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» Salt rocks are promising candid-
ates for (nuclear) waste reposit-
ories

» Germany: O(10%)m3 of heat-
generating waste

Stratigraphy of Gorleben Salt Dome
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» Salt rocks are promising candid-
ates for (nuclear) waste reposit-
ories

» Germany: O(10%)m3 of heat-
generating waste

Stratigraphy of GorlebemSalt.Dome (BGR

» Geological barrier:
Natural analogues for integrity

» Technical barrier:
Novel backfill concept for imme-
diate complete containment
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@ Geological Barrier: Natural Analogues

@ Technical Barrier: Requirements

© First Experiments

O Conclusion
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» Rock salt creeps and heals itself

~> No open cracks or fracture networks

~> very low porosity, no connected pore space

» Low fluid content (< 1% for bedded, much less for domal salt)

— Impermeable, effectively no mass transport through intact rock salt
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Rock salt creeps and heals itself

No open cracks or fracture networks

very low porosity, no connected pore space

Low fluid content (< 1% for bedded, much less for domal salt)

Impermeable, effectively no mass transport through intact rock salt

vﬂviiv

Laboratory-scale experiments show small permeability — this is a
scale effect that vanishes for larger setups

» Gas outbursts serve as natural analogues: Full-scale long-term
demonstrations of tightness
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» Werra rock salt (lower/middle/upper) with two potash seams
(Thuringia and Hesse)
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Arzberg Basalt

» Werra rock salt (lower/middle/upper) with two potash seams
(Thuringia and Hesse)

» Tertiary volcanism ~ 20 Ma ago

~ basaltic intrusions
~ transformation carnallitite — sylvinite
~ Large volumes of CO, trapped in cavities or on grain boundaries

» Frequent gas outbursts triggered by potash mining
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Arzberg Basalt

CO3 cavity
Oct 01, 2013

\
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» Werra rock salt (lower/middle/upper) with two potash seams
(Thuringia and Hesse)

» Tertiary volcanism ~ 20 Ma ago

~ basaltic intrusions
~ transformation carnallitite — sylvinite
~ Large volumes of CO, trapped in cavities or on grain boundaries

» Frequent gas outbursts triggered by potash mining
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Largest gas release
worldwide

Gas outburst after
blast in carnallitite
seam Thuringia

Three miners killed
7 km from burst point

Depth 900 m

p =22 MPa,

T >31°C

Veav &~ 100000 m3

Cavity presumably
created by
carnallitite-sylvinite
conversion
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* triple point
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Integrity of Saliferous Barriers

Free gas in cavity reaches lithostatic
pressure and temperature

Conditions at outburst location imply
supercritical state

Estimated gas volume at standard

=40-10° m3

Cavity height implies overpressure of

SaltMech8, May 26, 2015

Pressure drop to atmospheric pressure leads
to volume expansion by factor ~ 500
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Free gas in cavity reaches lithostatic
pressure and temperature

Conditions at outburst location imply
supercritical state

Pressure drop to atmospheric pressure leads
to volume expansion by factor ~ 500

liquid

Estimated gas volume at standard
conditions Vco, = 40 - 10° m3

* triple point ga Cavity height implies overpressure of
0.8 MPa at roof

200 250 300 350 400
temperature
T{K)

» Huge amounts of gas trapped under high pressure in liquid or supercritical state,
for geological timescales!

» Natural demonstration of rock salt barrier

» Similar phenomena in other salt deposits around the world [e.g. Ehgartner et al. 98]
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fluid pressure p

» Impermeable grains

» Boundaries closed by normal pressure (and
possibly tensile strength)

» Normal pressure > minor principal stress

» If pressure is sufficient, fluid moves along
boundaries orthogonal to minor principal
stress
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Percolation grid:

e Edges <> grain boundaries
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Percolation grid:
e Edges < grain boundaries
e Occupation probability <> H”.n
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Percolation grid:

e Edges <> grain boundaries

e Occupation probability ++ H”in

e Connected path <+ Fluid pathway
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Percolation grid:

e Edges <> grain boundaries

e Occupation probability «» Hpin

e Connected path <+ Fluid pathway

v

Kolmogorov's zero-one law ~ critical pressure: impermeable below

threshold
Perit ~ Tmin == Minimal stress criterion
For finite systems (i.e. lab scale), threshold is smooth transition

Fluid flow strongly nonlinear function of pressure

vvyyy

“Fluid pressure-driven percolation”
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Gorleben salt dome 30 years after emplacement (VSG, 2012)
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Gorleben salt dome 30 years after emplacement (VSG, 2012)
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Gorleben salt dome 30 years after emplacement (VSG, 2012)
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Gorleben salt dome 30 years after emplacement (VSG, 2012)
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@ Technical Barrier: Requirements
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» Repository needs technical barriers as well: backfill, seals, ...

