the processess which control the overall degradation rates and
transport of material away from the waste form under conditions of short
residence times on one hand and of (high flow) long residence times (low flow)
on the other. At high rates (or high dilutions) the degradation rates are
largely affected by the leaching kinetics of the solid in water, where the
composition of the water reflects the conditions prevailing in the environment
of the water reflects the conditions prevailing in the environment of the
waste package rather than interaction with the waste form. At Tow flow rates
the Toss rates depend in part upon the thermodynamic solubility and upon the
rate at which the water in contact with the solid (which has been considerably
modified as a result of dissolution of species from the waste form) is
replaced whith fresh, unreacted walter. Under repository conditions, water
exchange rates are likely to be low in a large number of cases, and.therefore
solubilities constitute a key factor in determining the long-term durability
of the material. As mentioned above, water subjected to prolonged interaction
with the laterial becomes substantially altered. This alteration of the

composition affects the reactivity of 1the medium with respect to the
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dissolution of a particular species from lthe waste form in the following

Y,

ways:

(i) pH changes, e.g., increases in pH due to dissolution of alkaline
components from the solid, cause large effects on solubility 1imits as well
as on leach rates;

(i1) increasing concentratjion Tevels of species of interest may result
in approaching saturation in the case of nearly insoluble species;

{i1) increasing concentrations of other degradation products can affect
subsequent dissolution of 1the species of interest due to secondary
interactions;

(iv) increasingg solute concentrations in the agueous phase can give rise
to phenomena such as re-adsorption, ion-exchange and other
modifications of the solid-liquid interface which affect further
material transport processes across the surface

(v) pH changes as discussed (i) above may influence formation, formation
of complex ions for xamples, carbonate, oxidate, sulfonate and
ferrsilute complexes, and colloidal particules which in turn pickup

radionuclides and effect their mobilization (Macedo, Avogadro).

j:) A1l of these processes affect transport of radionuclides in the

engineered barrier system and hense rates at which they will be

released from the system.

4. Portions of 10 CFR 60 that are Directly Connected to the Issue

§ 60.113 Performance of particular barriers after permanent closure

(a) General provision.

(1) Engineered barrier system.

(i) The engineered barrier system shall be design so that assuming
anticipated processes and events (A) containment of HLW will be
substantially complete during the period when radiation and thermal
conditions in the underground facility are dominated by fission

‘:> product decay; (B) any release of radionuclides from the engineered

barrier system shall be a gradual process which results in small
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(i1)

(A)

(B)

§ 60.

(a)

(L

(2)

fractuinal releases to the geologic setting over ling time. In the case
of disposal in the saturated zone, it shall be assumed in designing the
engineered barrier system that partial or complete filling with groundwater
of all available void spaces in the underground facility occurs.

In satisfying the preceding requirement, the engineered barrier system
shall be desinged, assuming anticipated processes and events, so that:
Contginment of HLW within the HLW waste packages will be substantially
complete for a period of 1,000 years after permanent closure of the
geologic repository, or such other period as may be approved or specified
by the Commission.

The release rate of any radionuclide from 1the engineered barrier system
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 Commission; provided,
that this requirement does not apply to any radionuclide which is released
at a rate less than 0.1% of the calculated total release rate limit. The
calculated total release rate limit shall be taken to be one part in
100,000 per year of the inventory of radioactive waste, originally
emplaced in the underground facility, that remains after 1,000 years of

radioactive decay.
135 Criterja for the waste package and its components

High-Level Waste package design in general

Packages for HLW shall be designed so 1that the in situ chemical, physical,
and nuclear properties of the waste package and its interactions with lthe
emplacement environment do not compromise the function of the waste
packages or the performance of the underground facility or the.geologic

setting.

The design shall include but not be limited to consideration of the
following: solubility, oxidation/reduction reactions, corrosion,

hydriding, gas generation, thermal effectsl, nechanical strength,
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mechanical stress, radiolysis, radiation damage, radionuclide retardation,
leaching, fire and explosion hazards, thermal loads, and synergistic

interactions.

5. Summary of the Present State of Knowledge with Analysis of Uncertainties

The residence times of water at the waste form are dependent upon the design
of the engineered system and the thermal-hydraulic boundary conditions
through time affecting flow in the system. Differential pressures in the
engineered system and near field, including those created by temperature will
act to drive water from one part of the system to another and to effect
mixing within the system. Analytical models are generally available to
evaluate systems whose hydraulic characteristics are dominated by diffusion
mechanisms or by connection. Uncertainties in material properties,
particularly hydraulic conductivity, and the diversions of connecfive flow
paths, for example, cracks in packing materials, holes or fissures in
containers and cracks within waste forms, throughout the life of the

engineered system.

6. Summary of the Additional Information Needed to Resolve the Issue By

the Time of Construction Authorization Applicatoin:

Verification of the long term hydraulic conductivity of packing materials, for
example, bentonite clay/crushed basalt aggregates, in changing repository
conditions is of prime importance. Chemical alterations and changes in
mechanical characteristics of the packing are key parameters which will effect
hydraulic conductivity (Howard, Bolmgren Garwen). Knowledge of residence are
the source of uncertainty in these evaluations to date. Knowledge of
residence times for water in engineered barrier system has been based on
bounding calculations using hydraulic conductivities for typical packing

materials measured in field tests as well as laboratory test (Bolmgren).

7. Summary of the Planned Approaches to Testing, Tests, Test Methods,

and Investigations to Provide the Information Needs of (6)
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——ny Success
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ISSUE NO. 2.17

1. Name of the Site: BWIP - Hanford, Washington

2. Statement of the Issue: How do the packing (spent fuel hulls if

applicable), canister, and container materials and/or their alteration
products interact with waste form to cause its alteration and/or effect

release of radionuclides?

3. Importance of the Issue to Repository Performance:

Interaction of packing, canister and container materials and/or their
alteration products and waste form can affect the mechanisms by which waste
form release radionuclides and adversely reduce the overall containment
capability of the repository. The time period and the rate at which this
interaction take place must be known to-evaluate the interaction's overall

effect over the long term.

4, Portions of 10 CFR 60 That Are Directly Connected To The Issue:

§ 60.113 Performance of particular barriers after permanent closure

(a) General provisions

(1) Engineered barrier system

(i) The engineered barrier system shall be designed so that assuming
anticipated processes and events (A) containment of HLW will be
substantially complete during the period when radiation and thermal
conditions in the underground facility are dominated by fission
product decay; (B) any release of radionuclides from the engineered

barrier system shall be a gradual process which results in smaill
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(a)

(1)

Gii) -

11/29/82

fractional releases to the geologic setting over long times. In the

case of disposal in the saturated zone, it shall be assumed in

designing the engineered barrier system that partial or complete

filling with groundwater of all available void spaces in the

underground facility occurs.

In satisfying the preceding requirement, the engineered barrier

system shall be designed, assuming anticipated processes and events,
so that:

(A)

(8)

Containment of HLW within the HLW waste packages will be
substantially complete for a period of 1,000 years after
permanent closure of the geologic repository, or such other

period as may be approved or specified by the Commission.

