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Mission of SSM

The State Supervision of Mines is committed to
human safety and the protection of the
environment during energy production and the
use of the subsurface, now and in the future.




Core activities of SSM

Supervision and enforcement
> Inspections and investigation

> From conversation to penalty: behavioral change

Advising the Minister
> Demanded: assessment of production plans, permits

> Unsolicited: reflective supervision, policy, legislation

Communication and knowledge exchange
> Local authorities
> Public / press

> Scientific research




Lessons from salt
mining activities
in the Netherlands

-on dogma’s and paradigms




How salt is mined in the Netherlands?

Cavern creation and production
(up to 10’s of years)
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Storage, abandonment & postmining phas%\

(100's -1000’s of years)

Storage
(10’s of years)
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Euromast (185 m) Eiffeltoren (324 m) Burj Khalifa (829 m)




e M Caverns in the Netherlands
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- a family portrait
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“Salt is the perfect seal!”

- nearly every geologist in the not-so-distant past
(paraphrased)

“Salt IS quite a good seal!!™

- Current position ofi SodM
(paraphrased)



Veendam - Leakage 20 april 2018
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: YouTube: Zoutveld Tripscompagnie: wat is er precies gebeurd? NOORDEN
https://www.youtube.com/watch?v=J4BH_OcWs1k
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- Result: accelerated subsidence and leakage of 100k m3 brine (and diesel) above the deepest seal

- Conclusion: salt can fracture! How does this impact on abandonment and cyclic loading? .,



Natural examples of salt as an imperfect seal
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Fluid flow after main
phase of deformation.
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KEM-17 (2020) -
Risks of cavern
abandonment

Salt mining, business as usual?
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Wat gebeurt er met de achterblijvende pekel
in de diepe ondergrond nadat een
zoutcaverne afgesloten is? SodM heeft hier
wetenschappelijk onderzoek naar laten doen.
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https://twitter.com/sodmnl/status/1227164147223322627
http://www.sodm.nl/
http://www.sodm.nl/documenten/rapporten/2020/02/11/onderzoek-langetermijnrisicos-afsluiten-zoutcavernes
http://www.sodm.nl/documenten/rapporten/2020/02/11/onderzoek-langetermijnrisicos-afsluiten-zoutcavernes

“Salt is homogenous!”

- nearly every (O&G) geologist in the not-so-distant past
(paraphrased)

“There Is no such thing
as homogenous salt!™

- Current position ofi SedM

(paraphrased)



shaft

Bartensieben > Unwanted chemical/ biochemical ractions
- H, + anhydrite + S*-microbes = H,S (!)
> Different geomechanical behaviors
— Creep rates
- Fracture strength & Seal integrity

> Drilling & operational risks
> Leaching efficiency & cavern shapes

> Permeation efficiency
— Important after abandonnement

> Predicting subsidence

Salt is hetreogenous at all scales * Sulpher-reducing




First large scale
look at internal
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Danmark: Tostrup

> Proximity of production cavern
to massive anhydrite beds not
identified pre-drill (cores).

> During leaching sonars were
taken

> Between 3rd and 4th sonar a
portion of the wall collapsed
and buried the brine
production point

- Operational effect, no safety issue
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Figure 10 Cavern TO-3 in the Tostrup salt dome, Denmidlk. From
Jacobsen & Nielsen (1992).




Microbial side effects of underground hydrogen storage - Risks and opportunities for implementation Microbial side effects of underground hydrogen storage - Risks and opportunities for implementation

Metabolic activity of microbes vA¢ Ni{ER Community within salt caverns

< >
G
f 100% Family
B Hoomerobiscese
) =
s
newmcnns | 2-7 % 108 cells/ml

il
Macro
organic NO; reduction
‘Sedmentibacteraceae
Syntrophomonadaceae
'Dysgonomonadacease
Rikeneliaceae
Baineclacese
' Corynebactenaceae
Nocardiodacese
Micromonosporacese
Microbacteriacese
Moraxelaceae
‘Sphingomonadaceae
Pseudomonadacese
Other

Enzymatic e Mn(1V) reduction @
-B1 Cav-B2 Cav-C1 Cav-C2

|

Oxic zone 3

a
&

Anoxic zone

50

Relative Abundance
*

2!

