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Abstract 

To meet regulatory requirements for radioactive waste In a salt repository 
It i s necessary to predict the rates of corrosion of the waste container, the 
release rates of radionuclides from the waste package, and the cumulative 
release of radionuclides Into the accessible environment. The mechanisms that 
may control these rates and an approach to predicting these rates from mass-
transfer theory are described. This new mechanistic approach Is suggested by 
three premises: (a) a brine Inclusion originally In a salt crystal moves along 
grain boundaries after thermal-induced migration out of the crystal , (b) brine 
moves along a grain boundary under the influence of a pressure gradient, and 
(c) salt surrounding a heat-generating waste package wil l soon creep and 
consolidate as * monolithic medium surrounding and in contact with the waste 
package. After consolidation there may be very l i t t l e migration of 
intergranular and lntragranular brine to the waste package. The corrosion 
rate of the waste container may then be limited by the rate at which brine 
reaches the container and may be calculable from mass-transfer theory, and the 
rate at which dissolved radionuclides leave the waste package may be limited 
by molecular diffusion in Intragranular brine and may be calculable from mass-
transfer theory. If porous nonealt lnterbeds Intersect the waste-package 
borehole, the release rate of dissolved radionuclides to interbed brine may 
also be calculable from mass-transfer theory. The logic of these conclusions 
Is described, as an aid In formulating the calculations that are to be made. 

1. Mation of Brine la Heated rblycryatalllne Salt 

Badloactlve decay of high-level radioactive waste eapleced In natural 
•a l t meats the s a l t , sad the reewltlag temperature gradients can Induce motion 
of brlme l leetds in i t ia l ly present la the s a l t . Katural polycrystalllae salt 
contains hrlee la grata sowmaarlea sa l ariae iaclmslos* lr crystals . A liquid 
iaclwsfoa la • salt crystal migrates *a the temaeratere gradient to the grata 
eomaisry hecaase of teaaoratere- iasaaiamt aolebtl l ty , at a rate 4eteralsjai by 
the tat* of aolecelar ami thermal elffwelaa of alsselvai salt from the hot 
foot m the oald face of the laclastea sa l hy the klaetlcs of disss left loa sad 
crystallisation (I-*), tar Iter at**!** |?J #i*itctai theraally drives 
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transport of brine towards the waste package, assuming that a brine Inclusion 
In a crystal moves across the grain boundary Into the adjacent crystal and 
finally reaches the waste package. 

Later experiments [8] Indicated that brine reaching a grain boundary 
remains within the grain boundary rather than moving Into adjacent crystals, 
and subsequent analyses [9-11] assumed that the grain-boundary brine moves 
along the grain boundary at a velocity proportional to the pressure gradient. 
Although the law of pressure-induced notion of grain-boundary brine is not 
known,, it is assumed here that the notion of grain-boundary brine increases 
with pressure gradient and depends only on the pressure gradient. Because the 
pressure gradient is not necessarily in the same direction as the temperature 
gradient, as illustrated below, it is not necessary that brine move towards 
the waste package. 

2. Flow Into a Low-Pressure Cavity Surrounding the Waste Package 

To explain the pressure-Induced motion of grain-boundary brine, assume 
for simplicity that all inclusion brine has reached the grain boundaries, that 
brine transports along grain boundaries as through interconnected pores, and 
that the salt and pore liquid behave as a thernoelastlc medium. Pressure 
gradients to cause the transport of lntergranular brine can be developed by 
the existence of a low-pressure boundary, as would occur if a cavity exists 
between the waste package and salt and by a temperature gradient within the 
salt. Brine In regions of higher temperature will be at a higher pressure 
than the liquid In cooler salt, because the liquid brine has a higher 
coefficient of thermal expansion than does the surrounding salt. 

If the waste package is within a cavity such that the annular space between 
the waste container and salt is at near-atmospheric pressure, some of the 
Intragranular brine will flow into the waste cavity and other lntergranular 
brln* will flow outward into cooler salt. Figure 1 illustrates the pressure 
profile that will result with no Intragranular flow and the profiles that will 
result after pressure-induced flow, assuming a low-pressure cavity surrounding 
the wast* package and assuming a steady temperature profile. In Figure 1 and 
in subsequent illustrations it is assumed that salt creep results In a 
stationary fluid pressure of lntergranular brine that is near or equal 'JO the 
llthostatlc pressure, rather than the hydrostatic pressure of pore liquid that 
would occur If the rock behaves as an unyielding porcus skeleton. 

