
1 INTRODUCTION 
In Germany, the dominant approach concerning 

the disposal of heat-generating radioactive waste is 
based on isolation by geological barriers and aims to 
achieve complete containment (Krone et al., 2011). 
Hence, it is natural to consider salt rocks, claystone 
formations or sites with multiple salt-claystone bar-
riers as host rock systems (Minkley, 2009). 

 
Undisturbed saliferous rocks are impermeable to 

fluids and gases. This is supported by natural ana-
logues (Minkley & Knauth, 2013). For example, ter-
tiary volcanism has left local deposits of supercriti-
cal CO2 up to 100,000 m3 contained in rock salt 
until today. In contrast, the overall volume of heat-
generating radioactive waste in Germany is 10,000 m3 for borehole and 40,000 m3 for drift em-
placement (VSG a, 2012). 

Salt formations can lose their geomechanical in-
tegrity and leak tightness if (a) the groundwater 
pressure or a gas pressure exceeds the minimal stress 
in the salt formation or if (b) dilational damage oc-
curs. The first process seems to be the most relevant 
process for the overall barrier integrity (Minkley et 
al., 2013). The minimal stress may be lowered due 
to extensional strain conditions, either by subsidence 
or by thermo-mechanically induced lift-up of the 
rock mass above the mining horizon or the reposito-
ry area. 

 

So far, all cases where rock salt barriers lost their 
integrity, the barriers were rather thin (≲ 100 m), 
and confining pressures were low. Such conditions 
are typical for salt mines in shallow depths (Minkley 
& Knauth, 2013). If the barrier is sufficiently thick, 
salt mines are safe from water inflow even under 
earthquake-like incidents, as can be seen from a 
dozen rock bursts worldwide with macroseismic ep-
icentral intensities up to VIII-IX (Minkley, 2004). In 
extreme cases, surface fractures several metres wide 
and open cracks in the salt rock hanging wall have 
not led to loss of integrity of the salt-claystone mul-
ti-barrier system. 

 
On the one hand, bedded salt provides a simple 

geological structure and a robust multi-barrier sys-
tem due to the following reasons: The natural, undis-
turbed geological layering with watertight insoluble 
claystone layers above the soluble salt rocks com-
bines the advantages of salt and claystone concepts 
for the disposal of heat-generating nuclear waste. 
Salt domes, on the other hand, have a huge basement 
salt thickness particularly suitable for borehole em-
placement. 

 
The conventional containment mechanism relies 

on the compaction of crushed salt backfill by the 
convergence of the host rock, with residual porosity 
over a long time. Novel experimental results show 
that immediate complete containment as well as re-
trievability of the waste can be achieved by using 
eutectic molten salts as backfill material, which are 
kept liquid by the waste-generated heat. Hence, the 
waste canisters in borehole emplacement could be 
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to fluids up to the lithostatic pressure (minimal stress 
criterion, Minkley (2009)). Rock salt is a polycrys-
talline sediment with no connected pore space. In 
contrast to other rocks, it reacts to slowly acting 
stresses with creep deformation, without developing 
fractures or joint systems like crystalline hard rock. 
Furthermore, the water content is very low (e.g. 
<0.2% in domal salt, respectively <1% in bedded 
salt), such that mass transport only occurs as diffu-
sion along the grain boundaries (Hansen, 2014) 
without advective flow. Hence, the transport rate is 
orders of magnitude below e.g. diffusion through a 
fluid-filled pore space in clay (GRS, 2008).  

Thus, the geological barrier salt allows, if the ge-
otechnical barriers are similarly tight, a complete 
containment of nuclear waste, i.e. no emission of 
contaminants into the biosphere. This is in contrast 
to a safe containment in other repository options 
such as claystone or granite with limited release of 
radionuclides. The long-term geological analogues 
discussed in Section 2 support this scenario. 

It remains to be checked to which extent com-
plete containment is compatible with retrievability, 
as required by the Federal Ministry of the Environ-
ment (BMU, 2010). The BMU stipulates that 

• waste containers must be recoverable from 
the closed and abandoned repository for 
500 years, and 

• the measures to ensure retrievability must not 
impair the passive barriers and thus the re-
pository´s long-term safety. 

The concepts of reversibility and retrievability 
while maintaining the passive safety and the robust-

ness of the geological and technical barriers have the 
potential to play a significant role in public ac-
ceptance of geological disposal (OECD/NEA, 2012). 
 

For drift emplacement in salt formations, retriev-
ability does not constitute a restriction with regard to 
complete containment. A re-mining of backfilled 
drifts and subsequent excavation of the waste con-
tainers in rock salt is technically feasible without 
major changes to the disposal concept. 

