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Executive Summary

The Office of Civilian RadioactiveWaste Management (OCRWM) oj e U.S. Department of
• Energy (DOE) and the Power Reactor and Nuclear Fuel Development Corporation of Japan (PNC)

have supported the development of the Analytical Repository Source-Term (AREST) at Pacific
Northwest Laboratory. The purpose of this report is to describe the mathematical models and logic of
AREST.

e

AREST is a computer model developed to evaluate radionuclide release from an underground
geologic repository. The AREST code can be used to calculate/estimate the amount and rate of each
radionuclide that is released from the engineered barrier system (EBS) of the repository. The EBS is
the man-made or disrupted area of the repository. AREST was designed as a "system-level" models
to simulate the behavior of the total repository by combining "process-level" models for the release
from an individual waste package or container. AREST contains primarily analytical models for
calculating the release/transport of radionuclides to the lost rock that surrounds each waste package.
Analyt.,al models were used because of the small computational overhead that allows all the input
parameters to be derived from a statistical distribution. Recently, a one-dimensional numerical model
was also incorporated into AREST, to allow for more detailed modeling of the transport process with
arbitrary length decay chains.

The next step in modeling the EBS, is to develop a model that couples the probabilistic capabili-
ties of AREST with a more detailed process model. This model will need to look at the reactive
coupling of the processes that are involved with the release process. Such coupling would include:
1) the dissolution of the waste form, 2) the geochemical modeling of the groundwater, 3) the
corrosion of the container overpacking, and 4) the backfill material, just to name a few. Several of
these coupled processes are already incorporated in the current version of AREST.
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1.0 Introduction

The Office of Civilian Radioactive Waste Management (OCRWM) of the U.S. Department of [

• Energy (DOE) is investigating the permanent disposal of radioactive waste in an underground
geologic repository. OCRWM has supported the Performance Assessment Scientific Support (PASS)
program at Pacific Northwest Laboratory (PNL), ca)to develop a source-term model for evaluating

. radionuclide release from an engineered barrier system (EBS) of an underground geological
repository. The Analytical Repository Source-Term (AREST) computer code was developed for this
analysis (Liebetrau et al. 1987; Engel et al. 1989). The AREST code development supported by
DOE, consists of the following features'

• analytical models for the release/mass transfer of nuclides through a backfill region and into a
surrounding host rock

• a limited number of input parameters that could be modeled using a statistical distribution
(stochastic)

• a simple spent fuel dissolution model for estimating the concentration of each nuclide at the
waste form surface

• radionuclide decay in the waste form and in the release models, but no consideration of decay-
chain ingrowth during transport

• analysis done using batch mode (no user-interface) with input and output through data files.

The Power Reactor and Nuclear Fuel Development Corporation of Japan (PNC) subsequently
funded PNL to enhance the AREST code (Engel et al. 1992; Nakamura and Wilkins 1992). The
enhancements included the following:

• implementing a numerical transport model

• developing a graphical user-interface that allowed the input of all parameters interactively using
a windowing environment and allowing all input parameters to be stochastic or be modeled as a
range of values

• developing and implementing a glass dissolution model that coupled the reaction of the glass, the
groundwater, an iron overpack/container, and a clay backfill

• implementing decay chain models for estimating the effect of ingrowth during transport to the
• surrounding host rock

(a) Pacific Northwest Laboratory is a multiprogram national laboratory operated for the U.S.
Department of Energy by Battelle Memorial Institute under contract DE-AC06-76RLO 1830.
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* developing a graphical user-interface to make the AREST code intelactive, easy to input and
modify parameters, and graphically display the results.

The AREST code contains three different modules/routines. The first module is the input

manager, which allows the user to input data and set up the analysis. The second module is the
AREST model. This contains the computational models for calculating the release from the EBS.
Finally, there is the plot manager, which allows the user to graphically display the results. The
purpose of this document is to describe the AREST model and the computational capabilities of the
code. The user interface, input manager, and plot manager are described elsewhere (Nakamura and "
Wilkins 1992). The term AREST will be used in this document to mean the modeling part of the
AREST code (AREST model).

This document has nine sections and three appendices. Section 2.0 describes the structure and
logic of AREST. The containment modeling is then discussed in Section 3.0.

Section 4.0 contains a mathematical description of the release models that are contained in
AREST. Calculating the concentrations of a radionuclide, at the waste form boundary, is discussed in

Section 5.0. AREST contains the capability to either input a surface concentration as a single value
or as a time-dependent value (Section 5.1). AP,EST can also use a glass dissolution model for

estimating the surface concentration. The glass dissolution model is described in Section 5.2.

Section 6.0 describes the radionuclide inventory models that are contained in AREST.
Section 6.1 discusses the exhaustion model used for the depletion of a nuclide in the waste form.
The decay chain model for estimating the ingrowth of a nuclide during transport is described in

i Section 6.2.

AREST utilizes detailed analyses done outside the code for physical, chemical, and nuclear
processes. The results of the analyses are then input to AREST through lookup tables and response
functions. This detailed analyses, called support code modeling, is discussed in Section 7.0.
Section 7.1 describes the thermal modeling that is done for AREST. The geochemical modeling used
by AREST is discussed in Section 7.2, while the radiological/inventory modeling is discussed in
Section 7.3. Finally, the hydrological modeling for saturation and groundwater flow is discussed in
Section 7.4.

Section 8.0 contains a brief description of the planned development of the AREST code. The
version of AREST that is discussed in this document can be used to get an overall quantitative

systems-level estimate for the release from the EBS, including simple sensitivity and uncertainty
analysis. This version, however, lacks capabilities for modeling several processes that are expected to
be important at the candidate repository site. Thus a more detailed model, using numerical methods
is needed for a better estimate of the performance of the EBS.

Three appendices are included in this document. Appendix A shows a verification of the release
models that are incorporated in AREST. Appendix B discusses the geochemical modeling that is
needed for the glass dissolution model. Appendix C contains a listing and description of the input
data file and input support code data files that are read by AREST. °
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2.0 Code Structure

AREST was developed as a "system-level" model, as opposed to a "process-level" model. This
, means that AREST calculates the release from the overall system as opposed to the effect that each

process has on the release. AREST was developed to provide a quantitative probabilistic assessment
of the performance of the individual barriers of the overall EBS. In AREST, the waste package has

, been established as the basic unit of simulation. The waste package consists of the waste container, a
backfill region of some type of porous media (e.g., bentonite or crushed tuff) or an air gap
surrounding the container, and a host rock surrounding the backfill/air gap region.

The structure of the total AREST system is shown in Figure 2.1. The AREST system consists
of: 1) external analysis describing the physical and chemical environment of the repository and waste
package (support code analysis), 2) external input process that allows for sensitivity and uncertainty
analyses (input manager), 3) the computational models that make up the AREST code, and 4) external

plot routines that graphically display the results from the AREST code (plot manager). In Figure 2.1,
the processes external to the AREST code (support codes, input manager, and plot manager) are
shown by dashed boxes, while the computational models that make up the AREST model are shown

with solid boxes. Most of the material in this document describes the computational part of the
AREST system. For the remainder of this document, the term AREST will be used when discussing
the AREST model, or the computational part of the AREST system.

The first step in AREST, as shown in Figure 2.1, is input. Input into AREST is done through
data files. A sample input file is shown and described in Appendix C. After the input step, AREST
simulates a temperature profile over the lifetime of the waste package. A different temperature
profile is simulated for each waste package. The actual simulation of temperature profiles in AREST
has been described in detail elsewhere CLiebetrau et al. 1987) and is also briefly described in
Section 7.1 of this document.

Next, the temperature dependent groundwater composition, as calculated by support code
analysis, is read into AREST. The process for the groundwater modeling of AREST is described in
detail by Liebetrau (Liebetrau et al. 1987) and is briefly described in Section 7.2.

With a temperature profile and a groundwater composition, containment is then simulated.
Logic has been incorporated in AREST to simulate uniform corrosion, pitting corrosion, and stress
corrosion cracking of the container with a user-defined model of the corrosion process. Containment
can also be modeled using statistical distributions. The modeling of containment in AREST is
described in further detail in Section 3.0.

After loss of the containment barrier has been simulated, radionuclide inventories are calculated.

_' Inventories at time of emplacement, as calculated by the external radiological support codes
(described in Section 7.3), are input directly into AREST. Time dependent inventories after the time
of containment failure are calculated using the Bateman equations (Benedict and Pigford 1957).

The last step in the computational process of AREST is to calculate, for each nuclide, the release
and transport to the surrounding host rock. This process consists of: 1) dissolution of the
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Figure 2.1. AREST System Structure. Solid boxes are contained in the AREST model.
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radionuclide from the waste form (Section 5.0), 2) transport through a backfill or an air gap
surrounding the waste container (Section 4.0), 3) transport into the host rock (Section 4.0), and 4) the
effect of decay chain ingrowth for release from the matrix of the waste form (Section 6.2).

The results for the simulated waste package, release rates or concentrations at the boundary of
the backfill and the surrounding host rock, are then output to a data file. If this was the last waste

• package to be simulated, the program termi_mtes; otherwise, the logic transfers back to the input
routine to simulate another waste package.

w
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3.0 Containment Modeling

The current philosophy for modeling containment in AREST is to model the effective life of a
' waste container by a realization from a statistical distribution, where a penetration of the container is

assumed at some time after emplacement into the repository. Statistical models are used to simulate
containment failure times because of the lack of defensible corrosion models for the container designs

, being considered by the Yucca Mountain Project.

Currently, there are several statistical distributions in AREST, from which the user can select to
simulate the time of containment failure for each waste package The current distributions with the
needed input parameters and the unit of time in years are as follows:

• point/degenerate distribution (single failure time for all waste packages)

• normal distribution, truncated so that tf_ur_ > 0.0 (mean failure time, standard deviation)

• uniform distribution (minimum failure time, maximum failure time)

• exponential distribution (minimumfailure time, decay constan0

• symmetrical triangle distribution (minimumfailure time, maximumfailure time).

Logic exists in AREST to model different corrosion process, includinguniform cerrosion of the
container/overpack. Containment is assumed to be lost when the overpack has lost the ability to
withstand lithostatic load due to uniform corrosion. There also exists logic to model pitting and stress
corrosion cracking of the overpack coupled with uniform corrosion of the cladding, when spent fuel is
being modeled. The corrosion model compares the different types of failure modes (uniform
corrosion of the overpack, pitting of the overpack with uniform corrosion of cladding, and stress
corrosion cracking of the overpack with uniform corrosion of cladding) and selects the appropriate
failure mode.

Once containment has been lost, any mass transport resistance that may exist due to partial
failure of the overpack is neglected. This is a conservative assumption that is implemented in AREST
because of the extraordinary difficulty in quantifying the geometry and number of cracks or pinhole
failures far into the future.
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4.0 Release Models

For each simulated waste package, AREST estimates the release from the EBS at the interface
v between the backfill surrounding the waste container, or an air gap, and the surrounding host rock.

The main measure of performance for the EBS, as calculated in AREST, is the release rate.

, AREST has been designed so that the user can specify the mode of release, the water contact
mode, and a specific release model. AI_ST uses a single release model for a specific release and
w,.ter contact mode. The possible release modes are shown in Figures 4.1 and 4.2. The modes of
release in the AREST code are defined by the following conditions:

• groundwater flow: pore flow versus fracture flow

• transport: diffusive versus diffasive-convective transport into the host rock

• controlling concentration at the waste form surface: reaction-rate limited versus
solubility-limited.

AREST also considers two types of water contact mode, "wet-continuous" or "wet-drip". The
modes of release, water contact modes, and the release models implemented in AREST are shown in
Figures 4.1 and 4.2, shaded boxes, and are discussed in the following sections. The equations that
are presented in this document represent the final form of the equation, as implemented in AREST.
A reader who is interested in more details about the models, e.g., governing equations or more
detailed assumptions, should refer to the referenced material.

