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Latin symbols 

SYMBOL DESCRIPTION UNITS 

dcA  Prefactor for dislocation creep  /MPan-yr 

psA  Prefactor for pressure solution creep  K.mm 3/MPa-yr 

b  BiotɄs coefficient Ɂ 
c  Parameter of Munson -Dawson transient creep law  /K 
D  Apparent  grain size mm  

1D  Parameter of RD dilation criterion  Ɂ 

2D  Parameter of RD dilation criterion  Ɂ 

saltE  YoungɄs modulus of rock salt MPa 

geoG  Geothermal heat flux  mW/m²  
g  Acceleration due to gravity  m/s²  

1I  First in variant of the stress tensor  MPa 

2J  Second invariant of the stress tensor  MPa² 

0K  
Virgin permeability  or parameter of Munson -Dawson 
transient creep law  m² /  ╖ 

1K  Secondary permeabi lity  m²  

M  Mass of gas in the cavern  kg 

m  
Parameter of RD dilation criterion  or parameter of 
Munson -Dawson transient creep law  Ɂ 

saltk  Rock-salt permeability  m²  

dcn  Exponent of the dislocation creep law  Ɂ 

psn  Exponent of the pressure solution creep law  Ɂ 

eqP  Equivalent pressure for gas caverns  bar  

fP  Pore pressure  bar  

geoP  Geostatic pressure  MPa 

hP  Halmostatic pressure  bar  

dcQ  Activation energy for dislocation creep  J/mol 

psQ  Activation energy for pressure solution creep  J/mol 

thq  Heat flux from the rock mass  W/m²  

R Universal gas constant  J/mole-K 
T  Absolute temperature  K 

0T  Tensile strength  MPa 

V  Cavern or wellbore volume  m3 
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casV  Volume of the cased section of the well  m3 

ohV  Volume of the openhole section  m3 
v  Specific volume of gas  m3/kg 
z  TVD Depth  m 

 

 

Greek symbols 

SYMBOL DESCRIPTION UNITS 

wa  Parameter of Munson -Dawson transient creep law  Ɂ 
sat

bb  Coefficient of compressibility of saturated brine  /bar  

casb  Coefficient of compressibility of the cemented casing  /bar  

ohb  Coefficient of compressibility of the openhole  /bar  

wb  Parameter of Munson -Dawson transient creep law  Ɂ 

Vb  Cavern or wellbore compressibility  m3/bar  

D Parameter of Munson -Dawson transient creep law  Ɂ 
d Paramete r of Munson -Dawson transient creep law  Ɂ 
e Strain  Ɂ 

ee Elastic strain  Ɂ 

the  Thermoelastic strain  Ɂ 

sse  Steady-state dislocation creep strain  Ɂ 

pse  Pressure solution creep strain  Ɂ 

tre  Transient dislocation creep strain  Ɂ 
e& Strain rate  /s 
m Lamé's second parameter (shear modulus)  MPa 
f Porosity  Ɂ 
l Thermal conductivity  W/m -K 

saltn  PoissonɄs ration of rock salt Ɂ 
y Lode angle  ° 
r Rock density  kg/m 3 

br Brine density  kg/m 3 
s Deviatoric stress , also called differential stress  MPa 

0s  Threshold for increase of permeability  MPa 

1s  
Parameter for the coupling between permeability and 
effective tangent ial stress  or most compressive principal 
stress 

MPa 

3s  Least compressive of the principal stresses  MPa 

sref  Reference stress for RD dilation criterion  MPa 
eff

ts  Effective tangential stre ss MPa 
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KEM-17 KEM: Kennisprogramma Effecten Mijnbouw , Ministry 
of Economic Affairs and Climate, The Netherlands.  

KEM-17 Report 1: Over-pressured salt solution mining 
caverns and possible leakage mechanisms.  