lb make a boueding calculation of the maximum rate of release of 
radionuclides from the waste pschsaa, the Salt Repository Project, which is 
developing a DOC repository for high-level commercial radioactive waste In 
natural salt, calculates the rate of accumulation of brine In the cavity and 
multtpllee this brine accumulation rate by the solubility of each radloeleaent 
to obtain a conservatively high estimate of the release rate (12). The 
calculation is simple sad howling, bet it requires a reliable calculation of 
the rate at which brine migrate* e» the cavity. Tb estimate container life 
the Inject relies e% corrosion tests of container seem las 1—srssl la Liquid 
brine, again conservative!? ••>—lag that liquid brine will eee»*Mlete la the 
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Figure 1. Profiles of pressure on intergranular brine neglecting 
salt creep (steady temperature profile assumed for 
illustration) 



3 

waste cavity. Here the chemical composition of the accumulated brine Is the 
principal brine property affecting corrosion rate. 

A more realistic calculation by Ratigan [13] considers the effect of salt 
creep and suggests that the cavity surrounding the waste package will not 
exist during the time period of Interest. If so, the boundary condition 
affecting brine migration is considerably changed, and there may be a simpler 
method of estimating rates of radionuclide release and container corrosion. 
This idea is developed in the following section. 

3. The .Effect of Salt Creep 

In a salt repository for high-level radioactive waste the maximum salt 
temperature occurs within a decade after waste emplacement and slowly relaxes 
for the next few hundred years. The waste container is required to withstand 
corrosion by incoming brine for 300 years or longer [14], and release of 
radionuclides from the waste package into surrounding brine or salt must be 
predicted to at least 10,000 years. On this time scale creep of salt is 
appreciable, even at ambient temperature. 

Ratigan [13] predicts that salt surrounding a waste package will creep and 
consolidate as a monolithic structure surrounding the waste package within a 
few years after emplacement. Here consolidation refers to the filling of 
voids and gaps by salt creep. For any natural salt the actual consolidation 
time will depend on the rate of heat generation, the amount of salt backfill 
(if any), dimensions of the emplacement hole and waste container, repository 
depth, and creep properties of the salt. For such early consolidation we 
should analyze brine transport without assuming a low-pressure cavity for 
brine to flow Into. 

If brine were continuously driven towards the waste package by thermally 
Induced force, as assumed in earlier analyses of brine migration [7], the lack 
of a low-pressure cavity need not affect the brine Inflow. Brine thermally 
driven to the waste package could displace the surrounding salt and create Its 
own cavity, If not first consumed by chemical reaction with the container. 
Ibwever, with pressure-driven transport of iotergranuler brine the direction 
of flow depends on the boundary condition at the container-salt Interface. 
The salt tends to consolidate so that the interface pressure rises to the 
llthostatlc pressure. If the salt Is heated more rapidly than It can relieve 
thermal stress by creep, the salt adjacent to the container will be under 
additional compression because of thermal expansion of the hot salt. Fluid 
within the train boundaries expands more when heated than does the salt, so 
heating generates • pressure oa confined fluid that is greater than the 
llthostatlc pressure. Therefore, neglecting the effect of brine-container 
chemical reaction, the fluid pressure at the Interface of the container and 
consolidated salt will equal or exceed the lithostatlc presence, the main 
driving force Sir creep and consolidation. 

Par simplicity, siseme that creep ham coeeoltestes the salt. A eteedy 
nonwalfora. tewneratere profile la seaweed t» be appllal it t » 0, ami the 
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effect of chemical reaction between brine and the container is neglected. 
Heating puts the hot salt under further compression, increasing the contact 
pressure between waste package and salt. The resulting profiles of fluid 
pressure before and after flow and creep are shown in Figure 2. Salt creep 
and outward notion of the brine provide fluid expansion and reduce the fluid 
notion to zero. The brine flows outward into the cooler salt until a zero 
gradient of fluid pressure Is reached. Surface tension can result in a brine 
film between the salt and waste package. The local fluid pressure of this 
liquid film can temporarily exceed the local compressive stress on the salt 
until outward flow of brine through grain-boundary pores relaxes the fluid 
pressure to lithostatic. Thereafter there is no mechanism for brine to flow 
across the package-salt interface, other than consumption of brine components 
by chemical reaction or radiolysis. 

The sequence of heating, salt creep, and brine flow, after consolidation 
of salt around the waste package, need not be the simplified sequence assumed 
here for illustration. Gradients in fluid pressure caused by heating and 
cooling are relieved by fluid displacement and by creep, relaxing the fluid 
pressure to the constant lithostatic pressure. 

These local adjustments in stress, strain, and density of the hot salt and 
intergranular brine near the waste package are likely to follow the 
temperature changes without significant time delay. However, this should be 
verified by calculation. Later, when the salt near the waste package begins 
to cool, some brine must move from the outer salt into the Inner cooling salt 
where the brine density is now increasing, but no net brine transport at the 
package-salt Interface is expected, other than that required by chemical and 
radiolysis reactions. 