4.1 Wet-Continuous

This type of water contact mode assumes that a continuous diffusive pathway exists from the
waste form surface to the host rock. For the designs being considered at Yucca Mountain, this
diffusive pathway may exist due to a backfilled region between the waste container and the host rock,
in a robust design, by contact of the waste container and the host rock due to physical displacement of
the waste container, or by sedimentation of rubble, crushed tuff, in the air gap that may surround the
waste container. For the remainder of this document, we use the term "backfill" to mean any
diffusive pathway between the waste container and the host rock, such as a clay or crushed tuff
backfill or a rubble-filled region.

AREST can model three different sources for radionuclide release: matrix, gap, and spent fuel
cladding. Each of these three sources is modeled separately with the distribution for each source

• being specified by the user (e.g., 14C: 65 percent in matrix, 2 percent in gap, and 33 percent in
cladding). The models for each source for the wet-continuous water contact mode are described in

the following sections.
qll
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Figure 4.1. Possible Release Modes of AREST. Shadedboxed imply models that currentlyexist in
ARESTfor a "wet-continuous"watercontactmode.

IIII

Porous Fractured !
Host Rock Host Rock

! I

Diffusive Convective Diffusive I Convective

Flow Flow Flow ! Flow

, I I _

Rate Solubility "_ _ Reaction t=on ISolubility_Rate Solubility "Limited Limited Limited Limited Limited I Limited

Figure 4.2. Possible Release Modes of AREST. Shaded boxes imply models that currently exist in
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4.1.1 Matrix Release

For spent UO2 fuel, more than 99 percent of the radionuclides are contained within the UO2
matrix grains (Liebetrau et al. 1987). It is assumed that all of the models for the matrix release are

• valid for both spent fuel and glass waste forms. AREST assumes that each element is released
congruently with the dissolution of the waste matrix (reaction-rate limited), or else the solution
concentration at the surface of the waste form is calculated by a solubility limit (solubility-limited).
Transport from the waste form to the host rock is assumed to be dominated by either diffusion or by

' diffusion/advection in the backfill zone. Finally, transport into the host rock is either by diffusion
into the rock matrix or by advection into fractures in the rock. The shaded boxes in Figure 4.1 show
the modes of release where models currently exist in AREST. These models are described below.

4.1.1.1 Solubility-Limited Diffusion Model

An analytical model developed at the University of California at Berkeley (UCB) for estimating
release based on diffusive mass transport through a backfill and into a porous host rock has been
implemented into AREST (Pigford et al. 1990). The mode; assumes a solubility-limited constant
concentration at the waste form surface and a waste package that is modeled as a sphere. Transport
occurs through a backfill and into a semi-infinite porous host rock surrounding the waste package.
The release rate from spent fuel or a glass waste form (/I;/,g/yr) as a function of the distance in the
backfill (r, cm) and time (t, yrs) is calculated as follows:

J(4i(r,0 = 4n a I_ID! RorC_Sqtl(r,t) (1)

where C_i(g/m3) is the surface concentration for nuclide i, cI and _z are the porosities of the backfill
and host rock, respectively, aI and 02 are the tortuosities of the backfill and host rock, respectively,
D (cm2/s) is the diffusion coefficient for nuclide i in water, R0 and R1 (era) are the waste form
r_dius and the waste package radius, respectively, and ffi is a function defined as"

tPi(r,t) = 1 - f (ll(n)I2(Ti))dn, Ro < r _ R1, 0 < t

where

1 e (-D_tn2- _
11(_) - +

DIr12 1 + _" (3)1+
_. Dl'q 2
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/2(1]) = 2o,¢102¢2[3.... TI(COSOIIrRo])lsin0qtrr R°])) (4)
[o,e,TIc_Olb) + gsin(nb)] 2 + [l_02e2TIsin(TIb)] 2

Dl - _ (5) •

O'IE 1 - O2f. 2a = (6)
RI

[3 = _ (7)

0'IE 1 - 0262_, = (8)
02f- 2

where g 1 and g 2 arethe retardationcoefficients in the backfill andhost rock respectively, h is the
radioactivedecay constant(yrq), and b is the backfill thickness (R1 - RO, cm). The retardation
coefficient in either the backfill or the host rock is calculatedfrom the sorptioncoefficient (Kd, ml/g),
the bulk density (Pb, g/m3), and the porosity (_)as:

• ,--1 + --P_x,,t--1,2 (9)
6 i

4.1.1.2 Solubility-Limited Diffusion/Advection Model

In the previous section, radionueliderelease into the host rock was assumed to occur by diffu-
sion. Anotherpossible scenario for some host rocks is that advection is the dominant transport
process. A steady-statemass transportmodel has been developed (Pigfordet al. 1990) and
implementedinto ARESTto analyze this scenario. The model is applicableto the steady-state mass
transportof a radioactivespecies assuming the waste container is a sphere with a backfill surrounded
by a porous host rock. The model assumes a solubility-limitedboundarycondition at the waste form
with diffusive transport through the backfill and diffusive/advective transport into the host rock. The
equations for the steady-state release rate (21;/,g/yr) are listed as follows:
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_/i(R1)_ 4_ o,¢,DIRoC_($h'R,v _ (10)
(Sh - 1)sinh(d) + Rl_cosh(d)

where

• ol (11)
K-

DI

Sh = 1 + 0.SPe (13)
1 + 0.63_"e

RIUPe - (14)
D/

where q, D/, RO, R 1, _,, KI, and C_t are as defined before, Sh is the calculated Sherwood number,
Pe is the calculated Peclet number, and U (m/yr) is the groundwater pore velocity. The model was
developed for Peclet numbers greater than 1.0, but will work for all values of Pe. For Peclet
numbers much less than 1.0 (Pe < < 1.0), the model is relatively unaffected by the pore velocity, U.

4.1.1.3 Solubility-Linfited Fracture Model

Fractures or fissures in the host rock may intersect nuclear waste packages in some geologic
formations. If there is convective flow in the fractures, this will provide conductive pathways for the
transport of radionuclides from the near-field to the far-field and beyond. Because the water flowing
in the fissure provides the main hydrologic pathway for radionuclide transport in the far-field, it may
be conservatively assumed that the low porosity matrix of the fractured rock surrounding the backfill
is impervious to transport, at least compared to transport in the fracture. Therefore, release from the
waste package is assumed to be dominated by diffusional transport through the backfill and
diffusion/advection into fractures where water is flowing.

Researchers at UCB (Kang 1990; Pigford et al. 1990) have developed a general, time-dependent
. model for this fracture scenario. A fixed solubility-limited concentration for each radionuclide is

assumed at the surface of .thewaste form. The boundary condition at the backfill-fracture interface is
given by a mass balance of the diffusional flux of each nuclide through the backfill with convective
transport into the fracture. The flux is normalized by the cross-sectional area where the fracture

" intersects the waste package. The cylindrical geometry of the waste package is approximated by a
rectangular parallelepiped, resulting in a simplified two-dimensional rectangular geometry. The
analysis is further simplified by replacing the complex spatial dependence of concentrations for each

4.5



nuclide at the fracture opening with an average concentration, [c(T)]av. This term is a complex

function of previously defined parameters X, b, K 1, Dr, q, as well as the thickness of the fracture
aperture (a, cm), and the length of the waste package (l, cm). The equations for the average
concentration, [c(7)]av, are:

T "

[c(T)]_ = f (7") + fK(T,g)[c(_)]avd_ (15)
o

where

" 2 A2)r
f(t) - 1 + 2_(-1) m ¢/t etV'* (16)

. " 2a . A2)(T__)
K(T,_) = -25h_'_ 8,, e "('_ * _"7 (17)

.2 G i.,o

,.o

I_J - j'n 'Yi 2j + 1. '¢1' : 2 "b' j :0, 1, 2, ... (18)

Y, = "_P, _n - _tnl (19)

T_DI t , Modified Fourier modulus (20)
rl b2

Hb
Sh - , Modified Sherwood modulus (21)

D/ e1

A = _).b2-_, ModifiedThielemodulus (22)

where H (m3/yr) is the mass transfer coefficient at the backfill/fracture interface and is calculated
using the following equation (Hwang and Pigford 1990):
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h - Q!
Uc.R.D/ -£

H = 4a_l + 2hElD! (23)

where U (g/m3) is the pore watervelocity in the fracture, c is the porosity in the fracture, and h (cm)
" is the fracturespacing. The resultantH value must be divided by the total surface areaof the fracture

thatintersectsthe waste package to obtainunits of "m/yr".

The final equationfor calculatingthe time-dependent,mass transferrate (M, g/yr) into a fracture
is (Kang 1990):

M,(R,g) = 2nCi$,to,D! R,$hb[C(T)]. (24)

where the termsare as defined previously for the other release models. The mass transfer coefficient
presented earlier is used for all ranges of parameters. The most relevantrange for the use of this
form of the mass transfercoefficient is with a Peclet numbergreaterthan 4. It is advised, therefore,
that the user be awareof the Peclet numberand the relevance of the equations.

4.1.1.4 Reaction-Rate Limited Diffusion Model

The mass transferratefor highly soluble nuclides may be limited by the rateof reactionof the
waste form insteadof a solubility limit, as was assumed in the previous models. We have imple-
mented a model to treatthis reaction-ratelimited case. In this model, groundwaterflow is assumed
to be small enough that the mass transfer through the backfill andinto the semi-infinite porous host
rock is controlled by molecular diffusion. The model also assumes that the waste startsto dissolve as
soon as the containerfails.

An approximatesolutionfor this scenariowas developed based on a model for the gap/grain
boundaryrelease (Section 4. 1.2 of this documentand Kang 1990). The total dissolutiontime
(tdiss,yrs) it takes to dissolve the entire waste form of mass M° (g), is divided into a certainnumber
of equal time intervals(ndp - 100 in the currentversion). For each time interval of the dissolution

period,j, it is assumed that an equal amountof waste (/l_j, g) is dissolved. It is also assumed that the
mass for each time intervaldissolves instantaneouslyat the beginningof each time interval(e.g., ndp
= 100, M0 = 1000 g -> M_j= l0 g/interval). It is further assumed thatthe amount dissolved
duringeach time interval is tr_sported throughthe backfill and into the host rock using the following

. equations for the release rate (Mtj, g/r):

" Ill8- F (25)- N°s' "E o, _a,,o,a,:,5
jtF2il
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H(z2)= eZ+erfc(z) (26)+

0,, = (2n + 1)b + _oD_tt (27) ,

f2o = K1e191_ (30)

where ffl and if2 are the saturation fractions in the backfill and host rock, respectively, S (cm2) is the
surface area at the waste-backfill interface which is assumed to be equal to the surface area of the
waste cylinder, V (era3) is the volume of all the void in the container and is equal to the difference
in the volumes of the cylindrical waste container and the total volume of the enclosed waste, and
No (g/m3) is the concentration in the gap/void and is calculated by dividing the mass of the nuclide in

the gap/void (for each time interval) by the volume of the gap/void (No = M_j/V).

The total release rate into the host rock for nuclide i over time is then derived by summing the

series of M/,/terms, each offset for the time interval, given by:

JC/',(R,,t)= E M,,,.(R,,t]) (31)
1"1

where

t_ (32)
t]=t-q-1)ndp_ 1

Linear interpolation is used to get release rates for each ndp series for the _ time steps. This
summation is continueduntil the waste form is completely dissolved or unttl the inventoryof each
nuclide is exhausted in the waste form due to radioactivedecay.
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4.1.1.5 Numerical-Transport Model

AREST contains primarily analytical models for estimating radionuclide release rates. A natural
extension to the capabilities of AREST has been to implement a numerical release model. The
numerical model STRENG (Grindrod et al. 1991) was selected for the current version of AREST.
STRENG was originally developed for the Swiss National Cooperative for the Disposal of Radioactive
Waste (NAGRA) by the Environmental Division of Intera Technologies (formerly Intera Sciences).