Deviatoric or differential stress  Difference between the most compressive and the 
least compressive principal stresses  

Halite mega -grain  Aka Kristallbrocken (various literature), mega -crystals 
(KEM-17, Barabasch et al., 2023). The term mega -
grain is used to emphasize the role of abnormally 
large grains in the context of a polycrystalline 
material, grain size dependent creep, and the 
expected rheological contrasts  

Apparent grain size  The mathematical description of the pressure 
solution creep was initially developed for pure  halite, 
where the  representative grain size  plays a crucial 
role . However, natural rock salt exhibits  various 
complexities such as bedding orientations  with 
preferred grain shape , mega-grains, 2 nd phase 
impurities, disintegrated fluid films at the halite grain 
boundaries , and re -crystallisation, all of which 
significantly influence  creep behaviour .  

To address this, we  introduced the concept of 
apparent grain size  to effectively describe the 
heterogeneous salt. The apparent grain  size 
represents the hypothetical grain size equivalent to 
that observed in pure halite  with continuous fluid 
films at the grain boundaries.  

The apparent grain size is typically different from  the 
measured matrix grain size of the salt sample due to  
the above described effects, but may be the same i f 
the creep in the halite matrix is dominating the 
effective creep of the rock salt volume.  

                                                      
1 https://kemprogramma.nl/blog/view/8357de0c -481d-4893-8ac1-4b2d1bc93aff/kem -17-over -
pressured -salt-solution -mining -caverns-and-possible -leakage-mechanisms -finished  
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Effective stress  Assuming TerzaghiɄs principle, it is the sum of the 
smaller stress component tangential to the flow 
direction and the local pore pressure. This de finition 
is used for the coupling between permeability and 
effective stress  

Geostatic pressure  Vertical pressure, equivalent to a stress, due to the 
weight of a column of rock and the fluids contained in 
the rock above that depth  

Halmostatic pressure  Pressure corresponding to the weight of a saturated -
brine column, or 0.12 bar/m pressure gradient  

Lithostatic pressure  Vertical pressure due to the weight of the rock only  
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1 Executive Summary 
Background  

This comprehensive study is the first to implement th e recommendations of the KEM -17 
report, advocating a multi -scale approach to cavern abandonment investigations. The study 
explores various aspects of the issue, from microscopic examinations in labs to in situ tests at 
the cavern scale, and analyses and si mulations covering the entire salt dome. Throughout the 
research, the focus was on identifying key parameters for the models, allowing for the 
determination of realistic ranges for these crucial parameters. This is reportedly the first time 
such a thorough  abandonment study has been conducted for a specific site.  

A much better understanding of Zuidwending salt  

The study began with limited knowledge on the mechanical behavior of Zuidwending salt, 
particularly its low -stress creep properties. A multi -scale approach was adopted, combining 
microscopic analysis, creep tests under low deviatoric stress, and high -stress regime 
experiments. The results were integrated into a probabilistic model to map out uncertainties.  

The Zuidwending salt structure was characteri zed by analysing  drill core samples. The 
Zechstein II salt was found to have a deformed and recrystallized microstructure typical of 
tectonically deformed rock salt. The presence of halite mega -grains and their distinct 
rheological properties compared to t he matrix halite were noted to significantly influence the 
creep closure rate.  

The dominant deformation mechanisms during the formation of the Zuidwending structure 
were identified as dislocation creep and pressure solution creep. A preliminary rheological  
approximation of the rock salt suggests a two -mechanism creep law.   

Grain boundaries in halite are equilibrated with non -percolating fluid inclusions, suggesting 
very low permeability in situ. Laboratory permeation tests indicate the potential for localiz ed 
permeation along interfaces between mega -grains and matrix halite.  

Creep-tests conducted on wet core samples revealed the complete recrystallization of 
samples during the testing period, a phenomenon not previously recognized in cavern 
abandonment studi es. This finding sheds new light on the deformation mechanisms at play in 
these environments and has important implications for the incorporation of the experiment 
results into constitutive models.  