4. Effect of Chemical Reaction of Brine with the Container 

Now the imaginary salt-like waste package considered above is replaced 
with a real waste package whose container can react with brine. The solid 
products of the brine-metal reaction are of lower density than the original 
metal, so the salt-container reaction must generate a higher pressure against 
the surrounding salt and must cause outward elastic and plastic strain. This 
results in a locally higher fluid pressure that moves fluid outward, away from 
the waste package* However, brine can still reach the container surface, 
though It may be Impeded by the mass-transfer resistance of the corrosion 
product on the surface as well as by the dlffuslonal resistance In the grain-
boundary pores. 

Hater in brine reacts with a ferrltlc container to generate hydrogen. The 
hydrogen must move outward from the surface, through the Intergranular 
passages that contain brine, so a mixture of brine and hydrogen must exist 
within the grain-boundary salt pores near the container-salt later face, if 
hydrogen dissolves In the brine, the concentration of water In the liquid near 
the container surface It l m than that In brine not containing hydrogen, so 
meter «a« transport toward the container by molecular diffusion while 
dissolve* hydrogen diffuses away. If the partial volume of dissolved hydrogen 
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i s less than that of the reacted water, and if not offset by the volume 
expansion of the solid corrosion products, the container-water reaction can 
also resul t in a sl ight positive pressure gradient that may contribute to some 
inward flow of brine, as i l lus t ra ted in Figure 3 . 

Conservatively assuming an inf in i te reaction rate of container with water 
and neglecting the diffusional resistance of the solid reaction products, we 
can calculate from mass-transfer theory a uniform-corrosion l i f e of the 
container. Because molecular diffusion through the intergranular passages i s 
l ikely to be very slow, this calculated corrosion l i fe can be less than that 
extrapolated from laboratory corrosion experiments, where a metall ic sample is 
immersed in excess l iquid. 

Sweden's KBS project [15-17] u t i l i z e s a similar approach towards 
predicting the corrosion l i f e of a thick copper container, limited by the 
calculable rate of diffusion of sulfide In groundwater through bentonite 
backf i l l . Several independent reviews have found the KBS approach to be 
acceptable. 

5. Estimating Radionuclide Release Rate 

A simple and bounding estimate of the ra te of radionuclide release from 
the waste package Into surrounding consolidated sa l t can be made by assuming 
that the container i s not there , assuming saturation concentrations of 
radioelements in grain-boundary brine adjacent to the waste surface, and 
calculating the rate of molecular diffusion of the dissolved radioelements and 
their Isotopes through the grain-boundary brine. Although there may be some 
f in i te influx of brine into the waste-package In ters t ices when the container 
f a i l s , we can conservatively assume that the in te r s t i ces are Immediately 
f i l led with brine and that the reaction of brine with the waste form quickly 
brings a l l of t h i s liquid to saturation concentration. Further flow of liquid 
into the Interstices i s unlikely because the solid reaction products are of 
lower density aUid because of the expected (and required) very low rate of 
dissolution of the waste material. If the pressure-induced brine flow i s very 
small, brine necessary to continue the small but f inite dissolution reactions 
i s nor* l ively ir> be supplied by molecular diffusion, with a mechanism similar 
to but slower than that described above for container corrosion. Therefore, 
the problem of release rate from the waste package can be reduced 
conservatively to that of calculating the rate of molecular diffusion of 
dissolved species through grain-boundary brine, beginning at the package/salt 
interface and extending Into the sa l t . 

This la the same mass-transfer analysis [18,19] that has been presented 
for the dissolution of radloelsm*sts from a waste package Immediately 
surrounded by saturatsd porous rock, with negligible coavcctivc transport. 
The steady-state mess-traasfer rats oaa be predicted for known waste-package 
geometry. For each loeg-Llved radioelememt two additional parameters are 
resetted: (a) tee satwrattos otsceetrattoe of t t e radloelemeet l e setae sets' 
(b) the ceeff teles* for eoleeslar dtf testes, of the eleaweJt Im grata-boeedary 
brim*, tec* of these parameters at* be eeesared separately. 
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The time to reach steady state mass transfer is likely to be very long, so 
the transient rate of mass transfer Into the salt must also be considered, 
requiring as an additional parameter the retardation coefficient of the 
radio element due to sorption on the salt [19]. 

6. Summary of Brine Transport In Salt 

If there is early consolidation of salt around the waste package, it seems 
likely that brine transport may never be appreciable or will have long since 
ceased over most of the several-hundred-year period of container life and by 
the time radioelement release can be important. The resulting release-rate 
estimates from mass-transfer analysis seem likely to be more realistic and 
smaller than those calculated from the estimated rate of brine accumulation in 
a hypothesized waste cavity. They do not require knowledge of the rate of 
brine transport along grain boundaries. They rely on the mass-transfer theory 
that has already been extensively studied. 

