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ABSTRACT

Salt is a unique rock for isolation of nuclear waste because it is “dry” and nearly impermeable. In
this paper we summarise some mass-transfer and transport analyses of salt repositories. First we
analyse brine migration. Heating by high-level waste can causs brine in grain boundaries to move
due to pressure-gradients. We analyse brine migration treating salt as a thermoelastic solid and
found that brine migration is transient and localised. We use previously developed tachniques to
estimate release rates from waste packages by diffusion. Interbeds exist in salt and may be conduits
for radionuclide migration. We analyse steady-state migration due to brine flow in the interbed, asa
function of the Peclet number. Then we analyss transient mass transfer, both into the interbed and
directly to salt, due only to diffusion. Finally we compare mass transfer rates of a waste cylinder in
granite facing a fracture and in salt facing an interbed. In all cases, numerical illustrations of the
analytic solution are given.



1. Introduction

Salt is the proposed host rock for geologic repositories of nuclear waste in several nations because it
is “dry” and probably “impermeable.” Although experiments and experience at potential salt sites indicate
that salt may contain brine, the low porosity and permeability of salt make it still a good choice for geologic
isolation. In this paper we summarize some mass-transfer and transport analyses of salt repositories. Readers
should consult our technical reports for details [1,2,3,4].

2. Bedded Seli: Brine Migration

Salt is a unique rock for isolation of nv.lear wnste because it is “dry” and nearly impermeable. The
existence of salt through geologic time is ~rima jucic evidence of such properties. If the hypothesis that salt
is saturated with brine in grain boundaric - 3] is ¢/»¢. ¢ -t, then it is possible to have brine flow due to pressure
differences within the salt. Inward brine flow L.4 ~iiect the corrosion rate of nuclear waste containers and
outward brine flow can affect transport «f radionuclide from waste packages, thus it is paramount to know
the magnitude of such flow.

Brine exis's in natural salt as inclusions in salt crystals and in grain boundaries. Brine inclusions in
crystals move to nearby grain boundaries when subjected to a temperature gradient, because of temperature-
dependent solubility of salt. Brine in grain boundaries moves under the influence of a pressure gradient [5,6].
When salt is mined to create a waste repository, brine from grain boundaries will migrate into the rooms,
tunnels and boreholes because these cavities are at atmospheric pressure, After a heat-emitting waste package
is emplaced and backfilled, the heat will impose a temperature gradient in the sarrounding salt that will
cause inclusions in the nearby salt to migrate to grain boundaries within a few years, adding to the brine
that was already present in the grain boundaries.

The lithostatic pressure of the surrounding salt, augmented by the compressive stresses of heating,
causes salt to creep against the waste container. Creep of the salt will result in consolidated salt completely
enclosing the waste container within a few years after emplacement of a high-level waste container.

After the consolidation of salt around the waste package, neglecting the consumption of brine by
container corrosion, brine in grain boundaries near the waste package can only migrate outward into the
surrounding salt, under the influence of pressure gradients caused by transient heating of the salt. Hot salt
near the waste package expands against the waste package and surrounding salt, creating high compressive
stresses near the waste package and resulting in pressure above the lithostatic pressure. Brine pressure
further increases because grain-boundary brine expands more than does the salt and this increased pressure
gradient causes brine to flow outward into the cooler salt. Outward flow of brine and salt creep relieve
the pressure gradient on the fluid, which finally relaxes to near-lithostatic pressure. If the waste containers
are failed by corrosion or cracking, this outward brine movement can become a mechanism for radionuclide
transport. To determine the extent to which advection by brine in grain boundaries is an important transport
mechanism for released radionuclides, it is necessary to estimate the t.xme-dependent migration of brine after
salt consolidation.

Using thermoelastic theory [1,6] we calculate brine migration velocities. We consider a spherical-
equivalent spent-fuel waste package of 0.72-meter radius in an infinite salt medium, with initial heat flux at
the waste form surface of 928 W/m?. The parameter values used in the calculations are from McTigue, and
shown in Table 1.

Figure 1 shows the Darcy brine velocity near a waste package as a function of distance, at 0.1, 1 and
10 years. Pressure-induced brine migration within consolidated salt is a transient phenomenon. After about
ten years the velocity is nearly zero. Even the highest velocity is of the order of millimeters per year, and
occurs only within a meter or so of a waste package. At these Darcy velocities molecular diffusion may be
the dominant transport process for radionuclides in salt.



Table 1. Salt Properties

Property Value Units
Conductivity 6.60 WmlK-!
Heat Capacity 1.89 x 10° | J m™2K"?
Drained Bulk Modulus 20.7 GPa
Fluid Bulk Modulus 2.0 GPa
Solid Bulk Moduli 235 GPa
Shear Modulus 12.4 GPa
Porosity 0.001
Permeability 10~ m?
Fluid Expansivity 3.0x10-4 K-!
Solid Expansivity 1.2x10-4 K-!
Fluid Viscosity 1.0 x 10-2 Pas
Poisson's Ratio 0.25
Undrained Poisson’s Ratio 0.27
Fluid Diffusivity 0.16 x 10-%| m?e-!
Thermal Diffusivity 35x10~¢| m?s!