The release rate of any radionuclide from the engineered barrier
system following the containment period shall be 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 Commission; provided, that this
requirement does not apply to any radionuclide which is released
at a rate less than 0.1% of the calculated total release rate
Timit. The éalcu]ated total release rate 1imit shall be taken
to be one part in 100,000 per year of the inventory of radio-
active waste, originally emplaced in the uderground facility,

that remains after 1,000 years of radicactive decay.

135 Criteria for the waste package and its components
High-Level Waste Packing Design in General
Packages for HLW shall be designed so that the in-situ chemical, physical

and nuclear properties of the waste package and its interactions with the

emplacement environment do not compromise the function of the waste
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packages or the performance of the underground facility or the geologic

setting.

(2) The design shall include but not be limited to consideration of the
following factors: solubility, oxidatjon/reduction reactions, corrosion,
hydriding, gas generation, thermal effects, mechanical strength,
mechanical stress, radiolysis, radiation damage, radionuclide retardation,
lTeaching, fire and explosion hazards, thermal loads, and synergistic

interactions.

5. Summary of the Present State of Knowiedge with Analysis of Uncertainties:

Little is known about synergistic effects of waste form Jeaching and corresion
of its containers. Sorption of metal ions onto glass surfaces are known to
reduce the rate of aqueocus corrosion of glass including berryllium and zinc
(Hudson), calcium (Qka), aluminum (Iler, Dilmore) and lanthanides (Buckwalter
and McVay). A recent study on different candidate container materials has
provided the following observation (Buckwalter and Pederson): (a) glass
leaching in lead container was reduced by more than two orders of magnitude
from that measured in teflon, while leaching in aluminum containers was reduced
by nearly one order and (b) relatively minor effects on glass leaching were

measured in copper, tin, and titanium containers.

Chemisorption of metals on g]ass was_ reasoned to be the cause of this reduction
f Braed walfes sl Feelicion Y.
in glass leach rate, Ferrous base metals have not been included in the

reference—{6} study.

Effects of iron on waste glass leaching was subsequently studied (McVay and
Buckwalter). It was reported that the presence of dé}i]e iron in deionized
water, tuff, and basalt groundwaters containing PNL 76-68 borosilicate glass
cause changes in the leaching characteristics of the glass. Formation of iron
silicate precipitates effectively removed many elements from solution. As a
result, the basalt and tyff groundwater behave similar to deionized water. The
precipitates also retard saturation effects. 1Iron/glass interactions resulted

in iron enhancing glass leaching and glass enhancing iron corrosion.
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Clay-water has been found to leach glasses up to five time faster than
distilled water (Van Iseghem). Although leach rates are found in general in
the afore-mentioned studies to saturate after relatively shortfsgfiods,

transport of the products of leaching/corrosion can sustain teach/corrosion
rates close to that by deionized water.

6. Summary of the Additional Information Needed to Resolve the Issue By

the Time of Construction Authorization Application:

Short of in-situ experiments, leaching experiments must account for synergistic
effects between the packing, canister, backfill waste form and/or their
alteration product in conditions simulating those in the repository
enviornment. To account for long time periods, altered groundwater as well as

simulated aged waste forms must be used to reduce the uncertainties of adverse
interactions.

7. Summary of the Planned Approaches to Testing, Tests, Test Methods,

and Investigations to Provide the Information Needs of (6):

(7T8D)

8. Analysis of (7) As To Completeness, Practicality and Likelihood of
of Success:

(T8D)
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Issue No. 2.18

1. Name of the Site: Basalt Waste Isolation Project (BWIP), Hanford,

Washington

2. Statement of the Issue: Now does the Eh, pH, and A0, change with time

in the vicinity of the surface of the waste form2

3. Importance of the Issue to Repository Performance

The manner in which the waste form releases radionuclides (General Issue 4)
and the manner in which radionuclides are released from the waste package
(General Issue 5) will depend upon pH and redox conditions near the waste
form. The dissolution or,éeaching behavior of the waste form will be sensi-
tive to local pH and Eh conditions (see Issue 4.1). 1If, in fact, radionu-
clide transport within the waste package is controlled by solubility limita-
tions, the evolution of Eh and pH within the waste package will be of parti-
cular importance since solubilities T?xﬁfepend strongly on redox conditions
and pH. As pointed out under Issue 3-3:4.1, these parameters will change
with time following repository closure as the repository temperature changes,
and as transport processes ‘and controlling chemical reactions proceed. The
evolution of eH, pH, and PO, within the waste package will be known in order
to determine if laboratory tests over a range of quasi-steady conditions can
accurately reflect waste package behavior in the changing repository

environment.

4, Portions of 10 CFR 60 That Are Directly Connected To The Issue

§ 60.113 Performance of particular barrier after permanent closure

(a) General provisions

(@) Eﬁgineered barrier system
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(i) The engineered barrier system shall be...(fil1l in from Rule)

(i1) In satisfying the preceding requirement...{(fill in from Rule).

5. Summary of the Present State of Knowledge, With Analysis of Uncertainties

Information on the anticipated Eh, pH, and disioned oxygen content within the
waste package has been discussed in connection with Issue 3.3.4.1. To the
extent that local conditions near the surface of the waste form are con-
trolled by the crushed basalt backfill (Wood, 1982; RNO-BWI-ST-IS5-1982)
strongly amoxic conditions (Eh ~ -0.5 V) are expected to prevail for most of
the repository lifetime. Ph values are expected to range from 9 to 6, again
assuming that dissolution of silicic acid in the basalt is the rate-controlling

process.

Several uncertainties in the determining of the anticipated evolution of Eh and
pH within the waste package have been described under Issue 3.3.4.1. These
include (1) a lack of kimetic data to determine the rate at which geochemical
reactions in the basalt would change the pH and Eh following repository

closure and {(2) confirmation that local pH and Eh conditions at the waste

form surface will in fact be continued by reactions associates with basalt.

Uncertainties involving the kinetic data on basalt-related reactions have

been referred to under Issues 3.3.4.1 and 3.3.4.1.2. \Uncertainties in estab-
1ishing the dominant mechanisms controlling Eh and pH at the waste form inter-
face have to do with the waste form/groundwater interaction and with radiolysis
effects. It has been recognized for some time (cf) NUREG/CR-2333 BNL-NUREG-
51458; PNL 4382a) that local chemical condition may be modified by dissolution
of the waste form. A familiar example is the increase in pH when alkaline
components are extracted from simulated waste scan in leaching experiments.
This, however, may be offset by the presence of components such as .phosphates,
which buffer the leachate. [It is also worth noting that under certain condi-
tions solubilities may be a strong function of pH.]l Work in underway

(PNL 4382b) in which the reaction between waste glass and basaltic groundwater
is being studied under hydrothermal conditions in a static environment. Some

data are available (RNO-BW-SA-194 P) on the effect of hydrothermal reactijons

11/23/82 2 BWIP DSCA/SIA 2.18/CHANG



Iy

on the evolution of pH within the systems supercalcine + basalt + water and
supercalcine + water. These experiments indicate that the pH values may be
affected (substantially lowered) by the presence of fine particles in the
coarsely powdered samples. Consequently, it is not yet clear how well experi-
ments on powdered samples reflect conditions near the surface of actual waste
forms, which may be more nearly monolithic and in close proximately to con-
tainer surfaces. Recently, it has been reported (McVay, 1982) that the leach-
ing kinetics of waste glass may be significantly influenced, if not dominated,

by the presence of ductile iron in the system.