STRENG is a one-dimensional finite difference model that analyzes the diffusive release of
radionuclides assuming cylindrical geometry. The model includes the dissolution of the waste matrix
together with the effects of: 1) solubiiky limits, 2) diffusive transport through a backfill, and 3)

radionuclide decay and ingrowth. The user has the option to use either a zero concentration at the
host rock boundary (swept away condition, semi-infinite host rock) or a "mixing tank" condition
(finite length host rock).

4.1.2 Gap Release

During operation of a nuclear reactor, fission products can accumulate in the gaps and grain
boundaries of the fuel rods. These highly soluble species, such as cesium and iodine, are expected to
dissolve rapidly when groundwater enters the container. A model for approximating the release was
developed at UCB (Kang 1990). The model includes diffusion of soluble species through a backfill
into a surrounding rock in one-dimensional planar geometry.

It is assumed that over the time scale of interest, groundwater immediately fills a void volume

(gap). A certain mass of nuclide is assumed to dissolve instantaneously from the waste form into this
void, providing an initial concentration. The equations for the mass transfer rate, _[' (g/yr), of highly
soluble nuclides into the host rock are:

.....,D,,....) 8-1 "

H(z 2) = e Z2erfc(z) (34)

_, .. (2n + l)b + rioD_t t (35)
2

Dt _ D! ot (36)
Kt
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DO= Kl_l,1--_ (38)

where _l and _2 are the saturation fractions in the backfill and host rock, respectively, S (cm2) is the
surface area at the waste-backfill interfacewhich is assumed to be equal to the surface area of the
waste cylinder, V (cm3) is the volume of all the void in the containerand is equal to the difference in
the volumes of the cylindrical waste containerand the total volume of the enclosed waste, and
NO(g/m3) is the concentrationin the gap/void and is calculated by dividing the mass of the soluble
nuclide in the gap/void by the volume of the gap/void. It should be noted that this model is only
applicable for modelingrelease through a backfill region. If no backfill exists (b = 0), then the
model depends only on the backfill properties and not the host rock, even though no backfill exists.

4.1.3 Cladding Release

Anothersource of radionucliderelease in spent fuel is the zircaloy claddingthat surroundsthe
fuel rods. ARESTincludes the capabilityto model the claddingusing two sources of release, clad
and crud. The crud pertainsto the partof the claddingthat is readily accessible for release as soon as
the overpackis breached. The clad pertainsto the partof the claddingthat is containedin the matrix
of the cladding and releases as the claddingdissolves.

Modeling the release of the crud partof the claddingrelease is identical to the modeling done
for the gap release. It is assumed that over the time scale of interestthat a certainmass of nuclide
(14C)is dissolved instantaneouslyfrom the claddinginto the void. The equationsfor the mass
transferrate, it;/(g/yr), are the same as used for the modelingof release from the gap (Section4.1.2),
and are not repeated in this section.

The clad portion of the claddingrelease is modeled using congruentrelease with corrosion of the
zircaloy (Zr) cladding matrix. An approximationfor the congruentrelease of radionuclides(14C)
from the clad, _l(cong) (g/yr), is as follows:

M(r,t,cong) = Ml(r,t)M_(R°'t'c°ng) (39)
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where

(40)
Iz.(t)

|

and It(t) is the time-dependentinventory in the cladding for nuclidei, lzr(O is the time-dependent
inventoryof zircaloy in the cladding, and/0 s is the solubility-limiteddiffusive mass transferrate as
calculated using the equations in Section 4.1.1.1.

4.2 Wet-Drip

At the candidate repository site at Yucca Mountain,the anticipatedcondition is that no liquid
should contact most waste packages even aftercontainment failure. Due to local variations in rock
permeability, however, water may drip onto a waste package after temperatureshave droppedbelow
the boiling point. Assumingthat there is a hole nearthe top of the waste container, the interiorof the
containermay become wet and dissolution of the waste may begin. Release from the waste form can
then be estimated based on assumptions about the container. Two types of assumptions are con-
sidered in the ARESTcode. The first assumes that the container is still intact and that release from
the waste package cannot occur until the containeris filled with water. This assumption is known as
the "bathtub" mode. The second mode assumes that the container no longer forms a barrierto
transportand thus release can occur at the time of rewetting. This release mode is known as the
"flow-through"type. Figure 4.2 shows the models that currentlyexist in the ARESTcode to model
wet-drip scenarios. The following sections describe the models contained in AREST to estimate
release rates underboth of these assumptions.

4.2.1 Matrix Release

AREST contains models for both solubility-limitedand reaction-ratelimited release from the
matrix, for the wet-drip environment assuminga bathtub mode (Sadeghiet al. 1990). The next two
sections describe these models.

4.2.1.1 Solubility-Limited Advection Model

It is assumed in this model that when the waste form is in contact with the groundwater
solubilityequilibriumapplies. The boundaryconditionat the waste form surfacefor each elemental
species is, therefore, at a maximum value equal to the solubilityof the species. The release rate
(/¢/, g/yr) is given by:

O, O<t_t_

= (41)

c sN,(t)oe
Neff)- ' h < t
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where _ is the elemental solubility (g/m3), Nl andN e are the species andelemental concentrationsin
the undissolvedsolid (g/m3), respectively, Q is the volumetric flow rateof the groundwaterinto and
out of the container(m3/yr), t2 (yrs) is the time in which the container overflows, and t3 (yrs) is the
time at which the element is totally dissolved in the waste form due to the constant waste form
dissolutionrate.

In AREST, the same equationsare used for the bathtubmode and the flow-throughmode,
except that the time to fill the container (t2) is different. For the case when the flow-throughmodel is
to be used, the time to fill the container is set equal to the time at which water first contacts the waste
(t2 =tl).

4.2.1.2 Reaction-Rate Limited Advection Model

Some of the species in the waste will be soluble enough that solubility constraintsdo not apply.
These species are assumed to be released congruently with the alterationof the waste matrix as it
reacts with the groundwater. Two conditions for the alteration-ratelimitedmodel, developed at UCB,
are considered: 1) the alterationperiod (l/fa, yrs) is less than the containerfill time (t2) or 2) the
alterauon period is largerthan the fill time. We definefa, as the fractional alterationrate of the
waste matrix, as bash on the initial inventorybeing alteredper unit time. In this model, it is
assumed that the cylindricalwaste form is sitting in a cylindricalcontainer. Waterdrips into the
containerand only the submergedportionof the waste form is allowed to alter. In particular,if the
alterationtime is less than the container fill time, then the bottom partof the waste form is completely
alteredbefore the container is filled.

The equationsfor the mass transferrate, M, when the alterationperiod is less than the fill time
are:

M,CR,,O: +',+ -

where

a - Q (43)
v(t2)

4.12



and

2:o0 J /+

where V(tz) is the volume of the water in the filled container(m3) and M0 is the initial inventoryof
th_ individualspecies (g). The flow-throughrelease rateis estimated againby setting the time at
which the containerwill be full (t_)equal to the time of first wetting (tl). This assumptionagain
igaores the time it takes the waterto react with the waste and dissolve it.

For the case when the alterationperiod is larger than the time it takes to fill the container,the
following equationsare used:

_(( a t,)e.,) 1 (45)M_(R,,O--f_°e-("_e" -•"'_)+_(t2- t2_t<t2+ -&

and

M_(R_,t)=f_ _ /'!-e"_ + -t,) t2+ - _t_ t3
2 2 f_

4.2.2 Gap Release

As with the wet-continuousconditions, there exists the possibility that some of the highly soluble
. nuclides will dissolve very rapidly when the waste first contacts water. Such nuclides could be

located in the gaps or grain boundaries. The equation for the release rate (/I;/,g/yr) of the readily
soluble species in a wet-drip condition is (Sadeghiet al. 1990):
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l_l_(Rl,t) = u¢aM°e-_e -¢*._)<t-_) t2 _ t (47)

where _ is the fraction of the inventory that is readily soluble.
t

4.2.3 Cladding Release

Modeling the release from the claddingof the spent fuel underthe wet-drip conditionis very
similarto modelingcladdingunderthe wet-continuouscondition. Modelingthe release from the crud
uses the same models as release from the gap (Section 4.2.2). Modeling release from the cladding
under the wet-drip environment is clonewith the congruent release models described in Section 4.1.3,
except that the release models described in Section 4.2.1.1 are used for the _Fterms.
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5.0 Waste-Form Surface Boundary Conditions

One of the main parameters for calculating release from the EBS is the concentration of an
element or a radionuclide at the waste form surface. In AREST, we neglect the over pack and assign
the surface concentration at the boundary between the container overpack and the backfill. This
concentration is modeled several different ways based on the release model or the selection of inputs

, madeby the user. The different methods for determining the surface concentration are discussed in
the following sections.

5.1 Input Values

When runningAREST, the user has the option to select a constant inputvalue for the solubility
limit and thus the surface concentration(Ca) for each nuclide. The user may also, inputtemperature
dependentsolubilitiesfor any element. Shared solubilities are used with either method of assigning a
solubility limit. Shared solubilitiesare calculated as the elemental solubility multipliedby the nuclide
mass fraction (the nuclide inventory divided by the elementalinventory). These assumptionsabout
time-temperaturevaryingsurface concentrations,solubilities, are only valid for the wet-driprelease
models. The wet-continuousrelease models were developed for a constantconcentration. We have
used time-temperaturedependentsolubilities with the wet-continuousrelease models, and have found
that they yield reasonableresultswhen the solubilitiesare not drasticallydifferent. However, the
authors are warning users who may use the time-temperaturedependentsolubilities with the wet-
continuousrelease models, that the results may not be accurate.

Assuming that the concentrationat the waste form surface is limited by the dissolutionof the
waste (spent fuel or glass), another method of estimatingsurface concentrationsis by the alteration
rateof the waste form. This value is inputin one of two ways: I) the length of the alteration, in
other words, the lengthof time duringwhich the waste form is dissolving (Section 4.1.1.4), or 2) the

alterationperiod (1/fa, yrs), estimated as a function of the reaction rate(Rwf, g/m2.day_, the waste
form surface area (Swf, m2), and the total massof the glass (masswf, g), as:

1 _ R,,¢.S,,¢ (48)
f, mass,¢

This value is used in the reaction-rate limited release model for the wet-drip conditions
(Section 4.2.1.2).

5.2 Glass DissolutionModel

For a glass waste form, ARESTcontains a model where the surface concentrationcan also be
estimated by consideringthe coupled reactionbetween the glass dissolution, an iron overpack, a

" bentonite clay backfill, and the groundwater (McGrail et al. 1990; McGrail 1991). Consider the
heterogeneous dissolution of a glass in a multiphase system consisting of an assemblage of minerals,
groundwater and iron that represents the waste package environment. We apply a mass balance on
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the system for the parameter _ (g/m3), or reaction progress, which is a master variable us:.1 to track
the overall extent of an irreversiblereaction of a solid in water (Aagaard and Helgeson 1982). The
mass balance is calculated as follows:

_V--_ = s(t)--_- 2t;/(_,R0,O (49)

where 0 is the volume fraction of the aqueous phase in an annularvolume (V, m3) surroundingthe
glass, s(t) (m2) is the time dependentglass surface area, M (g/d) is the mass transferrate at the waste
glass surface, R0 (cm) is again the radiusof the waste container,and dX/_ (g/m2.d) is the rate at
which the glass is dissolving, and is given by:

In this equationX (g/m2.d) is the amount of dissolved glass, _ (g/m2.d) is the forward rate of glass
dissolution, Q is the ion activityproductfor an appropriatesolid (i.e., chalcedony), and K is the
equilibriumconstant. The functionQOi)/K is calculatedas a function of reactionprogress by the
EQ6 code 0Volery 1983). An example of how to set up the inputto EQ6 for an ARESTsimulation

i is given in AppendixB. Because silicate glasses are metastablesolids in water, the reactionrate is
not allowed to go to zero by requiringthe following relationship:

dX > k,. (51)dt

where kr (g/m2.d) is a residual rate of reaction (Grambowet al. 1986). The mass transferrateat the
waste glass surface in Equation49 is calculatedusing either the wet-continuoussolubility-limited
model, Section 4.1.1. l, or the numericaltransportmodel, Section 4.1.1.5.