» Isolation from biosphere, e.g. ground water
» Retrievability (German BMU requires 500 years) — without
compromising passive safety
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» Repository needs technical barriers as well: backfill, seals, ...
» lsolation from biosphere, e.g. ground water
» Retrievability (German BMU requires 500 years) — without
compromising passive safety
» Usual backfill: Crushed salt
» Compaction by convergence
» Over time, approaches intact rock salt
» Residual porosity over long period:
potential access path for fluids which could be squeezed out by
convergence and gas pressure (from corrosion)
» Limited knowledge about comapction at low porosity and rate
[GRS 2008]
» Retrievability OK for drift emplacement (by re-mining), unsolved for
borehole emplacement
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Crushed-salt problems avoidable by non-porous backfill: Molten salts
[Minkley 2012]

» Salt mixtures with melting points ~ 100 — 200°C, used e.g. in
solarthermal power plants (based on nitrites and nitrates,
chloride-based formulations under investigation)

[Kearney et al. 2002; Linsinger, Radtke 2013]

» Fill emplacement drifts or boreholes with molten salt:

» Waste-generated heat keeps salts liquid for centuries
= No porosity, high density
= Water cannot reach containers
» Tight seal prevents borehole convergence [Popp et al. 2012
= Retrieval from boreholes straightforward
» Thermal power decays, salt solidifies over time

» Immediate complete containment — first in molten, later in solid salt
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© First Experiments
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» HITEC Salt (Coastal Chemical) F v q
[ 0, ax p2 —> 0
» 53% KNOs, 40% NaNO-, B
7% NaNO3 .
» Melting point 142°C ::gizr-
» Density p = 2.096 t/m?3 metallic
| ~tissue for

» Samples: HITEC molten and slowly

cooled in steel pipe
PP | _central

» Permeability measurements in
triaxial cell: Axial and confining
pressure by servohydraulic testing
machine, fluid pressure via central
borehole

| injection

| <P+

fluid collection

| | hole for fluid

— cemented
| conductor pipe
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» HITEC Salt (Coastal Chemical) F q
> 53% KNOs, 40% NaNOs, oV P2 >
7% NaNOs T =
> ||\3Aelti-:§ zoin; (l)g?tc/ , % o ////////Z/ﬁ% FS)'IZ;Z“
» Densi =2 m / ' % metallic
» Samples: HITEC molten and slowly % % tlﬁisuiofoéc on
lc)ooled i;llsteel pipe | % | H% ;e?citrfal IIfI td
» Permeability measurements in I — | ole for flui
triaxial ccz)ll:y Axia}l1 adnd <i.onﬁnin.g % J y l% injectiond
ressure servohydraulic testin | ] - y/’ cemente
E:,Z:i(:: f>lluid presysure via centril % E’///% TUS'T pipe

» Initial tightness tests, almost isotropic stress (Gconf = 10 MPa, cax = 8-11 MPa):
» No flow through sample for fluid pressures up to minimal stress (test duration
up to 72 hours)

= for paiuid < Omin, the sample is impermeable already at the lab scale (very fine
grains, so sample is “large”, i.e. dsample 3> dgrains)
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» Constant oo = 10 MPa and pg.g = 8 MPa
» Axial stress lowered via strain-controlled expansion
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» Constant oo = 10 MPa and pg.g = 8 MPa
» Axial stress lowered via strain-controlled expansion
» No flow up to phuid — Teonf = 2 MPa, then fracture occurs
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» Fluid breakthrough at threshold value Ap ~ 2 MPa

552/Hitec/PERM1

| AP——

» Single channel perpendicular to minor principal
stress (0ax)
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552/Hitec/PERM1

Fluid breakthrough at threshold value Ap =~ 2 MPa
——

» Single channel perpendicular to minor principal
stress (0ax)

» Resulting permeability x ~ 107® m?
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O Conclusion
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» Gas outbursts as natural analogues, i.e. full-scale experiments over
geological timescales:

» Gas is trapped in voids (and on grain boundaries)

» Pressure and temperature at lithostatic values ~~ fluid or
supercritical state

» Containment for millions of years

= Intact rock salt is impermeable geological barrier

_ Integrity of Saliferous Barriers SaltMech8, May 26, 2015 19 / 19





» Gas outbursts as natural analogues, i.e. full-scale experiments over
geological timescales:
» Gas is trapped in voids (and on grain boundaries)
» Pressure and temperature at lithostatic values ~~ fluid or
supercritical state
» Containment for millions of years

= Intact rock salt is impermeable geological barrier

» Novel backfill concept for technical barrier:
» Molten salt mixtures with T, ~ 100°C — 200°C
» No porosity, no fluid access to waste, no squeeze-out
» Immediate complete containment
» Retrievability even for borehole emplacement

» More research warranted and needed (thermal evolution, chemical

stability and corrosion, technical feasibility,. . . )
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