a
&

hydrolysis

Fe(lll) reduction

g

SO,? reduction

Seroll for detals

SEONTer BTN

Nicole Dopffel, Ph. D., Senior Researcher, Norwegian Research Institute - NORCE, Norway
Microbial side effects of underground hydrogen storage - Risks and opportunities for implementation

Bureau of Economic Geology —Youtube.com
18




A different kind of hetreogeneity: grainsize

Barabasch, J., et al., Solid
Earth, 14, 271-291, 2023.

https://doi.org/10.5194/s = 1 T
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Dislocation creep

Dislocations,
subgrains

Water assisted
dynamic
recrystallization

Realm of “practical lab
measurements”
(roughly 1 PhD thesis long)

Realm of natural, “non-
tectonically stressed”salt

100

Dislocation creep

-Q,/RT
e( Q,/RT) ©

1 1703)

Creep rates depend on:

grainsize (salt hetereogeneity)
Mineraltype (salt hetereogeneity)
temperature

stress state (pressure)




Grain boundary sliding, dissolution
precipitation, no xtal plasticity

Dislocation creep

Dislocations,
subgrains

Water assisted
dynamic
recrystallization

Plasticity, microcracking

Crystal plasticity, microcracking
dilatancy, permeability increase

Strain rate (1/s)

Dislocation creep
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Solution transfer creep
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Creep rates depend on:
+ grainsize (salt hetereogeneity)
Mineraltype (salt hetereogeneity)
» temperature
100 * stress state (pressure)




Barabasch, J., et al.

, Solid Earth, 2023.

https://doi.org/10.5194/se-14-271-2023

The effect of gra|n5|ze on creep rates

Pressure solution and Dislocation creep Isolines at 60°C

1.0E-06 gremesrmmmmmmm e e e ey
1.0E-07 4 - - - -
estimated fine grained halite
rheology (this study)
1.0E-08 4
fine
1.0E-09 4§ grained
salt N e
{1 05mm”
D 1.0E-10 4 S
Py 1 1mm X ~
= dislocation creep
= 1.0E-11 {
£
© -
e
- .'.-“
D e, | ST pressure
LS solution
creep estimated Kristallbrocken
rheology (this study)
1.0E-13 4 —
10mm-"
1.0E-714 l e BGRA, KKS (V1)
— BGRA, KKA (V=172)
X BGRa, KK3 (V=1/4)
1.0E15
50 mm.." gralned Avery island. Carter o ol (1903)
salt
@ estmated from grain size and stress
measurement (the study)
1.0E-16 : -
0.1 1.0 10.0

Differential stress (MPa)

100.0

23



After 65 a

Every salt type
has its own
stress state and
failure pressure

> Image from Raith
and Urai (2018)
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What do these

?
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| Change of
| brine/fluid
Underground chemistry (Frisia)
Salt heterogeneity p— ML EE IS storage of - Abandonment
salt dissolution products well integrity loss
r Formation of side j

Spindletop, Texas, United States of America

— - ocket traps.
Storage Activity Aciive Inhomogeneous p P
salt dissolution
Mechanical
Number of caverns 11 Salt structure Salt dome instability due to a " -
;- : large-span flat Stress-driven Irregular shape ower capacity for
48 roof mechanical storage
Depth of cavern 3.1340m instability ‘ he
Individual volume 3.908000 m* Operator 1. Texas Brine Company, Volume change
jits
2. Coastal Caverns Inc. - o Accelerated
3. Air Liquide Cavern instability (roof )
. subsidence
4. 3 operators collapse, salt fall, block
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Texas. The dome is part of the Guif Coast basin and the FEIES - . o . W
B 4 ell and cavern
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i i e L= esign
11 cavems in this salt dome. | - P ) soluble layers, c_reep B! Well integrity loss
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unanticipated geomechanical development” [lohnson, | e e

2003)
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Available on SodM.nl « Pipeline integrity loss




Underground storage

> Salt is not always a perfect seal

> Salt is not homogeneous
- (both in grain size and composition)

- Some of these heterogeneities have (some)
porosity and permeability

> Effect of low stress and changes in
pressure is not fully understood

> Chemical and microbially assisted
reactions between stored medium and
steel and non-halite rocks

> Social acceptance and perceived risks
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https://twitter.com/sodmnl/status/1227164147223322627

Thanks for your
attention

> Contact with SSM
www.sodm.nl/contact

> Questions?

m Staatstoezicht op de Mijnen (SODM)

X @sodmnl
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