The forward rateof glass dissolution, _, is a fundamentalpropertyof a silicate glass and
depends stronglyon glass composition, temperature,and solution pH. In AREST, the following
empirical relationshipshave been implementedto calculate both _'and kr as a function of these
variables (McGrail 1992):

,f _-_ , lO0_n'r_, • _ (52)

k,= _,. * 10(n'pr_ * • W (53)

whereR (J/tool/K)istheidealgasconstant.InordertoruntheglassmodeloptioninAREST, the
usermustinputtheintrinsicrateconstantk (g/m2/day),theresidualrateconstantkr(g/m:.day),
theexponentofhydrogenionactivity(rt),andtheactivationenergyEa 0/mol).Boththetemperature
T (K)andpH arecalculatedindependently.
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Provisionshave been implementedin the glass dissolution model to account for the chemical
effects of the simultaneousreactionof the glass andiron overpack, l_e glass-iron interactionis
modeled with the aidof the EQ6 geochemical code by addingmetallic iron as a special reactantin the
input file (see AppendixB). Reactionprogress calculations arethen run for several cases where the
rkl parameter in EQ6 is varied for the iron reactant. The rkl parameter is calculated as the ratio of
moles of iron dissolved per mole of glass dissolved as:

rkl- _(t) (54)
•

where _ois the reaction progress coordinate for the iron. AREST calculates the value of rkl at each
time step from Equation 54, _ is calculated from Equation 49, and _ from:

-- - (551

where At is the inner surface area of the iron overpack (m2) and dJ/dt is the corrosion rate of the
overpacK (g/m2.day). The user of this option must ensure that sufficiently large values of rkl have
been run so that _0is not exceeded during an AREST simulation. In the current implementation, the
iron corrosion rate is simply assigned a constant value as a user input.

For a typical borosilicate waste glass, with approximately 50 wt% SiO2, rkl values near unity
result in low aqueous concentrations of SiO2, due to the precipitation of ferrous silicate secondary
minerals, such as greenalite. Under these conditions, the glass reaction rate is predicted to be rapid.
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6.0 Radionuclide Inventory Models

New models for tracking radionuclideinventories have been implementedin AREST. In
particular, models to calculate the exhaustion of radionuclideswithin the waste form and models to
estimate the effect of radioactive decay and in-growth of radionuclides during transport have been
implemented. These models are described in the following sections.

h,

6.1 Exhaustion Model

Radioactive decay will eventually lead to depletion of all radionuclides within the waste form. It
is important, therefore, that assumptions regarding constant surface concentrations for each nuclide at
the waste form surface do not continue if and when each nuclide is exhausted in the waste form.

In the case of alteration-rate limited release, the mass inventory of each nuclide (i.e., nuclide
mass fraction) is explicitly evaluated at each time step. Theoretically, some finite mass of each
nuclide can be calculated for each succeeding time step; eventually the mass inventories that are
calculated would not be physically meaningful. In AREST, an arbitrary cut-off value (e.g.,
10"1°grams) is set, below which the nuclide is considered to be exhausted in the waste form, and
succeeding release calculations are terminated.

For solubility-limited release, the time-dependent mass inventory of each nuclide is also
calculated. For this type of release, the surface concentration at the waste form surface is set to a
solubility limit. In AREST, a temperature dependent inventory is used to check if there is enough
mass of a particular nuclide to sustain a solubility limit. The temperature dependent inventory at a
given time, I(0, is compared against its initial inventory, l(to). In the current version of AREST, if
the time dependent inventory is five orders of magnitude less than the initial inventory then the
following relationship is used:

I(0 < 10-5 . C s _ C s l(t) (56)
I%) l(to)

6.2 Decay Chain Models

All actinides are membersof a decay chaincomposed of multipleradionuclidesthat eventually
decay to a stable isotope. Thus, the mass inventory of a given radionuclide,whether in the original
waste form or in the groundwaterduringtransport, will be a time-dependentfunction, affected by loss
from radioactivedecay and gain by in-growthfrom a coexisting radioactive parent.

Calculationsof mass inventoriesin the waste form is a straighfforw_.rdapplicationof Bateman
equations to the initial inventoriesof radionuclidesin the emplacedwaste. Likewise, the effect of
radioactivedecay on radionuclidemigrationin the groundwateraway from the waste form has been
explicitly incorporated in all of the release models existing in AREST.
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The effect of decay chain in-growth on the concentration of migrating radionuclides in ground-
water, however, is not specifically incorporated in the existing analytical release models of AREST.
An exact analytical equation has been developed for decay chain in-growth (Kang 1990; Pigford et al.
1990), although for completely different set of boundary conditions than are considered in AREST.
While new release models for evaluating decay chain in-growth are being developed, it is necessary
for the currently implemented models in AREST to approximate the effect of decay chain in-growth.

Modeling the effects of decay chain in-growth utilizes two assumptions: 1) the daughter nuclide
will have the same transport properties as its direct parent (e.g., retardation and diffusion coefficient),
and 2) because release is evaluated at the backfill/rock interface after diffusional transport through a
backfill, secular equilibrium can be assumed to be attained during transit for daughters having much
shorter half-lives than their parents. The last assumption only applies for the wet-continuous water
contract environment, thus it is only recommended for that type of modeling. The time-dependent
release rate of a parent nuclide at the backfill/rock interface is termed/I;/e, and the time-dependent
release rate of a daughter at the same location is termed Mo, where these values are calculated using
activities (Ci). Decay chains are modeled using one of three possible models. The three possible
models are described in the following sections.

6.2.1 Long-Lived Parent/Very Short-Lived Daughter

For daughter nuclides with half-lives less than 100 years, it is assumed that the concentration of
the daughter nuclide reaching the backfill/rock interface is due entirely to secular equilibrium with the
parent. Thus, the following equation is used:

That is, there is no contribution to the source-term of the short-lived daughter from primary release
by the waste form. All of the contribution from the waste form is assumed to have decayed in the
transport through the backfill. An example of this case is the decay of 237Np(tth = 2.14 x 106
years) into 233pa(t,h = 27 days).

6.2.2 Long-Lived Parent/Short-Lived Daughter

This model is conservatively applied to daughters that have half-lives greater than 100 years.
Because the daughter has a half life that is an appreciable fraction of the half life of the parent, the
rate of approach to secular-equilibrium must be calculated rather than assumed. The release rate of

the daughter at the backfill/rock interface is assumed to be _ual to the time-dependent contribution
from direct release of the daughter from the waste form,/(/'g'_, plus a time-dependent amount
corresponding to the approach to secular equilibrium of the daughter with the parent. This model is
illustrated as follows:

= ' .4- -- -XDt)

where hD is the decay constant of the daughter. An examl?leof this case is the decay of
233U (hh = 1.59 x 105 years) into 229Th(hh = 7.34 x lff' years).
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6.2.3 Short-Lived Parent/Long-Lived Daughter

This modelwas developedto describe the release arising from the decay of a short-lived parent
into one or more daughterswith successively longer half lives. For the purposeof illustration,

- assume that the parent(P) decays into a longer-lived daughter (DI), and that the daughter, in turn, is
the parent to anotherdaughter(1)2)that has an even longer half life. The following equationis used
to approximatethe effect of successive in-growth on the release rateof 1)1:

" ' M". - (59)MDI --- DI

This model assumes that the amountof D1 that reaches the backfill/rock interface is the sum of
two contributingparts. The first partof the model is the release rateof D1 attributableto direct
release from the waste form that gets transportedacross the backfill. The secondpart of the model is
the amountof D1 that reachesthe backfill/rock interfacedue to radioactivedecay of the parentP.
This amount is estimated by calculating the release rateof the parent, Me(),oo), assuming it is stable
(i.e., no loss from radioactivedecay), and subtractingthe release rate that is calculated from using the
actualradioactivedecay constant of the parent,M#_Ap).

The calculationof the release ratefor D2 at the backfill/rockinterfaceis more complex. The
following equationis used to model the successive in-growthon the release rate of 1)2:

Mth-'-MWVth+ [MD,()..)- _/nt0.D,)]+ [Me(X.)- Me0.e)]_/"'(_'')-_/n'(_'ih)- (60)
U.,(X.)

The first term in this equation corresponds to the release attributableto the direct release of D2. The
next term representsthe decay of D1 to D2. The last term representsthe amountof the parentthat
decays to D1 and then decays to D2. Longer chains will have an additionalterm for each additional
memberof the chain.
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7.0 Support Codes

The AREST code requires information about a number of physical, chemical, and nuclear
" processes. Computer codes that implement detailed models of those processes are often too complex

and require too much computational time for them to be included in a probabilistic code such as
AREST. In these cases, the actual computer codes are used to make the necessary calculations

, external to AREST, with the results being input to AREST through lookup tables and transfer
functions. The use of external detailed analysis in this fashion preserves the computational efficiency
of AREST and also flexibility, since AREST is not tied to a particular model or support code. The
support code models and modeling for AREST are briefly discussed in the following sections.
Detailed discussion of the support code modeling for AREST is given elsewhere (Altenhofen
et al. 1992).

7.1 Thermal Modeling

Temperature can have both a direct and an indirect effect on containment and release perform-
ance of the waste package. Waste package temperature profiles are simulated in AREST as described

in the original AREST Description Document (Liebetrau et al. 1987). Time dependent temperatures
(Ts(t), °C) are simulated based on: 1) an initial heat generation rate simulated from a cumulative

distribution (Hs(O), kW/MTU), 2) an initial heat generation rate for the reference container (Hr(O),
kW/MTU), 3) a time-tempel,_ture distribution for a repository average temperature (Ta(t), °C), and
4) a time-temperature distribution for a reference container temperature (TAt), °C). The following
equation is used to simulate temperatures in AREST:

x,(o) .
T,(t)- _(T,(t) - Ta(t)) + Ta(t) (61)x,(o)

The HEATING-6 code (Turner et al. 1977) is used to estimate the repository average and the
container temperature profiles. These two profdes are read directly into AREST as output from

HEATING-6. Temperature histories are used to estimate solubilities, groundwater compositions, and
surface concentrations of dissolved glass for the glass dissolution model. Temperatures are estimated
for fixed time steps. Linear interpolation is used to estimate temperatures between time steps.

7.2 Geochemical Modeling

The geochemical modeling in AREST includes information relevant to changes in groundwater
compositions at different spatial positions within a repository. The speciation/solubility support code,
EQ3/6 (Wolery 1983), is used to generate repository groundwater compositions that are read directly
into AREST. This same code can be used to estimate elemental solubilities as a function of
temperature.

Another utilization of the geochemical modeling occurs with the glass dissolution model of
AREST. This model uses a coupled reaction of the glass, groundwater, and iron containers, and the
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bentonitebackfill. The EQ3/6 code is, again, used to calculate elementalconcentrations at the waste
form surface as a functionof reactionprogress andtemperature. The elementalconcentrationsand
reactionprogress are tabulatedby EQ3/6 andread directlyinto AREST. Also, affinity valuersfor
differentmineralphases are calculatedand tabulatedas a function of temperatureand reaction
progress. The inputparametersand setupfiles for runningEQ3/6 for use with the glass dissolution •
model are discussed in AppendixB. The actualsupportcode files that are read into AREST are
discussed in AppendixC.

7.3 Radiologieal Modeling

Radionuclide inventories are calculated externalto AREST, using a source-termcode such as
ORIGEN-S (Herman and Wesffall 1989). The initial inventories,at time of repositoryclosure, are
then inputinto AREST through the inputmanagerand the inputdata file.