The insights from the study can be used to improve future models of abandoned cavern 
evolution, providing a more comprehensive understanding of salt behavior under different 
stress conditions. Experiments conducted in the Altaussee mine highlighted the significant 
role of pressure solution in long -term creep clos ure. The creep rates measured were lower 
than those predicted solely from the matrix grain size. The importance of abundant mega -
grains, variable second -phase content, and grain boundary fluid morphology in influencing 
pressure solution was underscored.  

To integrate and quantify  the creep test results and micro -scale investigations, w e established 
a probabilistic creep model that also accounts for the constraints obtained at the scale of the 
salt dome. The probabilistic creep model enabled us to constrain t he site -specific creep 
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parameters a ssociated with the Zuidwending dome within their respective uncertainty limits. 
In this process, the concept of the apparent grain size was introduced in this study and used in 
models to derive a site -specific representa tion of the Zuidwending salt.  

Late in the process, additional information from cavern scales became available, allowing to 
further calibrate the creep model for  cavern scale conditions. The analysis of in situ tests 
showed that itɄs possible to constrain the  parameters for the two creep mechanisms, 
dislocation creep and pressure solution creep, at the scale of caverns. The test results suggest 
that the uncertainties in the effective creep model can be further reduced in future updates 
of the work.  

Modellin g approaches in 2D and 3D  

Given the extended  duration of the 3D calculations, we have focused on  selected parameter 
sets that represent end -member conditions in terms of fast and slow creep properties and 
conservative assumptions with regard to permeation . Specifically, rapid salt creep was chosen 
in comparison to the variations observed on the sonars, along with a very low initial salt 
permeability. To overcome shortcomings with a xisymmetric 2D models (they cannot account 
for the interactions between caver ns), we included 3D calculations at the scale of the cavern 
field and dome -scale simulation to study the large -scale interactions with the host rock.  

Main findings  

Pressure excess after hard -shut -in  

After a hard shut -in, the cavern pressure increases due to salt creep and thermal expansion 
of the brine. 3D calculations reveal that pressure rises are relatively slow, taking several 
decades for both brine and gas caverns. The pressure increase rate is primarily a function of 
the apparent grain size of the Ze chstein salt units.   

In all scenarios, the pressure gradient at the cavern roof exceeds the 0.22 bar/m criterion, 
partly due to conservative assumptions. A higher effective permeability would likely result in 
a significantly lower equilibrium pressure.  

However, thereɄs a possibility that the modelled cavern pressure may locally exceed the 
threshold at the cavern wall, potentially leading to hydraulic fracturing. This uncertainty is 
largely due to the permeation models. Therefore, further research is recomme nded, including 
field tests, meticulous model calibrations, and potential supplementation by microseismic 
observations.  

We emphasize that the results are largely consistent for both 3D simulation approaches at 
both  cavern- and dome -scale, utilizing distinc t numerical codes and discretisation strategies.  

Increase of permeability and permeation outflow  

The models used in the study account for a coupling between the effective stress and the 
permeability of the salt, with an initial uniform salt permeability of  10-21 m² considered. 
However, higher permeabilities have been measured for dome salt in Germany, suggesting 
that the effective permeability could be greater due to salt heterogeneity.  

In all cases, the effective stress begins to exceed the permeability in crease threshold at the 
cavern wall, leading to an increase in permeability. A zone of much greater permeability then 
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develops, tending to progress above the roof of the caverns.  With 2D modelling, the high 
permeability front reaches the more permeable ove rburden within a few years of closure, 
establishing a hydraulic connection between the cavern and the overburden.  

In 3D cavern scale models, the high permeability front has not yet reached the overburden by 
the year 2250, and permeation rates up to that da te are low.   

In 3D dome -scale models, the permeability front remains relatively local to the caverns and 
does not propagate towards the overburden. However, in the top part of the dome, the 
conditions are such that the criterion can be met more easily.  

Final equilibrium  

In the long term, when the thermal expansion of the brine becomes negligible, an equilibrium 
pressure is established between creep and permeation. Given the high pressure, both creep 
and permeation rates are relatively low.  