For borehole emplacement, on the other hand, 
combining retrievability and complete containment 
is an unsolved problem so far. Lining the boreholes 
with steel tubes, as suggested in VSG a (2012), 
would prevent the rock salt convergence and hence 
the containment. In addition, some deformation of 
the boreholes, which are hundreds of metres deep, 
cannot be excluded and would defy the original re-
trievability purpose. Filling the annular space of the 
boreholes with a porous material such as silica sand 
(VSG c, 2013) would also form permanent fluid 
pathways to the waste containers. 

 
In the following, we will suggest an alternative 

geotechnical concept to combine the main advantage 
of salt, i.e. complete containment, with the require-
ment of retrievability. The new concept is based on a 
robust geological and an instantaneous and com-
pletely isolating geotechnical barrier.  

 

Figure 8: Servohydraulic testing machine and experimental setup for permeability measurements. Flow rates are measured at the
top (labelled by ݍ଴). 
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of barrier integrity have basically stopped, and the 
salt dome behaviour is again dominated by the geo-
logical situation, under which salt has demonstrated 
its long-term integrity and isolation capacity (see 
Section 2). 

7 SUMMARY AND CONCLUSIONS 
Natural analogues known from salt and potash min-
ing show that gases such as CO2 are trapped in salt 
rocks in gaseous, liquid and supercritical form over 
geological timescales. For example, CO2 which mi-
grated into the Werra salt deposit during tertiary 
volcanism was contained in cavities of volumes up 
to 100,000 m3 for about 20 million years. Due to the 
viscoplastic behaviour of the host rock, the pressure 
in these fluids was equal to the lithostatic (overbur-
den) pressure. 

The German supply of heat-generating nuclear 
waste comprises about 40,000 m3 (including con-
tainers) and is, in contrast to supercritical CO2-
fluids, in a solid state, i.e. less mobile. Because it is 
a very limited volume, it could be, in principle, de-
posited in a single salt cavern. However, to reduce 
the thermomechanical load of the surrounding salt 
rock barrier the waste containers are distributed over 
a larger area (drift emplacement) or volume (bore-
hole emplacement). In particular, this reduces the 
perturbed regions at the top of the salt deposit where 
the minimal principal stress is lower than the acting 
ground water pressure (i.e. the violation of the min-

imal stress criterion initiating pressure-driven perco-
lation).  

However, in salt domes we prefer the borehole 
concept, because the waste is emplaced at greater 
depth which favours the tight inclusion due to the 
salt visco-plastic behaviour.  To meet the require-
ment of retrievability, we propose a novel backfill 
material, i.e. the use of (eutectic) salt mixtures with 
low melting points, rather than the usual crushed salt 
with high initial porosity. Salt mixtures with melting 
points in the region of 100°C to 200°C are used as 
heat-exchange fluids in various industrial applica-
tions, e.g. for solarthermal power plants. Similar 
mixtures have been proposed as combined fuel and 
heat exchange fluid in fourth-generation nuclear re-
actors. In the repository, the heat generated by the 
nuclear waste would keep the backfill in a liquid 
state for centuries before it slowly recrystallises.  

Laboratory investigations at the IfG have shown 
that recrystallised HITEC salt is impermeable to flu-
ids similar to natural rock salt loses its integrity only 
for fluid pressures above the minimal principal 
stress. 

This backfill concept with molten salt for reposi-
tories for heat-generating nuclear waste has several 
distinct advantages: 

• Immediate and complete containment of the 
waste containers in the molten salt, 

• no water or brine access to the containers due 
to the higher density of the backfill, 

• no squeeze-out of contaminated solutions by 
creep convergence, 

Figure 14: Model of borehole emplacement in the Gorleben salt dome 30 years after emplacement. The figures span 
1400 m× 1400 m each. Left panel: Temperature in K, right panel: ratio of minimal principal stress to groundwater pressure (mini-
mal stress criterion). The criterion is violated for values smaller than one, i.e. purple, red and pink (above blue dashed line). 



• only slight volume reduction upon recrystal-
lisation, 

• and retrievability at any time. 
 
The thermomechanical disturbance of the salt 

barrier could be further reduced by dispersing the 
waste-generated heat, using the molten salt as heat 
exchange fluid. As an additional benefit, one could 
envisage the generation of energy, somewhat similar 
to a geothermal power plant or a radiothermal gen-
erator. In this case, the efficiency could be increased 
by concentrating the waste in a smaller volume. On 
the other hand, the integrity of the geological and 
geotechnical barriers has to be ensured even if the 
heat dispersal is stopped prematurely.  

We think the use of low-melting salt mixture 
backfill as a geotechnical barrier warrants – and 
needs – further modelling, laboratory and in-situ 
studies. This includes the calculation of the spatial 
and temporal evolution of the temperature field in 
the emplacement area, the analysis of the geochemi-
cal long-term stability of the molten salts in contact 
with the host rock and the demonstration of the fea-
sibility of the technical concept. 
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