The source-termmodel, 0RIGEN-S, evaluatesradionuclidegenerationand depletionfrom initial
light waterreactoroperation, throughspent fuel reprocessing, interimstorage, and repository
disposal. The ORIGEN-S code simulates the spent fuel reprocessingstep at three years after reactor
discharge by extractinga fraction of the elementsbased on the recovery efficiency.

7.4 Hydrological Modeling

An importantpartof the modelingof the EBS for a partiallysaturatedzone, such as at the U.S.
repository candidate site at Yucca Mountain, Nevada, is the hydrologic modeling. In AREST,
parameters such as infiltrationrates and saturationvalues are key parameters that directly affect the
calculated performance measures.

The Multiphase SubsurfaceTransport Simulator (MSTS) computer code has been used to
estimate the hydrologic input parameters for AREST. MSTS is a two-phase, two-component, three-
dimensional numerical simulator for variably saturatedgeologic media, with dilute species transport
capabilities. MSTS uses a finite-difference-basednumericalscheme to solve a nonlinear system of
conservation and constitutive equations. The results from MSTS are input to AREST through the
input manager and the input data file.
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8.0 AREST Code Future
!

As described in this document, the current version of AREST incorporates a sophisticated user
' interface to simplify and organize setup and visualization of the computational results. However, we

have reached the limits of the capabilities of the fundamental structure of AREST which relies on
relatively simple analytical models to describe release and transport of radionuclides in the EBS.

. Within the next few years, the Yucca Mountain Project will be examining alternative EBS concepts
that cannot be analyzed with the current version of AREST. Consequently, a fundamental
restructuring of AREST is needed to implement robust but computationally efficient numerical models
for EBS performance analysis.

We propose that the next generation of AREST be based on a two-dimensional finite volume
method for solving chemical reactive transport problems with capabilities for handling constant, time-
varying, and periodic boundary conditions. This capability is particularly important for modeling
stochastic flow in fractures that may intersect a waste package, as speculated for the candidate site for
the U.S. repository at Yucca Mountain. An orthogonal grid will be used for the spatial discretization
with provisions to implement a three-dimensional non-orthogonal grid in the future. The model will
explicitly handle n-member decay chains and will enforce solubility constraints throughout the spatial
domain.
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Appendix A

Release Model Verification

, AREST was designed to implementrelease models in such a way thatthe user can select the
release mode and release model for each analysis. In doing so, all of the release models are
modules/subroutinesthat can be removedor addedwith minordifficulties. In AREST, there are
several release models, as described in Section 4.0, that were developedelsewhere (UCB andIntera)
and implementedas needed. The verificationthat the models accuratelycalculate the correct results
is done primarilyby comparing the results from AREST to results that have been publishedby the
developersof the release models.

Figures A. 1 through A. 12 containplots of results from ARESTanalyses. The AREST results in
these figures are always representedby solid lines, while comparableresults from the developers'
documentationare representedwith an "x". The actualdata for these comparison/verificationruns
are not listed in this appendixsince they are described in the original documentswhich describethe
releasemodels createdby the developers.

For example, Figure A. 1 shows the AREST results when using the solubility-limitedrelease
model, with diffusive transportthrougha backfill, and release into a porous host rock (PDS model).
This model is used in a "wet-continuous"water contactmode. These results compare favorablywith
results publishedby the UCB group(Chambr6et al. 1985, Figure 5). In this plot, Figure A.1, the
solid line representsthe results from ARESTwhile the publishedresults, for which the AREST
results are compared, are shown with an "x". The differencesbeyond l05 years for the nuclide with
the shorter half life (5730 years) occur because ARESTuses an exhaustionmodel, described in
Section 6.1.

Figure A.2 shows resultsfor the steady-statemass transportmodel (PCS), assuming a solubility-
limited boundary condition at the waste form with diffusive transport through a backfill and
diffusive/advective release into a porous host rock (Pigford et al. 1990). This model is used in a
"wet-continuous" water contact model. This model is verified using hand calculations. The input
routine for AREST for the verification of this model is shown in Table A. 1.

The verification results for the fissure/fracture release model are shown in Figure A.3. The
AREST results are again compared to published results (Kang 1990, Figure 4.14). These results are
from a model that assumes: 1) solubility-limited concentrations, 2) diffusive transport through a
backfill, 3) convective release into a fractured rock, and 4) a "wet-continuous" water contact mode

• (FCS). The results compare quite well, with minor discrepancies occurring in the early time frame
due to differences in the numerical techniques and approximations.

, Good agreement also occurs with the verification of the alteration-limited release model (PDR)
in a "wet-continuous" water contact mode, Figure A.4. The AREST results (solid line) are compared
against results from UCB (Sadeghi et al. 1990, Figure 29).
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The numerical transport model that has been implemented in AREST was verified against
analyses from the STRENG model. Figure A.5 shows a comparison for the neptunium decay chain
(Grindrodet al. 1991, Figure 15). Again, good agreement is accomplished with the discrepancy for
241Amoccurring because of the exhaustion model in AREST.

,A

Figure A.6 shows the results from the inventory-limited/gaprelease model. These results are
from a "wet-continuous" water contact mode. The comparison to results from UCB (Kang 1990,
Figure 3.8) is again quite good. In this comparison, it is assumed that the container fails 1000 years
after repository closure. This data is not provided in the UCB document, but with trial and error this
value was found to work quite well.

The verification for the "wet-drip" release models are shown in Figures A.7, A.8, and A.9.
These results are all compared against results from UCB (Sadeghi et al. 1990). Figure A.7 shows the
effect of shared solubilities for the plutonium nuclides and is compared against the UCB results
(Sadeghi et al. 1990, Figure 1). Figure A.8 shows a good comparison with published results
(Sadeghi et al. 1990, Figure 7) for the alteration-limited release model assuming a "wet-drip" water
contact mode. Minor discrepancies occur in the results for the inventory-limited/gap release model
shown in Figure A.9. The AREST results are compared to Figure 6 from Sadeghi et al. 1990. The
differences occur in the estimation of the void volume for the two models. A difference in the
volume will cause a difference in the fill-up time and also the concentration estimate for release.

The _t three plots show runs for the glass dissolution model (see Section 5.0). Figure A. 10
shows th,_results of a base case analysis where the glass dissolution model is not utilized. Instead,
the concentrations at the waste form surface are limited by the solubility for each nuclide. The
numerical transport model was used for this analysis. These results compared quite well with another
numerical transport model, RELEASE (McGrail 1992, Section 2A, Figure 9).

Figure A.11 shows results from the same analysis as shown in Figure A.10, except that the glass
dissolution model in AREST is used. This analysis ignores the effects of the corrosion products and
their reaction with the glass waste form. Figure A.12 shows the results of using the glass dissolution
model and the effects of considering the iron corrosion products and the reaction with the glass waste
form. The data files that are used by the glass dissolution model for the affinities and concentrations
are very large files. Thus, it is beyond the scope of this document to display the data files and the
complex sequence of steps to verify the glass dissolution model.
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Table h.1. ARESTInput Dab File _r _e Verification of _e Diffusive/Advective
Rele_e Model (PCS)

! AREST-PNC Data Input File
! ID
! Date : Tue Oct 8 16:06:42 1991

#BLOCK Simulation Control

0 ! Type of sensitivity analysis
. X 0 = None

! 1 = Base-alternate

! 2 = Full factorial

1 ! No. of sensitivity analysis cases
1 ! Samples per distribution
0 ! Seed for random number generation
1 ! Total simulations

#ENDBLOCK Simulation Control

! Run identification

Convective Release Model (UCBCONV) ! run title

#BLOCK time-temp/heat
#INCLUDE support/pnc ref temp.dat ! timetemp file
#INCLUDE support/pnc_min_temp.dat ! timetemp file

#INCLUDE support/pnchl.dat ! heatload file

500.000000 ! resaturation temperature
1.100000 ! heat load conversion

#ENDBLOCK time-temp/heat

#BLOCK solubility
#INCLUDE support/solubility.dat ! solubility file

#ENDBLOCK solubility

#BLOCK groundwater

#INCLUDE support/pncenvsol.dat ! groundwater file
#ENDBLOCK groundwater

#BLOCK waste_package_design
29.0 . Cylindrical waste radius cm

476.0 . Cylindrical waste length cm
17.8 . Cylindrical waste form radius cm

470.0 . Cylindrical waste form length cm
5.0 . Waste container thickness cm
30.0 . Backfill thickness cm

1 . Container emplacement type
• 0 --> Vertical emplacement
. 1 --> Horizontal emplacement

391.0 Container/WP spacing/height cm
#ENDBLOCK wastepackage_design

#BLOCK containment

' I000.000000 ! time of failure

0.000000 ! prefailure probability
0 ! initial prefailures

#ENDBLOCK containment

! Release control

-1 ! release control
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#BLOCK release
8 ! release model

False ! congruent release
1.000000 I release fractional distance

1.0 ] packing tortuosity
1.0000 ] host rock tortuosity
1.8 ! packing density (g/cm*3)
3.0000 ! host rock density (g/cm*3)
100.0 ! percentage of pores filled
1.000000 ! glass cracking factor
3.36e4 ] wasteform mass (g) o
0.5 ! waste void width (cm)
1.0 ! waste void volume factor

False ! precipitation
False ! solubility limited
False , shared solubility
False ! Glass dissolution model being used?
1 ! Calculating release rates or concentrations

! 1 --> release rates
! -i --> Conc. vs. time (distance curves)
! -2 --_ Conc. vs. distance (time curves)

#BLOCK release_model_parameters

#BLOCK solubility model
0.2000 ] packing porosity
0.010000 ! host rock porosity

#ENDBLOCK solubility_model

#BLOCK convection model

1.316 ] pore water flow rate (m/yr)
0.1 ! packing porosity
0.1 ! host rock porosity

#ENDBLOCK convection model

#ENDBLOCK release_model_parameters

#ENDBLOCK release

#BLOCK precipitation

1.000000 ! precipitation fractional distance
1.000000 ! precipitation fractional concentration

#ENDBLOCK precipitation

#BLOCK misc_control
False ! vector approach

1 ! Input inventory units (1 --> g/yr, 2 --> Ci/yr)
#ENDBLOCK misc control

#BLOCK radionuclides

#BLOCK nuclide name
Pu-240 ! nuclide name

t

Np-237 ! nuclide name
#ENDBLOCK nuclide name

#BLOCK daughter product
none ! daughter product
none ! daughter product

#ENDBLOCK daughter_product
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#BLOCK half life
5.73E+03 ! half life years
2.10E+06 ! halflife

#ENDBLOCK half life

#BLOCK inventory
50000000. 000000 ! inventory g/pack
50000000.000000 I inventory

#ENDBLOCK inventory

, #BLOCK solubility
1.0 ! solubility g/m*3
1.0 ! solubility

#ENDBLOCK solubility

#BLOCK kdl
111.0 ! kdl ml/g
111.0 ! kdl

#ENDBLOCK kdl

#BLOCK kd2
3.33 ! kd2 ml/g
3.33 ! kd2

#ENDBLOCK kd2

#BLOCK diffusion
0.000010 Z diffusion cmA2/s
0.000010 ! diffusion

#ENDBLOCK diffusion

#BLOCK matrix_percentage
100.0
100.0

#ENDBLOCK matrix_percentage

#BLOCK gap_percentage
0.0
0.0

#ENDBLOCK gap_percentage

#BLOCK clad_percentage
0.0
0.0

#ENDBLOCK clad_percentage

#BLOCK crud_percentage
0.0
0.0

#ENDBLOCK crud_percentage

#ENDBLOCK radionuclides

, #BLOCK overall_control
1 ! repository waste packages

#ENDBLOCK overall control
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Appendix B

Geochemical Data Input for Glass Model

• The purposeof this Appendixis to provide a descriptionandexamples of the steps needed to
agsemblethe inputdata to run the glass dissolution model in the ARESTcode. These steps are
brokendown as follows:

* EQ3NR Input and Generation of Pickup file
* EQ6 Input
• EQ6 Output
• Modeling Glass-lron Interactions.