The height of the  Zuidwending caverns does not favour  abandonment, as equilibrium occurs 
more or less at the average depth of the cavern. The pressure of the brine in the upper part 
of the cavern is closer to , or even exceed,  the least compressive main stress  locally . This has 
been known for a long time (Wallner, 1986).  At, the same time, the least compressible stress 
is increased in the rock mass adjacent the top part of the caverns.  

Subsidence 

Dome -scale simulations provide reliable predictions for subsidence, incorporati ng the entire 
3D geometry of the dome and flat bedded salt. This allows for proper incorporation of large -
scale dome dynamics. While cavern -scale models may be more accurate in predicting 
subsidence during gas cavern operation  as the full pressure cycling is resolved , dome -scale 
models are likely more accurate for long -term subsidence predictions  as we believe the 
boundary conditions (full salt dome) are important for the predict ion. 

There is a clear difference between the behavior of brine caverns and gas caverns with respect 
to subsidence. Gas cavern convergence is significant during operation, but over time, this 
effect is overshadowed by the buoyancy of the cavern field and thermal expansion of brine. 
As a result, uplift becomes most pronounced directly above the cavern field. After 2250, the 
dome -scale model predicts uplift ranging between 20 -50 cm, with variations depending on the 
creep properties of the salt.  

The equivalent pressure simulations show how cavern convergence is linked to pressure. 
Vertical motions are enhanced if the effective creep is enhanced with a smaller apparent grain 
size. Due to the strong convergence of the gas caverns, subsidence is expected during their 
operation. When filled with brine, the induced subsidence is strongly dampen ed and 
overprinted by buoyancy. After 2250, the model anticipates a remaining subsidence bowl, 
which is expected to further decay with time.  

Backfilling  

In simulating the backfilling process, it was initially treated as behaving like a liquid. However, 
itɄs possible that it provides significant mechanical support on the cavern wall, potentially 
exerting a greater limitation on creep. Initial 2D calculations based on filling a cavern with a 
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backfill denser than brine do not seem to solve the problem of high simulated equilibrium 
pressure after closure. Backfilling reduces the loss of cavern volume, the permeation rate, and 
the calculated uplift after cavern abandonment, but it must be injected in large quantities from 
the surface at a lower temperature than t he initial brine in the cavern. Consequently, the 
thermal expansion of the brine and backfill mixture significantly contributes to the pressure 
build -up after cavern closure for decades.  

Mechanical stability of caverns  

When considering total stress for the  dilation criterion, the cavern -scale simulation reveal that 
a dilatant zone can be observed around the cavern walls in 2071, several meters thick, 
especially at the roof. However, TerzaghiɄs principle, which is very conservative, is applied in 
this contex t. Above this dilatant zone on the roof, there is a very thick (> 200 m) intact salt 
plank.  

Generally, no dilation was found in the pillars, even when considering the RD dilation criterion 
with a conservative set of parameters. Therefore, the caverns can b e considered mechanically 
stable, with no risk of collapse.  

Induced brittle strain and differential stress in the side - and overburden rocks  

Dome scale models reveal that the differential stress state in the side burden is influenced by 
the respective load ing in the caverns. This is partly due to elastic effects during operation, but 
also due to large -scale flow in the dome induced by a combination of processes , i.e., cavern 
convergence, brine thermal expansion, and buoyancy of the cavern field.  

A series of  simulations with different effective creep properties of the dome showed the 
development of brittle strain at specific locations around the dome. Simulations with and 
without caverns were conducted to isolate the impact of the cavern field as the salt dom e 
moves over time.  

It remains challenging to determine the extent to which the accumulated brittle strain 
contributes to microseismicity versus remaining aseismic. However, it seems likely that 
microseismicity is triggered at various locations along the do me flank and within the caprock, 
influenced by the effective creep properties assigned to the dome. Smaller apparent grain 
sizes contribute to increased dynamics, resulting in enhanced brittle strain at the salt 
sediment interface. Distinguishing induced m icroseismicity from naturally occurring events is 
challenging due to the inherent movement of the salt dome over time leading to brittle strain, 
irrespective of the influence of the cavern field.  