The effects of irradiation on pH and redox continues have been discussed in
conjunction with Issues 3.3.4.1.1./5.1.4.1 and 5.2.1.2. Briefly, radiolysis
may affect both pH and redox bensuion (Strickert and Rai, 1982; Nash, et al.
1882), and leaching kinetics for waste glasses (cf, NUREG/CR-2333 Sec-

tion 5.2.1.2). 1In general, ionizing radiation tends to increase leaching
rates. Depending upon experimental conditions the increase may be substantial
on rather modest. Some, but not all, of this affect can apparently be attri-
buted to a pH decrease due to the elimination of nitric acid by the radiolysis
oxidation of N, in the presence of water. Presumably, this effect could also
operate in the repository, utilizing atmospheric nitrogen introduced during

the operating period.

6. Summary of the Additional Information Needed to Resolve the Issue By

the Time of Construction Authorization Application

The significance of waste form - groundwater reactions in determine local pH
and Eh conditions should be established for waste forms of interest. 1In
order to provide a basis for extrapolating laboratory results to repository
behavior, the degree of acceleration in laboratory experiments should be
established. 1In particular, the kinetics of rate 1imiting reactions should
be determined over a range of temperature and flow conditions. Reaction data
obtained with crushed component mixtures should be compared to results using
monolithic components to establish the significance of size and geometrical

effects. These experiments should specifically include conditions simulating
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those at the wasteform-containers interface. Finally, data will be required

to establish the importance of radiolysis effects on Eh and redox behavior at
repository temperatures and radiation dose rates. This data should produce
bounding estimates on factors such as local HNO,4 formation rates and concentra-
tions in repository groundwater contacted with wasteform/container materials

(see Issues 3.3.4.1.1/5.1.4.1 and 5.2.1.2).

7. Summary of the Planned Approaches to Testing, Tests, Test Methods, and

Investigations to Provide the Information Needs of (6):

8. Analysis of (7) As To Completeness, Practicality and Likelihood of

Success:
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Issue No. 2.19.1

1. Name of the Site: Basalt Waste Isolation Project (BWIP) - Hanford,

Washington

2. Statement of the Issue: What is the production of particlies and colloids

(by or near the waste form) which can hold or transport radionuclides or

effect waste form degradation versus time?

3. Importance of the Issue to Repository Performance

Production of particles or colloids which can hold and transport radionuclides
or effect waste form performance rank as one of the priority issues in

understanding major mechanisms of radionuclide releases from the repository.

The production of particles and colloids is not understood well enough to be
calculated from basic principles. Nevertheless, it may be a major means of
radionuclide release through groundwater transport. If it occurs extensively

it can negate results predicted from models assuming solubility l1imitations.

4. Portions of 10 CFR 60 fhat are Directly Connected to the Issue

§ 60.113 Performance of particular barriers after permanent closure

(a) General provisions.

(1) Engineered barrier system

(i) The engineered barrier system shall be designed so that assuming
anticipated processes and events, (A) containment of HLW will be
substantially complete during the period when radiation and thermal
conditions in the underground facility are dominated by fission product

decay; (B) any release of radionuclides from the engineered barrier
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system shall be a gradual process which results in small fractional
release to the geologic setting over long times. In the case of disposal
in the saturated zone, it shall be assumed in designing the engineered
barrier system that partial or compliete filling with groundwater of all

avaijlable void spaces in the underground facility occurs.

(ii1) In satisfying the preceding requirement, the engineered barrier system

shall be designed, assuming anticipated processes and events, so that:

(A) Containment of HLW within the HLW waste packages will be substantially
complete for a period of 1,000 years after permanent closure of the
geologic repository, or such other period as may be approved or

specified by the Commission.

(B) The release rate of any radionuclide from the engineered barrier
system following the containment period shall not exceed one part in
106,000 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
Commission; provided, that this requirement does not apply to any
radionuclide which is released at a rate less than 0.1% of the
calculated total release rate 1imit. The calculated total release
rate 1imit shall be taken to be one part in 100,000 per year of the
inventory of radioactive waste, originally emplaced in the under-

ground facility, that remains after 1,000 years of radicactive decay.

5. Summary of the Present State of Knowledge with Analysis of Uncertainties

Very little information is known about chemically specific colloidal and
particulate formation that may occur near the waste form. These will strongly
depend upon the materials used in the waste package and other properties of

the repository water. What is known, for instance, of iron oxide and hydroxide
colloids, indicates that both leaching of the waste form and sorption and
migration of radionuclides are changed in the presence of Fe colloids and

particulates.
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6. Summary of the Additional Information Needed to Resolve the Issue By

the Time of Construction Authorization Application

By the time for construction authorization, DOE should have the following

information:

(a) materials and design of the waste package

(b) groundwater composition and properties and how they are changed by

interaction with the waste package

(¢) engineering tests identifying formation and properties of colloids and

particulates under expected conditions

{(d) analysis and rationale for containment and controlled release mechanisms

in the presence of colloids and particulates.

7. Summary of the Planned Approaches to Testing, Tests, Test Methods, and

Investigations to Provide the Information Needs of (6)

Work element W1l.10A addresses the problem adequately from the point of view of
recognizing what variables are important in colloid and particulate

formation. The document alsoc states correctly that almost nothing is known.

8. Analysis of (7) As To Completeness, Practicality and The Likelihood of

of Success

The plans describing the work to be done are so general as to preclude any
quantitative estimate as to their effectiveness. A much more detailed
description of the actual work to be done is required in order to estimate the

1ikelihood of success.
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Issue No. 2.20.1

3. Name of the Site: Basalt Waste Isolation Project (BWIP) - Hanford,
Washington
2. Statement of the Issue: For spent fuel what are the failure mechanisms

for hulls and what is their failure rate?

3. Importance of the Issue to Repository Performance

The presence of cladding hulls around fuel pellets will significantly after
alter the ability of repository water to contact fuel and leach out
radionuclides. In order to satisfactorily quantify the source term the type

and rate of hull failure will need to be evaluated.

4. Portions of 10 CFR 60 that are Directly Connected to the Issue

§ 60.113 Performance of particular barriers after permanent closure

(1) Engineered barrier system

(i) The engineered barrier system shall be designed so that assuming
anticipated processes and events, (A) containment of HLW will be
substantially complete during the period when radiation and thermal
conditions in the underground facility are dominated by fission produce
decay; (B) any release of radionuclides from the engineered barrier
system shall be a gradual process which results in small fractional

release to the geologic setting over long times.
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5. Summary of the Present State of Knowledge with Analysis of Uncertainties

Spent fuel waste packages will be subjected to both aqueous corrosion and to
Tithostatic and hydrostatic stersses which could cause failure of the

container and the cladding hulls.