It should be emphasized here that the following description is not a substitute for the EQ3/6 user
manualsand it has been assumed that the user is thoroughlyfamiliar with the basic operationof the
EQ3/6 code package.

EQ3NR Input and Generation of Pickup File

Prior to running any reaction path calculation with the EQ6 code, the EQ3NR code must be run
to generatean appropriate"pickup" file which is appendedto the EQ6 input file. An example input
file is shown in Table B.1. All radioelementsand majorglass components that are of interest for
study in an AREST simulationshould be included in this file. We have arbitrarily set the starting
concentrationfor the basis species to 10"15molar in this example. This would be appropriatefor a
simulationof the glass reaction in deionized water. The initial concentrationsof the majorcations
and anions in a starting groundwatercould also be enteredin place of these values. The user is
cautionedhere about enteringevery possible elementpresent in either the glass, groundwater,or
both. The computationaltime requiredfor the subsequentEQ6 runs can increasedramatically as the
numberof elements to be considered increases. The user should consider removing those trace
constituentsthat have little impacton the solutionchemistry or resultingelemental solubilities.

A second feature that is important in this example is the redox couple used to indirectly
constrain the 0 2 fugacity. In this case, the Fe+ +/Fe + + + couple has been selected by setting the
uredox=fe+ + +. We have also established redox equilibrium by constraining the Fe+ + activity by
equilibrium with magnetite, and the Fe+ + + activity by equilibrium with hematite. The reader should
note, however, that this fixes only the initial 0 2 fugacity since the EQ6 code calculates this parameter.J

as a function of reaction progress.
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EQ6 Input

After completing the appropriateEQ3NR run as describedabove, the next step is to create an
input file for the reactionpath calculationswith the EQ6 code. An exampleinput file is shown in
TableB.2 where the EQ3NR pickup file has been removed from the bottom of the file. Because
ARESTuses an interpolationalgorithm for all the computationsusing the geochemical data, the user
must ensure that a sufficient rangeof temperatureis covered for the simulationsthat are to be run
with AREST. This entails executing separate runs of the EQ6 code for a series of selected
temperatures.

One of the key parameters in the input file (Table B.2) is zimax. This parameter dictates the
maximumvalue of reaction progressthatis to be simulated. It is very importantthat a sufficiently
largevalue of reaction progressbe selected that will not be exceeded duringan AREST simulation.
If the user specifies certain chemical or mass transport conditions that cause calculated reaction
progress values to exceed the input data, the AREST calculation will be terminated at that point. One
way to ensure that this does not happen is to check for saturation with respect to the mineral phase
that will be used to control the reaction kinetics of the glass. Some appropriate phases include
amorphous silica or chalcedony. Because the reaction affinity is very sensitive to undersaturation,
and mass transfer rates are usually small for a diffusion dominated system, reaction progress values
can become quite large if proper care is not exercised in the selection of mineral phases for kinetic
rate control.

The second important parameter in the input file is the option to fix gas fugacities, in particular
O2(g). In most instances it is desirable to allow the EQ6 code to calculate the oxygen fugacity as a
function of the various chemical equilibria involved in the system. However, the user should be
aware that when simulating the dissolution of a glass, the oxygen liberated from the breakup of the
glass network is usually sufficient to drive the system oxidizing, irrespective of the initial conditions
assumed. This effect can be circumvented by fixing the oxygen fugacity at a low valuer or by
simulating the simultaneous reaction of iron which consumes the oxygen liberated by glass dissolution
through oxidation-reduction reactions. However, the simultaneous reaction of iron also has other
important chemical effects that are discussed below.

The third important pan of the EQ6 input file is the so called special reactant section, which is
used to input the bulk chemical composition of the glass (and other reactants) for reaction path
simulations. A spreadsheet template has been created to automate the calculations required to convert
a glass composition, usually given in oxide wt%, to the elemental mole fractions needed for input as a
special reactant in EQ6.

EQ6 Output
t.

The EQ6 code normally produces a very large file called "output" thatcontains detailed
informationon the solutionchemistry and secondarymineral formation as a function of reaction
progress. A compressed version of the data in the output file is also generated in a "tab" file that
contains elementconcentrationsas a function of reactionprogress in a tabularform, as well as details
on the identity and amount of secondaryphases formed during the simulation. Unfortunately,the
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information necessary to run the glass dissolution model is not provided in either the standard
"output" or "tab" files produced by EQ6. Consequently, we have modified EQ3/6 to produce a series
of support files called "*.arest".

. Of particular importance for glass dissolution modeling are the files "affinity.arest" and
"conc.arest". The "affinity.arest" file contains the calculated affinities as a function of reaction
progress for all the minerals loaded into memory at the start of an EQ6 run. The user is required to
input a mineral name from this list that will be used to control the reaction kinetics during an AREST

' simulation. The "conc.arest" file contains a compact listing of the element concentrations as a
function of reaction progress that, are used to determine the time-dependent concentrations at the
waste form surface during an AREST simulation. The "minerals.arest" file produces a tabular listing
of the identity and amount of secondary phases formed. Although this data is not used in AREST, it
provides important information to identify the solubility-limiting phase(s), if any, that fix the
boundary condition at the waste form surface for subsequent transport. The last file generated is the
"groundh2o.arest" file which contains a listing of aqueous species as a function of reaction progress.
Again, this file is not directly used in the current version of AREST but has been provided for
possible future use in models that require aqueous speciation data, e.g., CI concentrations for a
corrosion model.

Modeling Glass-Iron Interactions

Some waste package designs include massive cast steel overpack to provide structural support
and containment of the waste for some period of time after emplacement. Because a number of
laboratory studies have shown a strong synergistic effect of iron corrosion on glass dissolution, we
have included provisions in AREST to model these effects. The approach taken is to modify the input
to EQ6 to include Fe° as a special reactant in addition to the glass itself (see Table B.2). Including
Fe° in the calculations not only affects the solution Eh through oxidation-reduction reactions but also
the reaction affinity for dissolution of the glass itself, as illustrated in Figure B. 1. As increasing
amounts of iron are added per mole of glass reacted (larger rkl values), the system is driven into the
stability region for greenalite precipitation, which lowers the activity of orthosilicic acid and thereby
increases the driving force for glass dissolution. For the purposes of an AREST simulation, an
additional set of EQ6 calculations must be run, with progressively increasing rkl values for the Fe°
special reactant. The user must also ensure that a sufficient range of reaction progress and rkl values
have been covered so that these values will not be exceeded during an AREST simulation.
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Table B.1. ExampleInput File _r EQ3NR

input file name= p0798.eq3.inp created= 05-DEC-91 creator= B.P. McGrail

This run will calculate the starting water composition for EQ6 simulations of

the reaction of p0798 glass in deionized water. The starting water is not
equilbrated at 25C with air. Starting glass components are set at 10A-15
molar.

endit.

tempc= 25.
rho= 1.00 tdspkg= 0. tdspl= 0.
fep= uredox=fe+++

tolbt= 0. toldl= 0. tolsat= 0.
itermx= 0

ioptl-10= 1 0 0 0 0 0 0 0 0 0
iopgl-10= 0 0 0 0 0 0 0 0 0 0
ioprl-10= 0 0 0 0 0 0 0 0 0 0

ioprll-20= 0 0 0 0 0 0 0 0 0 0
iodbl-10= 0 0 0 0 0 0 0 0 0 0

uebal= h+
uacion=
nxmod= 3

species= tridymite
type= 1 option= -1 xlkmod= 0.

species= cristobalite
type= 1 option= -1 xlkmod= 0.

species= quartz
type= 1 option= -1 xlkmod= 0.

data file master species= h+
switch with speczes=

' jflag= 16 csp= -7.2
data file master species= ag+

switch with species=
-jflag= 1 csp= 1.0e-15

data file master species= am+++
switch with species=
3flag= 1 csp= 1.0e-15

data file master species= al+++
sw_tch with specles=
3flag= 1 csp= 1.0e-15

data file master species= b(oh)3
switch with specles=
3flag= 1 csp= 1.0e-15

data file master species= ba++
switch with species=

3flag= 1 csp= 1.0e-15
data file master species= ca++

switch with species=
3flag= 1 csp= 1.0e-15

data file master species= cr+++
switch with specles=
3flag= 1 csp= 1.0e-15

data file master species= cs+
switch with species=
3flag= 1 csp= 1.0e-15

data file master species= fe+++
switch with specles=
3flag=19 csp= 1.0e-15
uphasl=hematite
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data file master species= fe++
switch with species=
jflag=19 csp= 1.0e-15
uphasl=magnetite

data file master species= li+
• switch with species=

jflag= 1 csp= 1 0e-15
data file master specles= mn++

sw_tch with specles=
jflag= 1 csp= 1 0e-15

° data file master species= na+
sw_tch with specaes=
jflag= 1 csp= 1 0e-15

data file master specaes= ni++
swatch with specaes=
jflag= 1 csp= 1 0e-15

data file master specaes= hpo4--
swatch with specaes=
jflag= 1 csp= 1 0e-15

data file master specaes= puo2++
switch with specaes=
jflag= 1 csp= 1 0e-15

data file master specaes= rb+
switch with specaes=
jflag= 1 csp= 1 0e-15

data file master specaes= ru+++
sw_tch with specaes=
jflag= 1 csp= 1 0e-15

data file master specaes= seo3--
switch with specaes=
jflag= 1 csp= 1 0e-15

data file master specaes= sio2(aq)
switch with specaes=
jflag= 1 csp= 1 0e-15

data file master specaes= sn++++
switch with specaes=
jflag= 1 csp= 1 0e-15

data file master specaes= st++
switch with specles=
jflag= 1 csp= 1 0e-15

data file master specaes= zn++
switch with specaes=
jflag= 1 csp= 1.0e-15

endit.
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Table B.2. Example Input File for the EQ6 Code

input file name= p0798.eq6.inp revised=08-JAN-1992 revisor=bpm

This run will calculate the simultaneous reeaction of P0798 glass and iron
in deionized water.

endit.

nmodl 1= 2 nmodl 2= 0
tempcO= 30. jtemp= 0

tkl= O. tk2= O. tk3= O.
zistrt= O. 0 zimax= O. 001
tstrt= O. timemx= O.

ks tpmx= 600 cpl ira= O.
dzipr= I.e+38 dzprlg= 0.2 ksppmx= i0000

dzplot= I.e+38 dzpllg= i0000, ksplmx= I0000
ifile= 60

ioptl -I0= 0 0 0 0 0 0 0 0 0 0
11-20= 0 0

ioprl -10= 0 0 0 0 0 0 0 0 0 0
11-20= 0 0

iodbl- 10= 0 0 0 0 0 0 0 0 0 0
11-20= 0 0 0

* nxopt = number of subset selection options for suppressing minerals.
* nxopex = number of exceptions.

nxopt= 0
* nffg = number of gas fugacities to be fixed

nffg= 0

* uffg= o2(g) moffg= 0.01 xlkffg= -40.0
* nrct = number of reactants

nrct= 2
* ................... . ................................................

reactant= p0798 glass
jcode= 2 jreac= 0
morr= O. 5 modr= 0.

vreac= 23.78

ag 1.21E- 04
am 2.64E-05
al 6.86E- 02
b 2.85E-01
ba 2.24E- 03
ca 3.74E- 02
cr 9.2 IE -04

cs 3.72E-03
fe 1.79E-02

li 1.41E-01
mn 2.98E-03
na 2.26E- 01
ni 2.15E- 03

p 2.96E-03
pu 1.00E- 05
ru 3.89e-03 4
se 1.26E -04
si 5.43E-01
sn 9.29E -05
sr 2.03E-03
zn 2.58E-02
o 1.94E+00
endit.
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nsk= 0 sk= 100. fk= O.

nrk= 1 nrpk= 0
rkl= 1.0 rk2= O. rk3= O.