Microseismicity and shear failure in the proximity of gas ca verns  

In addition to brittle strain forming at the dome flanks, dome -scale simulations also reveal the 
development of brittle strain during the simulated operation of the gas caverns under 
constant equivalent pressure. The least -principal stress near the c averns decreases and 
adjusts to the designated pressures of the caverns, leading to shear failure and subsequent 
brittle strain. A comparison with observed microseismicity indicates a good match with these 
zones affected by shear failure. In the tested sce narios, brittle strain is not obtained for the 
brine caverns, but a correlation with observed microseismicity shows elevated differential 
stresses. 
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Recommendations  

The increase in pressure after the hard shut -in and the final equilibrium pressure are due t o 
several phenomena, including thermal expansion of brine, cavern convergence due to creep, 
and brine permeation. While the thermal aspect can be modelled reliably, significant insights 
have been gained into the behaviour  of long -term creep, reducing uncer tainties, though 
further improvements are possible. However, substantial uncertainties remain concerning 
permeation.  

Several avenues of research for the improvement of the accuracy of the models are suggested 
in Chapter 7.   
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2 Introduction 

2.1 Background 
In the KEM-17 project, our consortium reviewed the micro - to macro scale aspects of the 
abandonment of brine -filled solution mining caverns, focusing on the cases where the 
surrounding salt is of such low permeability that close -to -lithostatic pressures will deve lop 
after abandonment. In this project dedicated to the abandonment plan for the Zuidwending 
caverns we propose improvement s of existing methods  through  the  integration of state -of the 
art materials science, engineering  techniques , and advanced numerical modelling . 

The primary aim of this project is to predict the brine pressure develop ment  in the caverns 
after abandonment , alongside evaluating the thermomechanical response of the salt host 
rock within  defined  uncertainty limits.  To achieve this , we employ an integrated  approach that 
combines various methodologies a cross multiple scales . This includes  microstructural 
analysis, deformation , and permeation experiments , as well as field testing in both boreholes 
and caverns , aimed at  constrain ing key parameters  and their corresponding uncertainty 
ranges. Following this, the comprehensive results our  assessment are synthesized  into  
coupled numerical thermo -hydro -mechanical (THM) models . These models  simulate the 
entire lifecycle of the caverns, encompassing their  impact on the salt dome and the 
surrounding sedimentary rocks.  We outline the inherent uncertainties in our methodologies 
given the ambiguities  in the available data , and propose strategies to mitigate these 
uncertaint ies while validating our  current pred ictions. This comprehensive approach ensures a 

robust understanding of the complex processes involved and enhances the reliability of our 

findings. 

This project is organized in 5 main work packages (Figure 1), many of these involv ing 
cooperation by one or more partners. These are described in the proposal below, and detailed 
in the Appendices, following up on the KEM -17 reports which discuss the basis of this in full 
detail.  

2.2 Short description of initial work packages 
The work  packages as planned at the start of the project are briefly described below.  

Á Work package 1: Ist -Zustand  

The aim of this work package  was to  study and select the sample material and describe 
and characterize the state of the salt  dome  and its overburden before  mining at micro - 
to macro scale . 

Á Work package 2: Rheology  

This work package objective was to  combine different approaches to arrive at a state 
of the art, multiscale, materials science -based formulation of the rheology and 
deformation mechanisms of the ro ck salt in the Zuidwending salt dome. The outcomes 
are used in the numerical models describing the ɇIst-Zustand" (work package 1) and 
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the following workpackages to model the behaviour of the salt caverns at multiple 
scales. 

Á Work package 3: Permeation  

This work  package was designed to  study permeation of the Zuidwending  salt by brine 
and determine the heterogeneity and fluid pressure dependence of permeability, in 
experiments integrated with microstructural analysis. The results are implemented in  
our numeri cal models  similar as for the creep experiments. S imulations are performed 
on various scales to investigate the effect of uncertain permeation parameters and salt 
heterogeneities.  