Zircaloy-2 hulls are desinged to be resistant to corrosion failure in reactor
collants but these are dissimilar to environments anticipated in a

repository. In the Tatter, filler materials may be interspersed between the
fuel elements to act as neutron absorbers and a heat transfer medium. These
fillers could cause agressive lical corrosion such as crevice attack which
would be enchanced by low pH and radioysis effects. Little is known about the
Jocal water conditions around cladding hulls and the types of corrosion to be

expected over long periods of time.

Cladding hulls will alsoc be highly embrittied during reactor operation.
Ductilities as low as a ten percent in elongation have been measured in spent
fuel cladding (Lowry, 1978). Large lithostatic/hydrostatic loads may cause
mechanical failure of the container and the cladding, and lead to enhanced

radionucltide release.

6. Summary of the Additional Information Needed to Resolve the Issue By

the Time of Construction Authorization Application

To specify the types of corrosion and mechanical fajilure of hulls the

following basic data will be needed:

(a) A detailed specification of the spent fuel package design including
materials in the package, temperature history, and Tocal water conditions.
Experiments will be required to characterize the corrosion failure

processes so that long term estimates of hull failure rates are obtained.
(b) An examination of the magnitude and type of loading that will be exerted

on lthe hulls, and an analysis of the extent and rate of mechanical

failure.
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7. Summary of the Planned Approaches to Testing, Tests, Test Methods,

and Investigations to Provide the Information Needs of (6):

e T

Section 11.1.2.1 of the SCR addresses the aqueces corrosion ressiance of
cladding hulls around spent fuie pellets but there does not appear to be a

plan by BWIP to credit the cladding with any containment or radionucltide
et

controlled relocated capability. 1In fact, data given in Table 11-17 show that

for tests at 250°C, under anoxic basalt water corrosion, a corrosion allowance
(SR

to need the 1000 year comtainments criterion owned require a Zircaloy-2

thickness of between 0.68-3.3 in. This is much larger than the cladding
bes iy 17

thickness. Therefore, cladding hulls abdve will have re)on;T]s 1ittle
containment capability. However, based on the BWIP Work Element No. W.1l.6.A.
in Table 15-2 it seems that the presence of cladding mater1a1 will be used in

the materials 1nteract1on tests to evaluate container 1ntregu1ty under

- - ta v -, >
mrmrmT TR : N A
A LTVl e FloA

portyp1c basalt corr1s1on. At this time full details of the character1t1es of

these texts are paramenters to be measured are not specified.

8. Analysis of (7) As To Completeness, Practicality and Likelihood of

Success:

P PN

As stated in (7) above the role of cladding bulls in contribution to
radionuclide containment has not been d;;;;kely addressed by BWIP. However,
its influence on the behavjor of surrounding barrier materials may be studied
in planned interaction teité.. The design of these tegts, when available, will

determine whether a complete design data based is likely to be obtained.
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ISSUE NO. 2.20

1. Name of the Site: BWIP - Hanford, Washington

2. Statement of the Issue: What are the transport and retardation processes

and how do they affect the flux of radionuclides with time in packing

materials?

3. Importance of the Issue to Repository Performance:

The waste package must be designed to contain all radionuclides during the
period when thermal effects, related to decay of short-lived nuclides, are most
severe. The role of the packing in retarding the movement of radionuclides
from the waste form, through the waste package, to the near-field environment
is an important element of the waste package design. An understanding of the
potential transport and retardation processes is necessary for predictions of

the flux of containment from the waste package.

4. Portions of 10 CFR 60 That Are Directly Connected To The Issue:

§ 60.111 Performance of the geologic repository operations area through

permanent closure.

(a) Protection against radiation exposures and releases of radioactive

materjal. The geologic repository operations area shall be designed so
that until permanent closure has been completed, radiation exposures and
radition levels, and releases of radioactive materials to unrestricted
areas, will at all times be maintained within the Timits specified in Part
20 of this chapter and such generally applicable assure that releases of
radioactive materials to the accessible environment following permanent
closure conform to such generally applicable environmental standards for

radioactivity as may have been established by the Environmental Protection
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Agency with respect to both anticipated processes and events and

unanticipated processes and events.

5. Summary of the Present State of Knowledge with Analysis of Uncertainties:

The potential mechanisms for radionuciide migration through the packing
materials -are: (1) transport agueous species and colloids through pores and
channels in the packing material (2) Fickian diffusion and (3) thermodiffusion
(sore + effect). Migration can be retarded by reversible sorption, chemical
substitution in secondary phases, precipitation and ultrafiltration, convective
flow through the packing material is described in Section 5. 1+ku1: fsseer &7 70
Rad1onuc11de so]ub111ty and the production of colloids are discussed in
Sect1ons 4 1 and 4 2 respectively. The uptake of radionuclides in basalt
alterations products 1is discussed 1n Sect1on 5. 1 2‘ In this sec%ﬁon diffusion

and system in the packing material will be addressed.

Thermodiffusion (sore + effect) is a process whereby chemical species migrate
down a thermal gradient. Large diffusive fluxes of sodium, magnesium and
chloride have been observed in heat transfer and thermal gradient experiments
involving pelagic clays, simulated waste glass and sea water (Thornton, C.).
This effect may be important for radionuclides in mined geologic repositories,
Fickian diffusion of radionuclides in bentonite and bentonite-quartz mixtures
has been studied in several investigations. When the hydraulic gradient across
the packing material is very Tow, diffusion is the dominant transport
mechanism. Isotopes of strontium, radium, thorium, neptunium, plutonium and
americium could be retained for more than 1000 years or until they decay to
relatively harmless levels in a 1 meter thickness of 100% compacted bentonite
or bentonite quartz mixture (Smith, M. J.; Neretnieks, 1.). Attempts to
measure diffusion coefficients of radionuclides in candidate packing materials
have met with 1imited success (Apps, J. A., Torstenfelt, B.). Many of the
measured values appear to be compromised by adsorption effects. Based on a
review of data collected before 1982, Apps (1982) suggested that a range of
diffusion coefficients of 1 x 10-1© to 5 x 10-1°© cm2/sec was reasonable for

modeling purposes.
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Sorption of radionuclides by packing material components (bentonite, basalt)
will retard the migration of comtaminants. Data have been obtained at several
redox potentials and temperatures (Salter, P. F.; Westsik, J. H.; Smith, M.
J.). Ingeneral, radionuclides which occur predominantly as anionic (I-, TcO,-,
Se042-) or netural (NpO,HC0,°, U0,C0,°) species will be poorly sorbed by
crushed basalt in the packing. Cationic species (Sr, Cs) or easily
hydrolyzable (Am, Pu) species are strongly sorbed. The sorption behavior of
Np, I, and Tc on basalts was found to be independent of temperature over the
range of 23°C to 300°C. The sorption behavior of elements (Cs, Sr, Ra) that
will precipitate or be incorporated into hydrothermal secondary alteration
products at elevated temperatures is hard to assess {see Section 5.1.2). The
temperature dependence of the sorption behavior of selenium, plutonium and
americium is complex and poorly understood. The sorption ratio (Rd) of uranium
increases with temperature over the range of 23°C to 300°C. Isotopes of
strontium, cesium and americium are strongly sorbed on snectite. Uranium and
technetium are moderately sorbed, whereas iodine and selenium are not sorbed at
all. The reported behavior of plutonium and neptunium varijed from strong to

moderate sorption (Salta, P. F.; Smith, M. J.).