Source: [6]

3. Bedded Salt: Fractional Rslease Rates by Diffusion

Observing that pressure-driven brine migration is transient and localized, we applied previously de-
veloped techniques for predicting dissolution rates for water-saturated porous media to repositories in salt.
Figure 2 shows the release rates of some low-solubility species, calculated on a congruent release basis. It
can be seen that for the parameter values used, the release rates are well below the USNRC limits. For a
UQ2 matrix solubility under oxidizing conditions of 50 g/m?3, the release rates are proportionally higher, but
still very much below USNRC limits. For readily soluble species we assume at ¢ = 0 the metallic container
fails and brine contacts the interior of spent fuel, with one percent of the cesium and iodine released instan-
taneously into brine that has filled void space within spent fuel waste packages. The nuclides then move by
diffusion into the rock salt. We assume that the waste package and void geometry is planar and the void
volume is 0.45 m® per package. Time-dependent fractional release rates, normalized to initial inventories,
are shown in Figure 2 for a diffusion coefficient of 10~7 cm?/s, for retardation coefficients of 10 and 1 for Cs
and I respectively. The release rates for 1¥Cs and 1%°[ are below the calculated USNRC limits for all times
shown. For !37Cs the calculated USNRC limit is exceeded until about 300 years when practically all of the
137Cs has decayed. However, the presence of a container would in all likelihood prevent this excedent.

4. Interbeds: Steady-State Mass Transport with Flow

While the salt is known to be quite pure in salt domes, bedded salt is interlaced with beds of sedi-
ments. Salt may not be water-conducting, but sediment layers would be classical porous media, capable of
conducting water. We need to determine whether interbeds in bedded salt constitute a significant pathway
for radionuclide migration.



A waste package is in an emplacement hole intersecting an interbed. We study steady-state mass
transport from this configuration using three approaches. Neretnieks [7] proposed an approach for calculating
the steady-state transport of oxidants to a copper container. We used that approach for calculating steady-
state radionuclide migration away from the waste package [3]. We also used a similar but different method of
estimating the mass transfer coefficient [8]. Finally, we use the steady-state solution from a transient study
[9]. In all cases, a solubility boundary condition is specified at the waste, and transport of the radioactive
species into the interbed is caused by flow in the interbed. Figure 3 shows the fractional release rate at the
emplacement hole/interbed interface as a function of Peclet of flow in the interbed from three approaches
using the parameters of Table II.

Table IL. Data for Interbed Calculations|
Radius of waste cylinder 03lm
Length of waste cylinder; 3.65 m
U-238 inventory 54x10%¢g
Crushed salt thickness dem
Crushed salt porosity 0.001
Interbed thickness 1.0 cm
Interbed separation 05m
Interbed porosity 0.01

B. Interbeds: Transient Diffusion from a Waste Cylinder

A more realistic situation is when there is o ground-water flow in the interbeds, and diffusion is
the only transport mechanism. Here the species is at solubility at the waste cylinder surface, and moves
into the interbed and into salt across the entire surface of the waste cylinder by diffusion. We use analytic
solutions previously developed [10] for transient diffusion of radioactive species from a waste cylinder inter-
secting a planar fracture to the problem of diffusion from a waste cylinder intersecting an interbed in a salt
repository [4]. For a waste cylinder 0.31 m in radius and 3.65 m long, we calculate the mass flux into the
fracture/interbed and directly into the rock/salt. Figure 4 shows the instantaneous mass fluxes of a stable
species, from a waste cylinder into salt and granite using the data in Table 111,

Table II1, Salt and Granite Data used in Comparison
Porosity Diffusion coefficient Retardation coefficient Solubility
cm?/s g/m®
Salt 0.001 10-7 20 10-3
Salt Interbed 0.01 10-7 1 10-3
Granite 0.01 105 500 10-3
Granite Fracture 1 10-% 1 10-3

Although porosities are higher in the fracture/interbed, the integrated mass transfer from the waste
cylinder surface directly into the rock/salt is higher. A more likely scenario is that localized corrosion exposes
only some of the waste to contact with the interbed/fracture, and the partly degraded container continues to
cover the rest of the waste cylinder, making the mass transfer rate into the interbed/fracture more important.
In terms of total mass transfer rates, the product of porosity and diffusion coefficient of salt is approximately



10~3 times less than that of granite, and the mass transfer rate to the surrounding salt is almost 10~ times
less than that of granite.

6. Conclusions

These examples show that mass transfer analyses are useful tools in safety assessment of salt repositories.
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