Á Work package 4: Cavern operation  

Based on the findings fro m work p ackages 2 and 3, an appropriate model is proposed 
to account for changes in deformation mechanism and constitutive law in the rock salt 
surrounding the cavern. The 2-D model is  fine -tuned using test data and optimization 
algorithms. Parameter sets for creep and perm eation at the cavern scale are  derived 
from this calibration process and applied in long -term numerical simulations. 
Additionally, a 3 -D model is  constructed facilitating long -term computations of cavern 
pressure and tem perature. Initial models are  updated  with planned cavern fields, 
calibrated with estimates from the cavern -scale model. To account for uncertain 
permeation and salt rheology, systematic modelling  is conducted to analyse the effects 
of geological complexities on stress fields and permeation p athways.  

Á Work package 5: Abandonment  

This last work package concerns the full assessment of all work packages including the 
initial state, rheology, permeation, cavern operation followed by recommendations 
and outlook regarding cavern (field) abandonment.  

2.3 Order of presentation of work packages in this report 
Having studied in depth the various aspects of the complex problem of the abandonment of 
the Zuidwending cave rns, it seemed more natural to present the results in an order slightly 
different from the i nitial plan.  

× Part 1: The initial state and rheology  
This section combines the findings from the initial work packages: the assessment of 
the initial state and rheology of the Zuidwending salt dome before solution mining, 
along with the formulation of rheol ogy and deformation mechanisms of rock salt 
based on materials science principles. These findings are crucial inputs for the 
numerical models developed in this project.  
 

× Part 2: Cavern operation and Permeation  
This part concerns the calibration of the phys ical phenomena at play during the 
abandonment of caverns. It mainly concerns the various mechanisms of salt creep, 
brine permeation into the salt and thermal expansion of the brine. The methodology 
used is based on laboratory measurements: structural analy sis, measurement of salt 
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creep under various stress levels, measurement of salt permeability in the laboratory, 
as well as on the analysis of on -site measurements at cavern scale. Statistical analysis 
can be used to upscale and define realistic ranges of v ariation for the various 
parameters.  
 

× Part 3: Simulations of caverns a bandonment  
We are building 2D and 3D models of the caverns and carrying out numerical 
simulations on both the scale of the caverns and the scale of the salt dome.  2D models 
are used to c arry out sensitivity studies on several parameters, while the heavier 3D 
calculations are designed to model all the phenomena at site level. These calculations 
make it possible to simulate the entire past and future history of the caverns, by 
predicting th e evolution of temperature, pressure , and permeation outflow  after 
abandonment.  By calculating the stresses in the massif around the caverns, we can 
verify their mechanical stability, as well as related phenomena such as subsidence and 
induced microseismic ity. 
 

× Part 4: Final Evaluation and Recommendations  
This final work package, or report, focuses on thoroughly assessing all work packages, 
encompassing the initial state, rheology, permeation, and cavern operation, followed 
by recommendations concerning the  abandonment of the cavern field.  
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Figure 1. Project organization. 
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3 The initial state and rheology 
The assessment of the initial state and rheology of the Zuidwending salt structure before the 
solution mining involves a compreh ensive approach that combines insights from core 
inspection, selection, and analysis, along with the analysis of microstructural parameters. This 
is integrated with existing geological models and data and  implemented using state -of -the -art 
numerical models  to estimate the initial structure and state of stress. We present a model of 
the deformation mechanisms, deviatoric stress, rheology, and fluid transport properties of 
the rock salt during its slow, natural deformation. This work builds upon materials sci ence 
methods developed over the past three decades by research groups at Utrecht University and 
RWTH Aachen University, as documented in a range of publications in peer -reviewed papers. 
These studies are summarized in the KEM -17 report, which serves as the  literature basis for 
this report. Key questions addressed in this study concern the processes of fluid -assisted grain 
boundary processes of dynamic recrystallization and pressure solution, a s well as the 
structure of grain boundaries. Of particular import ance is the application of these results to: 
(i) Dynamic recrystallization close to the cavern during cavern operation, followed by stress 
relaxation after abandonment. (ii) Slow, low deviatoric stress deformation relatively far from 
the caverns, which is comparable to deformation in nature. Here, the state of the grain 
boundaries plays a key role in activating pressure solution processes.  The micro -scale findings, 
along with the results from creep tests , are integrated into a probabilistic creep model to 
quantify sets of parameters and corresponding uncertainties. Th ese derived parameters are 
used in numerical 3D THM models to determine  the initial stress state of the Zuidwending 
dome, and in the subsequent modelling approaches of cavern simulation.  