6. Summary of the Additional Information Needed to Resolve the Issue By

the Time of Construction Authorization Application:

Potential production of radiocolloids in basalt-radionuclide systems has been
discussed by Barney (1979) and Smith (1980). Further study of this potentially
deleterious effect is important. The ability of compacted bentonite-basalt
mixtures to retard radionuclide migration through ultrafiltration should also
be addressed. The necessity of continued efforts to obtain reproducible
sorption data at a variety of redox potentials and temperatures is relevant for
waste package performance studies and modeling near-field and far-field
radionuclide transport. The correction of measured diffusion coefficients for
sorption effects should be attempted when high quality sorption data have been

obtained.
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7. Summary of the Planned Approaches to Testing, Tests, Test Methods,

L

and Investigations to Provide the Information Needs of (6):

(TBD)

8. Analysis of (7) As To Completeness, Practicality and Likelihood of
of Success:

(TBD)
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Issue No. 2.21

1. Name of the Site: BWIP - Hanford, Washington

2. Statement of the Issue: How do the species which incorporate

radionuclides change with time in the waste package?

3. Importance of the Issue to Repository Performance:

When it is emplaced, the waste package contains a reactive assemblage of phases
(e.g., glass + metal + basalt + bentonite). Such a system will consert to a
more stable assemblage under the hydrothermal conditions that will prevail
after repository closure. Given sufficient time, stable secondary phases will
be produced; however, kinetic factors could favor the persistence of metastable
intermediate phases for the entire regulatory period. The chemical and
physical characteristics of these reacticon products will be different than
those of the original waste package. In order to predict the ability of the
waste package to contain the radionuclides during the regulatory period, the

properties of these metastable phases must be understood.

4. Portions of 10 CFR 60 That Are Directly Connected To The Issue:

§ 60.111 Performance of the geologic repository operations area through

permanent closure.

(a) Protection against radiation exposures and releases of radioactive

material. The geologic repository operations area shall be designed so
that until permanent closure has been completed, radiation exposures and
radiation levels, and releases of radiocactive materials to unrestricted
areas, will at all times be maintained within the limits specified in

Part 20 of this chapter and such generally applicable assure that releases

of radioactive materials to the accessible environment following permanent

7N
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closure conform to such generally applicable environmental standards for

radioactivity as may have been established by the Environmental Protection

Agency with respect to both anticipated processes and events and

unanticipated processes and events.

§ 60.113

Performance of particular barriers after permanent closure.

(a) General provisions.

(1) Engineered barrier system.

(1)

(ii)

11/29/82

The engineered barrier system shall be designed so that assuming
anticipated processes and events (A) containment of HLW will be
substantial complete during the period when radiation and thermal
conditions in the unerground facility are dominated by fission
product decay; (B) any release of radionuclides from the engineered
barrier system shall be a gradual process which results in small
fractional releases to the geologic setting over long times. In the
case of disposal in the saturated zone, it shall be asumed in
designing the engineered barrier system that partial or complete
filling with groundwater of all available void spaces in the

underground facility occurs.

In satisfying the preceding requirement, the engineered barrier
system shall be designed, assuming anticipated processes and events,
so that:

(A) Containment of HLW within the HLW waste packages will be sub-
stantially complete for a period of 1,000 years after permanent
closure of the geologic repository, or such other period as may

be approved or specified by the Commission.
(B) The release rate of any radionuclide from the engineered barrier

system following the containment period shall not exceed one

part in 100,000 per year of the inventory of the inventory of
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the 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 Commission;
provided, that this requirement does not apply to any
radionuclide which is released at a rate less than 0.1% of the
calculated total release rate 1imit. The calculated total
release rate limit shall be taken to be one part in 100,000 per
year of the inventory of radioactive waste, originally emplaced
in the underground facility, that remains after 1,000 years of

radioactive decay.

§ 60.135 Criteria for the waste package and its components.

(a) High-level-waste package design in general.

(2) The design shall include but not be 1imited to consideration of the
following factors: solubility, oxidation/reduction reactions,
corrosion, hydriding, gas generation, thermal effects, mechanical
strength, mechanical stress, radiolysis, radiation damage,
radionuclide retardation, leaching, fire and explosion hazards,

thermal loads, and synergistic interactions.

5. Summary of the Present State of Knowledge, With Analysis of

Uncertainties:

Reactions of the components of the waste package with groundwater will produce
a suite of secondary minerals, aqueous species, colloids and pseudo colloids.
Dissolved radionuclides and particlates were discussed in Issues No. 2.13 and
2.18, respectively. Possible changes in the chemical and physical
characteristics of the waste form are described in Issue No. 2.14. The

production of secondary minerals is discussed in this section.
Experimental studies of hydrothermal reactions between several waste forms,

powdered basalt and groundwater from the Hanford Site are described in several

recent publications (Coons, W. E.; Apted, 1981 and Komarneni, S.). These
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experiments are carried out in closed reaction vessels at high temperatures
(200-300°C) with a variety of rock: water ratios. During the reactions, the
waste form dissolves and an assemblage of secondary alteration phases is
produced. Such reactions represent an overall irreversible process which can
be understood in terms of the Ostwald step rule (Apted, 1982; Dibble, W.; Fyfe,
W.). The transition from the original waste form to a stable equilibrium phase
assemblage proceeds via a series of intermediate, metastable products. As the
system approaches equilibrium, the solubilities of the major chemical

components of the system decrease.

During the experiments, the attainment of steady state was indicated by
constant solution composition after 200-400 hours of reaction. Concentrations
of Mo and Rb were approximately 500 and 55 ppm respectively in supercalcine
reaction systems at this time. The alteration products of experiments with
supercalcine, basalt and water included pollucite [(Cs, Na)Si Al,04.nH,01,
strontium molybdate and ruthenium chloride (Apted, 1981). Pollucite, powellite
(CaMo0,) and uranionite were produced on reactions of spent fuel elements with

basalt and basaltic phases (Komarneni, S.).

6. Summary of the Additional Information Needed to Resolve the Issue By

the Time of Construction Authorization Application:

The information described in the previous section has been largely obtained
from static, closed system éutocWave experiments with non-radioactive
materials. Data from dynamic flow experiments with radioactive waste forms
with a variety of temperatures, water rock ratios, and particle sizes will be
required. Similar experiments in the presence of bentonite backfill material
are also necessary. The stability and leachability of the secondary alteration
products produced in these experiments must be assessed under the conditions
which will persist in the near-field during the period of geologic control.
Information concerning the cystalloographic sites of radionuclides in the
alteration minerals would be useful in assessing the ability of these phases to

retain the waste products.
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7. Summary of the Planned Approaches to Testing, Tests, Test Methods,

Iy

and Investigations to Provide the Information Needs of (6):

(T8D)

8. Analysis of (7) As To Completeness, Practicality and Likelihood of

of Success:

(TBD)
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Issue No. 2.23

1. Name of the Site: BWIP - Hanford, Washington

2. Statement of the Issue: Can actinides be concentrated to increase

heating in the packing materials or create a potential for criticality?