,........................,............................................

reactant= fe metal

j code= 2 jreac= 0
morr= 0.5 modr= O.

vreac= 7.11
fe 1.0
endit.

nsk= 0 sk= i00. fk= 0.

nrk= 1 nrpk= 0
rkl= 0.1 rk2= 0. rk3= 0.

"....................................................................

dlzidp= 0.10000E+39
tolbt= 1.00000E-10 toldl= 1.00000E-10 tolx= 1.00000E-08

tolsat= 5.00000E-03 tolsst= 1.00000E-02
screw1= 1.00000E-04 screw2= 0.00000E+00 screw3= 1.00000E-04
screw4= 1.00000E-04 screw5= 4.00000E+00 screw6= 4.00000E+00

zklogu= -6.00000E+00 zklogl= 2.00000E+00 zkfac= 9.80000E-01
dlzmxl= 1.00000E-09 dlzmx2= 1.00000E+38 nordlm= 6

itermx= 30 ntrymx= 25
npslmx= 8 nsslmx= 3 ioscan= 0

t.. .... ...._.........._....._....._...._................._........

* pickup file written by eq3nr.3245R111
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Figure B.I. Effect of Iron on the Reaction Affinity of P0798 Glass. The rkl values are
the ratio o_/_ as defined in Equation (54) of the main text.
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Appendix C

Input and Suppport Code Data Files

AREST utilizes detailed analyses done externally, which allows a great deal of information to be
used while maintaining enough efficiency in AREST to do repeated sampling and simulations. This
appendix describes the actual data files that are used by AREST. The detailed analyses done for
AREST are all lumped under the heading of "support codes". A brief description of the support
codes utilized by AREST is contained in Section 6.0, of this document. This appendix also contains a
listing of the input data file.

C.1 Input Data File

AREST is divided into three components: 1) input manager, 2) computational model, and 3)

plot manager. This document describes only the computational modeling done in AREST. The input
to the computational model (denoted as AREST from now on) is through a data file. This data file
can either be created by hand (by modifying an existing data file) or is created by the input manager.
A sample input file is shown in Table C. 1. The input parameters are described in the table (file)
using in-line comments (comments begin with [). The input parameters are read by sections or
blocks, beginning with "#BLOCK" and ending with "#ENDBLOCK". Support code data files are
read into AREST using the "#INCLUDE filename" statement.

C.2 Support Code Data

Support code data is either created externally and read directly into AREST or is created
externally and used to guide analysis or input by hand into the input data file for AREST. The
support code modeling that is read directly into AREST and discussed in this appendix incudes:

• time-temperature distributions,
a. average container temperature
b. minimum repository temperature
c. heat loading

• groundwater composition and solubilities, and

• glass dissolution model support data,
a. concentrations

b. affinities
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C.2.1 Time-Temperature Distributions

The supportcode TEMPESTor HEATING6 is used to create time-temperaturedistributionsthat
areused by AREST for simulatingtemperatureprofiles. Temperaturesare read from two different
files: I) a time-temperaturedistributionfor a repositoryaverage temperature(Table C.2) and2) a
time-temperaturedistributionfor a referencecontainertemperature(Table C.3). Both of these files
are created directly from the support code modeling using HEATING6.

A heat loading cumulativedistribution is also needed when modeling time-temperaturesin
AREST. The heat loading is used to generatean initial temperature. An example of a cumulative
distributionfor heat loadingis shown in Table C.4. This table must be created external to the
supportcode modelingusing some type of texteditor. The formatof the file is very important. The
datamust be includedbetween the "#BLOCKheatload" and "#ENDBLOCKheatload"statements.
However, the datais read using free format, with comments beginningwith "!".

C.2.2 Groundwater Composition and Solubility

Table C.5, illustratesa groundwatercompositiondata file output from EQ3/6. The table shows
only a partial file from a given analysis. This file can be read directly into AREST as created by
EQ3/6, and can contain any numberof temperatures.

As described in the mainbody of text for this document, Section 7.2, solubilities can be input
into AREST either as a single value (Table C.1) or as a temperaturedependentvalue. To input a
solubility as a temperaturedependentvalue, the user must create a data file similar to the one shown
in Table C.6. The data was calculated using EQ3/6 and entered using a text editor. Currently there
does not exist a direct link between EQ3/6 and AREST for inputting time dependent solubilities.

This file contains the elements for which time dependent solubilities are available. Shared
solubilities for each nuclide of an element are calculated using mass fractions if the shared solubility
option is selected in the input file. If the shared solubility option is not selected, then each nuclide
will be assigned the elemental solubility. Linear interpolation is used to estimate solubilities between
temperature steps, without extrapolation.

If the user does not want to simulate solubility as a function of time/temperature, or is using
some other surface concentration method (e.g., glass dissolution model or the waste alteration
transport model), then the solubility file will not contain any elements. An example of the file for
this type of modeling is shown in Table C.7. The file, however, must exist, since the input routine
reads the file name from the input data file and then reads the file.

C.2.3 Glass Dissolution Model Support Data

The glass dissolution model, implemented in AREST, utilizes data calculated from EQ3/6 (refer
to Appendix B for input to EQ3/6). Two data files are read into AREST when using the glass
dissolution model. The first file contains the elemental concentrations in the void volume as a
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function of reaction progress (zi), iron content (rkl), and temperature. This file is illustrated with a
simplified example shown in Table C.8. EQ3/6 is run separately for each temperature and thus
creates a separate file for each temperature (e.g., conc50.arest and concT0.arest). These files are
merged together to create the file that is read by AREST as is shown in Table C.8.

The second data file that is read by AREST when using the glass dissolution model contains the
affinity values for selected mineral phases. This file is illustrated again in a simplified example
shown in Table C.9. The affinities are calculated as a function of reaction progress (zi) and

b

temperature, and stored is separate files for each temperature. The files are then combined to form a
single file containing the affinities, similar to what was done with the concentration files. The
resulting files from EQ3/6 may contain several hundred mineral phases, all a function of reaction
progress and temperature. Thus, a pre-processor was created to read the combined affipJty files,
select a mineral phase specified by the user, and write a single file containing only one mineral phase,
this resultant file is shown in Table C.9.
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Table C.1. Sample InputDam File _r AREST

I AREST-PNC Data Input File
IID

I Date : Wed Apr 09 13:16:50 1992

#BLOCK Simulation Control

0 ! Type of sensitivity analysis
! 0 = None

1 = Base-alternate

! 2 = Full factorial

1 ! No. of sensitivity analysis cases
1 ! Samples per distribution
0 ! Seed for random number generation
1 ! Total simulations

#ENDBLOCK Simulation Control

! Run identification

Base Case Analysis for TSPA] run title

#BLOCK time-temp/heat
#INCLUDE support/tuff_ref_temp.dat! reference temp file

#INCLUDE support/tuff_min_temp.dat! min temp file
#INCLUDE support/tuff_hl.dat! heatload file

95 ! resaturation temperature
I.i ! heat load conversion

#ENDBLOCK time-temp/heat

#BLOCK solubility

#INCLUDE support/tuff_solubility.dat! solubility file
#ENDBLOCK solubility

#BLOCK groundwater

#INCLUDE support/tuff_envsol.dat! groundwater file
#ENDBLOCK groundwater

#BLOCK waste_packagedesign
26 ! cylindr:{:0:l waste radius
441 ! cylindr: _i waste length
32.5 ! cylindrical waste form radius
454 ! cylindrical waste form length
5 ! waste container thickness
3 ! backfill thickness

0 ! emplacement orientation
! 0 --> vertical
! 1 --> horizontal

460 " ! container spacing
#ENDBLOCK waste_package_design

#BLOCK containment

2000 ! time of failure (yrs)
0 I prefailure probability
0 ! initial prefailures

#ENDBLOCK containment

! Release control
-1 ! release control
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Table C.1. (con_)

#BLOCK release
5 I matrix release model

! 2 --> PDS release model (wet-continuous)
! 4 --> PDR release model (wet-continuous)
] 5 --> PCS release model (wet-drip)
! 6 --> PCR release model (wet-drip)

] 7 --> FCS release model (wet-continous)
I 8 --> PCS release model (wet-continuous)
I 10 --> numerical release model (STRENG)

False ! congruent release
1 ] release fractional distance

0.001 ] packing tortuosity
1 ! host rock tortuosity

2.23 ! packing density (g/mA3)
2.23 ! host rock density (g/mA3)
73 ! percentage of pores filled
1 ! glass cracking factor
2.1e+06 I wasteformmass (g)
1.5 ! waste void width (cm)
0.6 I waste void volume factor

False ! precipitation
False ! solubility limited
True ] shared solubility

False ! Using Glass Dissolution Model (McGrail)?
1 ! Flag for calculating release rate or concentration

! 0 --> Concentration
! 1 --> Release rate

#BLOCK release_model_parameters

#BLOCK solubility model
0.24 ! packing porosity
0.24 ! host rock porosity

#ENDBLOCK solubility_model

#BLOCK solubility_wet-drip_model
0.01 ! pore water flow rate (mm/yr)

#ENDBLOCK solubility_wet-drip model

#BLOCK alteration model

0.24 ! packing porosity

0.24 ! host rock porosit_
0 755 ! reaction rate(g/m 2/d)

#ENDBLOCK alteration_model

#BLOCK alteration_wet-drip_model
0.01 ! pore water flow rate (mm/yr)
0.755 ! reaction rate (g/m^2/d)

#ENDBLOCK alteration_wet-drip_model

, #BLOCK fracture_model
0.1 ! fracture thickness(cm)

250 ! fracture spacing(cm)

0.01 ! pore water flow rate (m/yr)
0.24 ! packing porosity
0.24 ! host rock porosity

#ENDBLOCK fracture_model
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TableC.l. (contd)

#BLOCK convection model

0.01 I pore wafer flow rate (m/yr)
0.24 I packing porosity
0.24 I host rock porosity

#ENDBLOCK convection model

#BLOCK streng_model
1 ! surface concentration flag

X0 --> STRENG value for Csat

! 1 --> AREST time dependent Csat
0.01 ! darcy flow(m/yr)
0.24 I packing porosity
2 ! host rock boundary condition

!1 --> zero concentration (swept away)
12 --> mixing tank

16 t No. of 1-D nodes in the backfill
4 I solution method

!1 --> Full Discretization Method (FDM)

!2 --> Psuedo Equilibrium Method (PEM)
!3 --> Switching Method (FDM to PEM)
!4 --> Fast PEM Method

1.0e4 ! glass dissolution period (yrs)
#ENDBLOCK strengmodel

#BLOCK glass_dissolution model
0.007 ! dissolution control volume (mA3)

0.05 ! liquid phase volume fraction
0.0 ! container corrosion rate (g/mA2/d)
1 ! iron overpack crack factor
7.8E+06! iron overpack density (g/mA3)
0.034271! iron mass fraction
0.293995! silica mass fraction

64.6 ! Glass molecular weight (g-glass/mol)
5 ! corrosion allowance (cm)

3.25e+8! residual rate of glass dissolution (g/mA2/d)

8.0e4 ! Activation energy (J/mol)
0.22 ! Exponent of hydrogen ion activity
2.32e+gX Forward rate constant (g/mA2/d)

support/affinity.dat ! affinity data file
support/conc.dat! concentration data file

chalcedony ! mineral phase

#ENDBLOCK glass_dissolution_model

#ENDBLOCK release_model_parameters

#ENDBLOCK release

#BLOCK precipitation
1 ! precipitation fractional distance
1 ! precipitation fractional concentration

#ENDBLOCK precipitation

#BLOCK misc control

False ! vector approach

2 ! Input inventory units (i --> g/yr, 2 --> Ci/yr)
#ENDBLOCK misc controlm

#BLOCK radionuclides
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TableC.1.(contd)

#BLOCK nuclide namen

U-238 ! nuclide name
U-234 ! nuclide name
Am-241 ! nuclide name

• Np-237 ! nuclide name
Am-243 ! nuclide name
Pu-239 ! nuclide name
C-14 ! nuclide name
Se-79 ! nuclide name