3.1 Core- to microscale investigation of the initial state (ZW1.1, ZW1.2) 

3.1.1 Introduction 
In this report, we present a microstructural analysis of samples selected from the available 
cores of the Zuidwending salt dome with the aim of (i) determining the differential str esses 
and rheological properties of the evaporite mass during the evolution of the Zuidwending salt 
dome, and (ii) identifying the material parameters for the constitutive equations, which are 
relevant for the formation of the present -day "Ist -Zustand", an d deformation and permeation 
during operation and abandonment of solution mined caverns in this salt body.  

The rock salt studied in this work package belongs to the KRISTALLBROCKENSALZ, which is a 
well -known salt tectonite in Zechstein II with layering sub vertical (i.e., core) in the salt dome.  

The Kristallbrockensalz is widespread within the Zechstein basin. It is generally interpreted to 
have formed out of a layer cake of fine -grained matrix salt, layers of single crystalline Halite, 
and thin Anhydrite l ayers (KEM-17, Barradeel ). The Kristallbrocken are inferred to form out of 
this sediment by deformation, resulting in a kind of Augengneiss structure, with the 
Kristallbrocken decreasing in size with tectonic strain. Richter -Bernburg, (1953) described 
ɃTrümmersalzeɄ with ɃKristallbrockenɄ salt as large, sharp-edged single crystal grains inside a 
fine -grained matrix. The structural characteristics of the ɃKristallbrockensaltɄ were studied and 
the observed microstructures of Kristallbrocken were attributed to  brittle deformation and a 
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strong competence contrast from porphyroclastic ɃKristallbrockensaltɄ to fine-grained, 
mylonitic matrix Halite (Küster et al., 2010, pg.98). The same studies also suggest that matrix 
Halite was secondary, replacing Kristallbrocke n by recrystallization. The inferred strong 
rheology contrast was suggested to be related to ɃmonocrystallinityɄ (large grain size) and the 
abundant inclusions in Kristallbrocken by restricting dislocation mobility (Küster et al., 2008).  

3.1.2 Selection of core pieces that represent the formation 
The investigated core material covers all available stratigraphic units and extend over a depth 
range of 1750 m. The selection of cores in work package ZW1.1 was made with the aim of 
identifying suitable samples for the deformation and permeation experiments to be carried 
out in work packages ZW2.2, ZW2.3 and ZW3.2, for which rather homogeneous cores of fine -
grained material were required in the majority. Due to this circumstance, the samples selected 
for this work packag e and described in this report mainly represent the fine -grained matrix 
halite and only occasionally contain Halite mega -grains (Kristallbrocken). Please see a detailed 
description on the methods and specific results in the Appendix A.  