3. Importance of the Issue to Repository Performance

After loss of containment, concentration of actinides in the packing material
may create a potential for a criticality. If a criticality did occur, the
temperature of the immediate surrounding area may increase rapidly. Such a

rapid increase in temperature may result in melting of the packing material in

‘which the actinides had concentrated and the surrounding host rock.

4. Portions of 10 CFR 60 That Are Directly Connected To The Issue

§ 60.111 Performance of the geologic repository operations area through
permanent closure.

(a) Protection against radiation exposures and releases of radiocactive

material. The geologic repository operations area shall be designed

so that until permanent closure has been completed, radiation exposures
and radiation levels, and releases of radicactive materials to
unrestricted areas, will at all times be maintained within the Timits
specified in Part 20 of this chapter and such generally applicable
Environmental Protection Agency.

(b) Retrievability of waste.

(1) The goelogic repository operations area shall be designed to preserve the
option of waste retrieval throughout the period during which wastes are
being emplaced and, thereafter, until the completion of a performance

confirmation program and Commission review of the information obtained
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(2)

(3)

§ 60.

(A)

(B)

from such a program. To satisfy this objective, the geologic repository
operations area shall be designed so that any or all of the emplaced
waste could be retrieved on a reasonable schedule starting at any time up
to 50 years after waste emplacement operations are initiated, unless a
different time period is approved or specified by the Commission. This
different time period may be established on a case-by-case basis
consistent with the emplacement schedule and the planned performance
confi}mation program.

This requirement shall not preclude decisions by the Commission to allow
backfilling part or all of, or permanent closure of, the geologic
repository operations area prior to the end of the period of design for
retrievability.

For purposes of this paragraph, a reasonable schedule for retrieval is
one that would permit‘retrieva1 in about the same time as that devoted to
construction of the geologic repository operations area and the
emplacement of wastes.

113 Performance of particular barriers after permanent closure.

Containment of HLW within the HLW waste packages will be substantially
complete for a period of 1,000 years after permanent closure of the
geologic repository, or such other priod as may be approved or specified
by the Commission.

The release rate of any radionuclide from the engineered barrier system
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 Commission; provided,
that this requirement does not apply to any radionuclide which is
released at a rate less than 0.1% of the calculated total release rate
1imit. The calculated total release rate limit shall be taken to be one

part in 100,000 per year of the inventory of radioactive waste,
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originally emplaced in the underground facility, that remains after
1,000 years of radioactive decay.

§ 60.131

(a) Radiological Production.

(a)(7) Cr%ticality Control - all systems for processing, transporting,

handling, storage, retrieval, emplacement and isolation of radiocactive waste
shall be designed to ensure that a nuclear criticality accident is not
possible unless at least two unlikely, independent and concurrent or
sequential changes have occurred in the conditions essentially to nuclear
criticality safety. Each system shall be designed for criticality safety
under normal and accident conditions. The calculated effective multiplication
factor (Keff) must be sufficiently below unity to show at least a 5% margin,
aftér allowance for the bias in the method of calculation and uncertainty in
the experiment used to validate the method of calculation.

5. Summary of the Present State of Khow]edgg with Analysis of Uncertainties

Actinides (plutonium, neptunium-and americium) from simulated waste glass have
been shown experimentally (IAEA-SM-257/73, 1981) to concentrate as colloids in

a porous geologic formation (glauconic sand, which is the porous layer overlying
the Boom Clay formation in Belgium) when synthetic groundwater was passed over
the waste glass and then through columns of the sand for periods of time ranging
up to approximately 90 days.

The sand has 34% porosity, permeability of approximately 10-* meters/second
and contains 20.8 weight percent glauconite. The flow rate of the water was
20 meters/year.

The chemical composition of the synthetic water used was the typical
composition of the aquifer where the glauconic samples were collected (the
water was protected from contact with the atmopshere to control redox and pH)
and is shown below:
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Water Composition (mg/1)

caz” = 3.03 c1 6.4
Mg2®t = 3.2 $0,-2 0.5
Fe, , = 0.1 Co,2- 201
Na© = 55.3 pH 8.35
K =7.71 Eh 150 mV

The quantity of actinide colloids collected by porous geologic media will
depend on the pore size of the media. In the experiment described, 7 and

15 percent of the leached plutonium activity and 40 and 100 percent of the
Teached americium activity was retained on filters with porosities of 1 micron
and 0.1 micron, respectively.

There is uncertainty in applying the experimental data cited above to
concentration of actinide colloids in a porous geoliogic media of a basalt
repository. The data apply only to one set of conditions rather than to a
range of conditions. Also, the concentration of actinide colloids can depend
on the design of the repository and the waste packages. For example, a
packing material could be designed to tailor the chemistry of the groundwater
and the rate of flow to minimize leaching and to minimize actinide colloids.
Carbonates in groundwater are believed to form soluble anionic complexes with
the TRU nuclides. The redox potential (Eh), pH and chemical water composition
will affect the physico-chemical states (electrical charge) of the nuclides.
The charge will determine the partioning of the nuclides between the colloidal
and soluble phases. Conversely, the groundwater flow rate controls the rate
of travel of the colloids and their subsequent dissolution. It also may be
filtered to remove actinide colloids after passing over each waste package or

to arrange the storage array to minimize the concentration of these colloids.

6. Summary of the Additional Information Needed to Resolve the Issue By

the Time of Construction Authorization Application:

The potential for a nuclear criticality could affect the design of the

repository. For example, it may not be possible to position spent fuel
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packages in horizontal columns, end to end. By the time of construction
authorization, DOE should have the following information:

1. The transport mechanism and rate of transport of actinides from spent
fuel in a saturated repository under the expected conditions of Eh, pH,
groundwater chemistry and flow rate. This information should be

extrapolated for periods of time from zero to 10,000 years.

2. Based on the above, the quantities of plutonium, americium and neptunium
colloids expected to be transproted from a column of failed fuel packages
over the same time period.

3. The largest quantity of actinides expected to concentrate in a porous

geologic media and the geometry of the concentrated volume.

4. A nuclear safety analysis for this scenario.

7. Summary of the Planned Approaches to Testing, Tests, Test Methods, and
Investigations to Provide the Information Needs of (6):

BWIP is conducting Taboratory experiments to determine the solubjlities and
colloidal formation of key radionuciides (the actinides and transurancis in
particular) under conditions applicable to a basalt repository. Data from
these investigations will be used to estimate the release of radionuclides in
the repository.

8. Analysis of (7) As To Completeness, Practicality and Likelihood of Succes

We believe it is possible to conduct an experimental program that will yield
the information necessary to predict the rate of release of radionuclides from
the repository. However we cannot predict the duccess of such progrdms on the
basis of the information provided in the SCR.

An analysis of BWIPs planned approach in (7) for estimate the release of

radionuclides in the repository can be made only after review of BWIPs

detailed test plans and setailed plan for analysis of the information.
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The BWIP SCR (Work Element W...1.10.A) shows intent to determine the formation
and stability of radionuclide complexes and/or colloids over expected
repository near field and far fielc conditions.