The foregoing discussion of expected mechanisms of consolidation and brine 
migration suggest different kinds of experiments and analyses than have been 
carried out heretofore to characterize brine migration in a salt repository. 
In fact, to characterize brine migration quantitatively, including the effect 
of salt expansion and creep, would require an ambitious program of experiment 
and analysis. Ignoring these mechanisms and ignoring the effect of salt 
consolidation can lead to a highly unrealistic and artificial picture of brine 
migration In a salt repository. 

However, quantitative prediction of brine migration may not be needed to 
predict release rates from a burled waste package if the boundary across which 
release rates are to be calculated is Identified as the Inner surface of 
consolidated salt surrounding the package. Bounding values of the release 
rates across that surface can be calculated by analysis of solubility-limited 
mass-transfer rates [18,19]. 

7, Effect of Flow In Interbeds Intersecting Bore Holes 

Another source of brine in a salt repository is flow through nonsalt 
sedimentary layers that may be present in thin seams surrounded by salt. Here 
it is assumed that such interbeds occur over horizontal distances encompassing 
many waste packages and that the interbed flow is driven by some overall 
pressure gradient. The interbed brine is likely to be saturated because of 
its contact with adjacent salt layers, although its composition will not 
necessarily be the same as that of brine In inclusions and grain boundaries. 
It seem* unlikely that a waste package will be knowingly placed In a bora hole 
known to be intersected by an lnterbed, but if tnterbeds Intersecting 
boreholes are frequent or not easily detected. It may be necessary to conaldcr 
the effect of Interbed flow on container corrosion and radionuclide release 
rate. 

If the inner oared surface of Une potoms Interbed osnnecta with th,* 
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surface of the waste package, as i l l u s t r a t e d in Figure A, we have a pathway 
for mass transfer of brine water from the flow through the porous interbed to 
the waste container surface for chemical reaction and for mass transfer of 
reaction-generated hydrogen from the container to the interbed brine. Later, 
assuming that the container i s not present, there i s mass transfer of 
dissolved radionuclides from the cored edge of the interbed into the interbed 
flow stream. This problem of d i f fus ive-convect ive mass transfer for flow in a 
porous medium surrounding a cy l inder , conservatively assuming saturation 
concentration in the l iquid at the cylinder surface, has already been analyzed 
by Chambre' [18-20] . 

If the annular bore hole space i s backfi l led with s a l t , creep 
consol idation should transform the backf i l l into a monolithic s tructure 
connecting the outer s a l t , and i t w i l l -aparate the cored edge of the interbed 
from the waste package. Interbed brine can dif fuse through t h i s consolidated 
backf i l l to corrode the container. Later, released radionuclides can di f fuse 
through the consolidated backf i l l to reach the interbed water. This i s a 
mass-transfer problem analogous to the problem analyzed by KBS [ 1 5 - 1 7 ] , 
wherein groundwater flowing through a horizontal fracture in granite suppl ies 
su l f ide oxidant that d i f fuses through a compressed bentonlte backf i l l to reach 
the copper container. Later, dissolved radionucl ides , assumed to be at 
saturat ion concentrations in l iquid at the waste surface, d i f fuse through the 
backf i l l into the moving fracture-flow water. A s imilar approach i s suggested 
for analyzing the mass transfer from and to lnterbeds in tersec t ing the bore 
holes in a s a l t reposi tory. 

8 . Recommendations 

Main premises of t h i s d iscuss ion are that a brine inc lus ion remains in 
grain boundaries a f ter i t s theraal ly induced migration from the crys ta l in 
which i t o r i g i n a l l y res ided , that brtne i n grain boundaries moves pr inc ipa l ly 
under the Influence of a pressure gradient , and that the only Important e f f ec t 
of a nonuniform temperature p r o f i l e on intergranular brine i s to generate 
thermally c induced pressure gradient . These may need confirmation by further 
experiment. Aleo, the k ine t i c s of s a l t consol idat ion and creep under the 
influence of l l t h o s t a t l c and thermally Induced s t r e s s e s should be e s t l u a t e d , 
as wall as the k i n e t i c s of pressure-induced f luid motion near the s a l t -
container Inter face , to e s t a b l i s h the time period at which the notion of 
Intergranular brine becomes n e g l i g i b l e . 

The analyse* of time-dependent mass transfer described above should be 
applied to est imate the mass-transfer- l imlted corrosion rate of the waste 
container and the re l ease rate of radtoelenents and radionucl ides . 
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