( Tc-99 X nuclide name
Sn-126 ! nuclide name
1-129 ! nuclide name
Cs-135 ! nuclide name

#ENDBLOCK nuclidename

#BLOCK daughter_product
U-234 ! daughter product
none ! daughter product

Np-237 ! daughter product
none ! daughter product
Pu-239 ! daughter product
none ! daughter product
none ! daughter product
none ! daughter product
none ! daughter product
none ! d,ughter product
none ! daughter product
none ! daughter product

#ENDBLOCK daughter_product

#BLOCK halflife
4.47E+9 ! halflife

2.45E+5 ! halflife
432 ! halflife
2.14E+6 ! halflife
7380 ! halflife

2.41E+4 I halflifeyrs
5.73E+3 ! halflife
2.11E+5 ! halflife
2.11E+5 ! halflife
1.57E+7 ! halflife
1.57E+7 ! halflife
2.3E+06 ! halflife

#ENDBLOCK half life

#BLOCK inventory
0.63 ! inventory
4.97 ! inventory
8.09e3 ! inventory
0.859 ! inventory
48.6 ! inventory
665 ! inventory
3.29 ! inventoryg/pack
0.952 ! inventory
29.9 ! inventory

, 1.77 ! inventory
7.28e-2 ! inventory
0.993 ! inventory

#ENDBLOCK inventory
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TableC.I. (contd)

#BLOCK solubility

8.57E+1 solubility
8.57E+1 solubility

4.62E- 3 solubility
9.48E-I solubility
4.62E- 3 solubility
4.54E- 6 solubility
1.0 . solubilityg/mA3

1.0 . solubility
1.0 . solubility
1.0 . solubility
1.0 . solubility
i.0 solubility

#ENDBLOCK solubility

#BLOCK kdl
2.5 . kdl
2.5 . kdl
i00 . kdl
2.0 . kdl
i00 . kdl
100 . kdl

0.0 . kdlml/g
2.5 . kdl
1.0 . kdl
100 . kdl
0.0 . kdl
50 kdl

#ENDBLOCK kdl

#BLOCK kd2
2.5 . kd2
2.5 . kd2
100 . kd2
2.0 . kd2
100 . kd2

100 . kd2ml/g
0.0 . kd2
2.5 . kd2

1.0 . kd2
100 . kd2
0.0 . kd2
50 kd2

#ENDBLOCK kd2

#BLOCK diffusion
1.16E-05! diffuslon
1.16E-05! diffusion
1.16E-05! diffusion
1.16E-05! diffusion
1.16E-05! diffuslon
1.16E-05! diffuslon

1.16E-05! diffusioncmA2/s
1.16E-05! diffuslon
1.16E-05! diffuslon
1.16E-05! diffuslon
1.16E-05! diffuslon
1.16E-05! diffuslon

#ENDBLOCK diffusion
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Table C.l. (contd)

#BLOCK matrix_percentage
100.0
100.0
100.0
i00.0
100.0
i00.0
65.0
98.0
98.0
98.0
98.0
98.0

#ENDBLOCK matrix_percentage

#BLOCK gap_percentage
0.0
0.0
0.0
0.0
0.0
0.0
1.0
2.0
2.0
2.0
2.0
2.0

#ENDBLOCK gap_percentage

#BLOCK clad_percentage
0.0
0.0
0.0
0.0
0.0
0.0

32.0
0.0
0.0
0.0
0.0
0.0

#ENDBLOCK clad percentage

#BLOCK crud_percentage
0.0
0.0
0.0
0.0
0.0
0.0
2.0
0.0
0.0

, 0.0
0.0
0.0

#ENDBLOCK crud_percentage
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TableC.I. (contd)

#ENDBLOCK radionuclides

#BLOCK overall control
35000 ! _epository waste packages

#ENDBLOCK overall_control
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Table C.2. Example of a Repository Average Temperature Distribution File

! Time-temperature data for TUFF

! Waste Package Scale

#BLOCK timetemp rain
! TIME REF TEMP.

! (yrs) (deg C)
..... .. ....

0.005 179.99
0.27 179.99
1 216.67
5 248.01
i0 249.04
20 242.74

30 233.21
40 224.02
50 213.50
70 197.39
100 183.03
200 157.00
300 143.00
400 132.00
500 126.00
1000 110.00
2000 90.00

6000 58.00
10000 47.00
100000 47.00

#ENDBLOCK timetemp_min
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C.3. Example of a ReferenceContainerTemperatureDistributionFile

Time-temperature data for TUFF
Repository Scale

#BLOCK timetemp_ref •
TIME MIN TEMP

(yrs) (deg C)

0.005 29.00
0.27 39.79
1 50.14

5 73.27
i0 86.74
20 101.32
30 109.13

40 113.44
50 115.02

70 115.25
100 114.40
200 111.19
300 107.96
400 106.19
500 104.70
1000 98.09
2000 83.52
6000 54.23
10000 45.90
100000 45.90

#ENDBLOCK timetemp_ref
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Table C.4. Sample CumulativeProbability Distribution for Heat Loading

! Heat Load Data for TUFF

#BLOCK heatload

X Heat Cum
! Load Prob

! (kW/MTU)

" 0.2 0.0

0.5 0.ii
1.0 0.57
1.2 0.82

1.5 0.96
2.0 0.99
2.5 1.0

#ENDBLOCK heatload

Table C.5. Sample Groundw_er Composition Dam File

TEMPERATURE 25.00 DEGREES CELSIUS

SOL. DENSITY 1.02336 G/ML
PH 7.20000
EH 0.793 VOLTS
NA+ 0.2102D-02 MOLAL CONC
CL- 0.2012D-03 MOLAL CONC
S04-- 0.1805D-03 MOLAL CONC
F- 0.1375D-03 MOLAL CONC
K+ 0.1373D-03 MOLAL CONC

NO3- 0.1371D-03 MOLAL CONC
MG++ 0.7998D-04 MOLAL CONC
CO3-- 0.2003D-05 MOLAL CONC

TEMPERATURE 95.00 DEGREES CELSIUS
SOL. DENSITY 1.02336 G/ML
PH 7.19202

EH 0.682 VOLTS
NA+ 0.2094D-02 MOLAL CONC
CL o 0.2012D-03 MOLAL CONC
SO4-- 0.1664D-03 MOLAL CONC
NO3- 0.1371D-03 MOLAL CONC
K+ 0.1369D-03 MOLAL CONC
F- 0.1350D-03 MOLAL CONC
MG++ 0.7016D-04 MOLAL CONC
C03-- 0.2796D-05 MOLAL CONC
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Table C.6. Sample Temperature Dependent Solubility Data File

! Solubility data; data for TUFF

#BLOCK solubility
! TEMP Csat

! ELEMENT (deg C) (g/m**3)
....... ...... .... .....

U 100.0 4.52e-3
U 44.0 8.57e+i

Np I00.0 7.58e-2
Np 44.0 9.48e- 1
Pu 100.0 1.00e-7
Pu 44.0 4.54e-6
Am I00.0 1.51e- 3
Am 44.0 4.62e-3

#ENDBLOCK solubility

Table C.7. Sample File when NOT Modeling Temperture Dependent Solubilities

I Solubility data; Use input table from main data file

#BLOCK solubility
! TEMP Csat

! ELEMENT (deg C) (g/m**3)

#ENDBLOCK solubility
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Table C.8. Sample ConcentrationData File Used With the Glass Dissolution Model

I SRL-202 Glass and J-13 Groundwater

I No. of glass dissolution tables
2

6

! Temperature, rkl
50, 0

! Rows, columns
' 9, 7

# BLOCK gd_headings
zi
pH
Am
Cs

_p
Pu
U

# ENDBLOCK gd_headings

# BLOCK gd_table
0.00E+00 8.60 2.41E- i0 1.33E- I0 2.37E- i0 2.44E- i0 0.238E- 09
1.00E- I0 8.60 2.75E- I0 7.66E- 09 9.84E- I0 5.83E-I0 0. II4E- 06
I. 00E-09 8.60 5.79E-I0 7.54E-08 7.70E-09 3.64E-09 0. I14E-05

1.00E- 07 8.60 3.40E- 08 7.52E- 06 7.47E-07 3.39E-07 0. II4E- 03
1.00E- 06 8.60 3.38E- 07 7.52E- 05 7.47E- 06 6.52E- 07 0. II4E- 02
1.00E- 05 8.61 3.38E- 06 7.52E- 04 7.47E- 05 6.53E- 07 0. II4E- 01

1.00E- 04 8.61 3.37E- 05 7.52E- 03 7.47E- 04 6.65E-07 0.114
1.00E- 03 8.68 3.37E- 04 7.52E- 02 7.47E- 03 7.80E- 07 1.14
1.00E- 02 9.03 2.20E-03 7.52E- 01 7.47E- 02 1.84E-06 3.52

# ENDBLOCK gd_table

! Temperature, rkl
70, 0

! Rows, columns
9, 7

# BLOCK gd headings
zi
pH
Am
Cs

Np
Pu
U

# ENDBLOCK gd_headings

# BLOCK gd_table
0.00E+00 8.70 2 41E-10 1.33E-I0 2.37E-I0 2.44E-I0 0.238E-09
1.00E-09 8.70 5.79E- i0 7.54E- 08 7.70E- 09 3.64E°09 0. II4E- 05
I. 00E-08 8.70 3.62E-09 7.52E-07 7.49E-08 3.42E-08 0.I14E-04
1.00E- 07 8.70 3.40E- 08 7.52E- 06 7.47E- 07 2.79E-07 0. II4E- 03

1.00E-06 8.70 3.38E-07 7.52E-05 7.47E-06 2.79E-07 0.I14E-02
• 1.00E- 05 8.70 3.38E- 06 7.52E- 04 7.47E- 05 2.80E-07 0. II4E- 01

i. 00E- 04 8.71 3.37E- 05 7.52E-03 7.47E- 04 2.84E-07 0.114
1.00E- 03 8.77 3.37E- 04 7.52E- 02 7.47E- 03 3.29E- 07 1.14

1.00E-02 9 .ii 1.86E- 03 7.52E- 01 7.47E- 02 7.53E- 07 3.48

# ENDBLOCK gd_table
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Table C.9. SampleAffini_ Da_ File Used Wi_ _e Gl_s Dissolution Model

! SRL-202 Glass and 8-13 Groundwater

! No. of affinity tables
2

I Temperture
50.0000

BLOCK affinity_headings
zi

pH
Eh

chalcedony

# ENDBLOCK affinity_headings

# BLOCK affinity_table
0.000E+00 8.605E+00 6.624E-01 -7.705E-02
1.000E-10 8.605E+00 6.624E-01 -7.705E-02
1.000E-09 8.605E+00 6.624E-01 -7.705E-02
1.000E-07 8.605E+00 6.624E-01 -7.699E-02
1.000E-06 8.605E+00 6.624E-01 -7.646E-02
1.000E-05 8.606E+00 6.624E-01 -7.112E-02

1.000E-04 8.613E+00 6.619E-01 -2.012E-02
1.000E-03 8.681E+00 6.576E-01 0.000E+00

1.000E-02 9.033E+00 6.349E-01 6.567E-16

# ENDBLOCK affinity_table

I Temperture
70.0000

# BLOCK affinity_table
0.000E+00 8.702E+00 6.185E-01 -4.912E-01
1.000E-09 8.702E+00 6.185E-01 -4.912E-01
1.000E-08 8.702E+00 6.185E-01 -4.912E-01
1.000E-07 8.702E+00 6.185E-01 -4.911E-01
1.000E-06 8.702E+00 6.185E-01 -4.905E-01
1.000E-05 8.703E+00 6.184E-01 -4.849E-01

1.000E-04 8.710E+00 6.180E-01 -4.313E-01
1.000E-03 8.771E+00 6.138E-01 -1.288E-01
1.000E-02 9.107E+00 5.909E-01 2.789E-15

ENDBLOCK affinity_table
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