Although the potential criticality hazard of waste packages are addressed, the
SCR soes not address the potential criticality hazards associated with
concentration of actinide colloids in a porous geologic media (in formation
items 6.2, 6.3 and 6.4 above.
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Issue No. 2.23

1. Name of the Site: Basalt Waste Isolation Project (BWIP) - Hanford,
Washington

2. Statement of the Issue: How do radionuclides migrate through failed

containers and how does this change with time? (Relate to Issue No. 2.5)

3. Importance of the Issue to Repository Performance

The migration of radicnuclides through failed containers and the change of
this process with time must be understood and known to evaluate the relevance
of this migration with respect to performance of engineered barriers system

after permanent closure.

4. Portions of 10 CFR 60 that are Directly Connected to the Issue

§ 60.113 Performance of particular barriers after permanent closure

(a) General provision.

(1) Engineered barrier system.

(i) The engineered barrier system shall be design so that assuming anticipated
processes and events (A) containment of HLW will be substantially complete
during the period when radiation and thermal conditions in the underground
facility are dominated by fission product decay; (B) any release of
radionuclides from the engineered barrier system shall be a gradual
process which results in small fractuinal releases to the geologic setting
over 1ling time. In the case of disposal in the saturated zone, it shall
be assumed in designing the engineered barrier system that partial or
complete filling with groundwater of all available void spaces in the

underground facility occurs.

RV
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§ 60.

(a)

(1)

(2)

In satisfying the preceding requirement, the engineered barrier system

shall be desinged, assuming anticipated processes and events, so that:

(A) Containment of HLW within the HLW waste packages will be substantially
complete for a period of 1,000 years after permanent closure of the
geologic repository, or such other period as may be approved or
.specified by the Commission.

(B) The release rate of any radionuclide from 1the engineered barrier
system 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
Commission; provided, that this requirement does not apply to any
radionuclide which is released at a rate less than 0.1% of the
calculated total release rate 1imit. The calculated total release
rate 1imit shall be taken to be one part in 100,000 per year of the
inventory of radioactive waste, originally emplaced in 1the underground

facility, that remains after 1,000 years of radioactive decay.
135 Criteria for the waste package and its components

High-Level Waste package design in general

Packages for HLW shall be designed so lthat the in situ chemical,
physical, and nuclear properties of the waste package and its
interactions with 1the emplacement environment do not compromise the
function of the waste packages or the performance of the underground

facility or the geologic setting.

The design shall include but not be Timited to consideration of the
following: solubility, oxidation/reduction reactions, corrosion,
hydriding, gas generation, thermal effectsl, nechanical strength,
mechanical stress, radiolysis, radiation damage, radionuclide
retardation, leaching, fire and explosion hazards, thermal loads, and

synergistic interactions.
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5. Summary of the Present State of Knowledge with Analysis of Uncertainties

-\\
-
Present state of knowledge on chemical and physical property changes in
container materials and properties are dislcussed in Issue No. 2.5 and on the
flux of radionuclides in Issue 2.20. Production of particles and colloids
which can hold or transport radionuclides are covered in Issue 2.18. However,

Tittle is known on radionuclide migration after container failures.

6. Summary of the Additional Information Needed to REsolve the Issue By

the Time of Construction Authorization Application

Radionuclides which migrate through failed containers together with any
chemical and physical changes they may undertake and/or by-products formed
must be identified and quantified. The paths of transport and possible
reactions with materials they come into contact with a different time periods
must be understood to determine the reelase of these radionuclides to the

repository environment.

j) 7. Summary of the Planned Approaches to Testing, Tests, Test Methods,

and Investigations to Provide the Information Needs of (6):

8. Analysis of (7) As To Completeness, Practicality and Likelihood of

Success:
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Issue No. 2.26

1. Name of the Site: BWIP - Hanford, Washington

2. Statement of the Issue: Does alpha radiation in the waste packing

materials affect solution chemistry and hence transport and species

identification?

3. Importance of the Issue to Repository Performance

The bentonite/basalt packing is designed to retard radionuclide transport by
sorptive processes (Wood 1982). The performance of a sorptive barrier depends
upon local chemical conditions and the speciation of ions in the solution. It
has been demonstrated that solution chemistry and the speciation of multivalent
TRU elements can be selected by alpha-radioclysis. Consequently, a thorough
assessment of retardation in the packing must consider whether the radio-
nuclides will exhibit increased mobility due to alpha radiolysis effects.

This issue is related to the general question of establishing the significance

of radiolytic effects on waste package performance (Issue 2.10).

4. Portions of 10 CFR 60 that are Directly Connected to the Issue
§ 60.113 Performance of particular barriers after permanent closure

{(a) General provision.

(1) Engineered barrier system.

(i) The engineered barrier system shall be design so that assuming
anticipated processes and events (A) containment of HLW will be substantially
complete during the period when radiation and thermal conditions in the
underground facility are dominated by fission product decay; (B) any release
of radionuclides from the engineered barrier system shall be a gradual process
which results in small fractuinal releases to the geclogic setting over ling

time. In the case of disposal in the saturated zone, it shall be assumed in
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designing the engineered barrier system that partial or complete filling with
groundwater of all available void spaces in the underground facility occurs.

(ii) In satisfying the preceding requirement, the engineered barrier
system shall be desinged, assuming anticipated processes and events, so that:

(A) Containment of HLW within the HLW waste packages will be
substantially complete for a period of 1,000 years after permanent closure of
the geologic repository, or such other period as may be approved or specified
by the Commission.

(B) The release rate of any radionuclide from 1the engineered barrier
system 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 Commission; provided, that
this requirement does not apply to any radionuclide which is released at a
rate less than 0.1% of the calculated total release rate Timit. The
calculated total release rate 1imit shall be taken to be one part in 100,000
per year of the inventory of radicactive waste, originally emplaced in l1the

underground facility, that remains after 1,000 years of radioactive decay.

§ 60.135 Criteria for the waste package and its components.

(a) High-level-Waste package design in general.

(1) Packages for Hlw shall be designed so that the in situ chemical,
physical, and nuclear propefties of the waste package and its interactions
with the emplacement environment do not compromise the function of the waste
packages or the performance of the underground facility or the geologic
setting.

(2) The design shall include but not be limited toconsideration of the
following factors: solubility, oxisation/reduction reactions, corrosion,
hydriding, gas generation, thermal effectls, mechanical strength, mechanical
stress, radiolysis, radiation damage, radionuclide retardation, leaching, fire

and explosion hazards, thermal loads, and synergistic interactions.
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5. Summary of the Present State of Knowledge with Analysis of Uncertainties

Reasonably extensive literature exists on alpha-radioclysis effects in pure
water (Draganic, 1971). Alpha particles, by virtue of their greater linear
energy transfer, have somewhat greater yields than gamma rays for molecular
decomposition products of water (i.e., H,, H,0,, etc.). Funda-

mentally, -however, the effects are similar: for both gamma rays and alpha
particles, it is ionization which is responsible for the radiolytic effects in
solution. Due to the short range (~40m) of alpha particles in water, however,
alpha-radiolysis effects will be restricted to the immediate vicinity of the

migrating radionuclides.

Direct measurements (Fried, Rai) indicate that both solution pH and the
speciation of plutonium can be affected by solution alpha-radiolysis effects.
Specifically, the pH decreases, possibly due to nitric acid formation from
atmospheric nitrogen in the presence of moisture. Plutonium (III) is said to
undergo successive radiolytic oxidations to plutonium (VI), followed by cyclic
oxidation-reduction behavior. This behavior has been interpreted in terms of
air initial oxidizing affect of OH radical and a subsequent reducing effect of
H,0,: Swedish workers (Christensen, H., 1982) have recently calculated that
alpha and gamma radiolysis can oxidize Fe(II) to Fe(III) in Swedish repository

groundwater.

6. Summary of the Additional Information Needed to Resolve the Issue By

the Time of Construction Authorization Application

While the available evidence indicates that radiolysis may produce an oxidiz-
ing environment under certain conditions, the significance of this affect in
radionuclide retardation in the packing (and on waste package performance in
generalj has not been established. Major uncertainties involve the relative
contribution of radiolysis effects in comparison to other reactions and
processes which may occur in the backfill. Specifically, it must be determined
to what extent radiolytically-induced changes in pH and redox behavior will be
offset or swamped by the buffering properties of the backfill. For example, if

radiolytically-produced oxidants (e.g., OH radical) are effectively scavenged
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by iron in the basalt or by dissolved HZ’ radiolysis effects on redox behavior

could be negligible. To determine the significance of radiolysis, effects in

the packing data will be needed to estimate the relative formation and scavenging

rates for radiolytically-produced species under repository conditions. This
should include the effects of temperature and radiation dose rate. In
particular, for alpha radiolysis the dose rate will depend critically upon the

postulated distribution(s) of migrating TRU elements in the packing.

7. Summary of the Planned Approaches to Testing, Tests, Test Methods, and

Investigations to Provide the Information Needs of (6)

Radiation effgcts studies are to be carried out larely in conjuntion with a
program of igg;é-therma1 testing incorporating actual waste forms and palicale
materials this phase of the testiﬁg program is to be carried out in a hot
cell, also the radiation environment will be provided by the waste form
material. (Work element W.1.3.A) 1In these tests, solution chemistry
measurements will be carried out during the tests, and rection products will
be examined afterwards. Presumably, results will be compared with those
obtained in the absence of irradiation to determine if irradiation noticably
affected solution or moteral properties. No specific comparasions or analytic
technique unique to testing for irradiation effects are described in the work
element. Presumably, again, techniques and parameters monitored are to be
similar to those in the hydrothermal experiments without irradiation (i.e. Eh,
pH, characterization of alternation products, determination of elements

concentration in solution, etc.)

Other studies are cited in element W.1.3.A. in which corrosion testing is to
be carried out in a gamma field, and backfill and buffer materials are to be
subjected to external gamma irradiation. The test conditions are not
explicity defined; these appear to be scoping type tests. Finally work
elements W.1.10.A refers to investigations of the possible effects of the
radiation gilco on radionuclide geochemical behavior, involves radionuclide
complexing and colluid formation. No specific plans or techniques are

presented.
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8. Analysis of (7) As To Completeness, Practicality and The Likelihood of

of Success

At this point, descriptions of the planned approach are very general; it is
not clear to what extent, if any, alpha radiogysis effects are to be treated
as a separate issue. 1In general terms the planned appraoch correctly
recognizes the possibility that solution chemistry and radionuclide speciation
migate be modified by radiation effects. The problem is to be addressed by a
sense of what appear to be largely scoping experiments. These may be
incomplete in two respects: First it is not clear that the hydrothermal
scoping experiments will include worst case conditions. For example, if the
effects of solution radiocysis and of geochemical interactions oppose each
other, as has been postulated, the relative rates of the two processes are
critical factor. For radiocysis ﬁrocesses, the rate will depend upon local
radiation dove rate. And total dose, for example radiocysis in particular,
these will depend on the detailed distribution of radionuclides in the test
facilicy. The mechanism of x-radiocysis may alsc be somewhat different from
gama-radiocysis. Strict equivalence cannot always be assumed. In short, it
is not clear that the hydrothermal experiments will bound the extent to which
radiocysis effects may occur before geochemical coltral sets in under field
conditions. Second, there is no specific mention of how the significance of
x~radiocysis effects on radionuclide speciation and compiexing will be

determined, particularly for conditions subsequently to the thermal period.

The practicality of carrying out Eh determinations under hydrothermal
conditions, in all inhomogeneous system, in a radiation field sufficiently
intense to simulate repository conditions remains to be determined. Specific
technique are extidently under development. This is a possible weakness of
the approach, in that the major initial radiation test involves a fairly
complex facility, incorporating. Many interactions and somewhat 1imiting the
of radioclogical variables. (likelihood of success might be increased by

scoping measurements on simpler systems.
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ISSUE NO. 2 wi—

Name of the Site: BWIP - Hahdford Site

Statement of the Issue:

5371 What are the conditions which affect criticatity?

Importance of the Issue to Repositorv Performance:

{same as for jssue b33

~ ) s -
- R
U

Portions of 10 CFR 60 That Are Directly Connected To The Issue:

(same as for issue 5-3)
AYAS

Summary of the Present State of Knowledge, With Analvsis of
Uncertainties:

In order for a mass of fissile material to achieve and maintain a
critical chain reaction, several conditions must be met
simultaneously, e.g., the proper geometric configuration, the
presence of a neutron moderator and reflector and the absence of
neutron poisons. Redistribution of the fissile material in the
waste package or package, either within the canister or external to .
it, into a more optimum configuration is the prime requisite in
achieving criticality. The only mechanisms deemed significant to
redistribution are intrusion of groundwater and a severe natural
phenomena, such as an earthquake, must bring together over 40 spent
fuel canisters with into an optimum, close-packed arrangement, free
of neutron poisons. Otherwise, several uncontrolied natural events
must occur in a proper sequence and within a specific period of
time. These are:

a. Water must enter the repository in the required volume.
b. The waste canister and/or cladding must fail.
C. The matrix in which the fissile isotopes are held, i.e., glass

for the high level waste and the sintered oxides for the fuel
elemenis, must be physically removed or destroyed, or
selective fissle isotopes leached out (as long as the fuel
material remains homogeneously distributed it will not go
critical). Fissile plutonium must enter the leachout as a

colloid.

d. The packing material surrounding the waste packages is absent
(never placed or washed away).

e. After flowing for long periods of time over a series of waste

packages with exposed spent fuel or solidified high level
waste, the leachout passes through an intact plug of clay.

1
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f. The fissile plutonium colloide are filtered by the clay and
retained, so that over along period of time a critical mass s
accumulated on the clay in an optimum geometric configuration.

g. Water is present in quantities sufficient to moderate and
reflect neutrons so that a criticality occurs.
h. Neutron poisons are absent.
6. Summarv of the Additional Information Needed to Resolve the Issue By

the Time of Construction Authorization Appiication:

7. Summary of the Planned Approaches to Testing, Tests, Test Methods,
and Investigations to Provide the Information Needs of (6):

8. Analysis of (7) As To Completeness, Practicality and Likelihood of
of Success:
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