The core pre -selection was based on the core photographs in reflected and transmitted light 
available on the Nederlands Olie - en Gasportaal website and other provided material (Well 
report, the core photos, and the core description) as well as on the discussion with DEEP.KBB 
to focus on the stratigraphic units as described in ɇSupplemental Report to the Digital 
Geological 3D Model of the North -Western Part of the Zuidwending Salt DomeɈ by DEEP.KBB 
(07a_report 3D Zuidwending.pdf). Based on this information 64 cores were selecte d, 
approximately 10% of what was available, covering the main stratigraphic units and cored 
wells that were present, forming a robust representation in terms of spatial distribution and 
structure of the Zuidwending cavern field. This core collection was sc anned 360°, investigated 
and interpreted, upon 30 cores were selected for the slabbing and subsequent core piece 
selection for the other work packages. Slab -scale analyses allowed distinguishing three 
dominant phases quantitatively ( Figure 2): anhydrite, fine - to coarse -grained polycrystalline 
halite, and halite mega -grains (`Kristallbrocken`). Based on the slabs, we classified the core in 
three lithotypes, which provided guidance for selecting the core pieces for t he microstructural 
analyses and experiments: Class F is rich in halite mega -grains and often bounded by thin 
anhydrite layers, Class G is lower in halite mega -grains content, a boundary was set at 25%, 
consisting mainly of fine to coarse -grained halite mat rix with irregularly distributed anhydrite 
inclusions. Cores of class H dominate in mylonitic fabric.  

We selected in total 15 core pieces for deformation experiments and 10 core pieces for 
permeation experiments at IfG ( Table 1, ZW2.2 and 3.2). These core pieces cover all 
stratigraphic units that were available and spanning over a large depth range. Additionally, 4 
core pieces were selected for deformation experiments at low deviatoric stress performed in 
the Alta ussee Mine (Table 1, ZW2.3). 
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Table 1. Overview on selected core sample material for deformation (1 and 2) and permeation (2) experiments at IfG and the Altaussee Mine. 

Well name Core No. Box slab No. Top core box [m] Strat. Unit Lithotype Exp. Comment core sample 

ZWD-KNZ-08 1 10 242.7 ZEZ2HL2 F 2 Fine (Megagrain remnants)  

ZWD-A1A 2 2 452.62 ZEZ2HM F 2 Fine 

ZWD-A8A 2 9 542.23 ZEZ2HL2 G 1 Fine (Megagrain remnants)  

ZWD-A3A 1 2 591.88 ZEZ2HL1 H 2 Fine (Mylonitic)  

ZWD-A1A 4 7 959.2 ZEZ2HM F 2 Coarse 

ZWD-A3A 2 1 991.00 ZEZ2HL1 H 2 Fine (Mylonitic)  

ZWD-A4A 5 10 1,028.00 ZEZ2HL2 G 2 Fine 

ZWD-A5A 6 9 1,190.47 ZEZ2HM H 1 Coarse (Megagrain remnants)  

ZWD-A7B 1 13 1400.88 ZEZ2HL1 G Mine  Fine 

ZWD-A3A 6 5 1,444.51 ZEZ2HL1 H 2 Fine (Mylon itic) 

ZWD-A2B 1 2 1400.88 ZEZ2HL2 G 1 Fine 

ZWD-A2A 7 9 1467 ZEZ2HM G 1 Coarse 

ZWD-A7B 2 15 1469.27 P0 G 2 Fine 

ZWD-A5A-S1 1 5 1503.26 ZEZ3HL G 1 Coarse (Megagrain remnants)  

ZWD-A2A 8 7 1505.8 ZEZ2HM F Mine  Megagrain  

ZWD-A1A 9 1 1518 ZEZ3HL G 2 Fine (Back-up) 

ZWD-KNZ-08 13 8 1627.58 ZEZ3HL H 2 Fine (Mylonitic)  

ZWD-KNZ-08 15 6 1795.01 ZEZ3HM G 2 Fine (Megagrain remnants)  

 

3.1.3 Microstructural processes and rheology 

3.1.3.1 Scope 

This work package aims to analyse the microstructural properties, rheology, and trans port 
properties of selected salt samples, with a specific focus on preserved microstructural 
processes and deformation mechanisms. Various characteristics affecting the salt's 
microphysical properties, such as grain size, grain boundary structure, micropor osity, impurity 
content, and mineral chemistry, were thoroughly studied and quantified using state -of -the -art 
microanalytical imaging technologies, in conjunction with image analysis and bulk chemical 
measurements.  

Ultimately, the observations and interpre tations drawn from these analyses were synthesized 
to provide recommendations for constitutive equations and mechanical parameters to be 
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utilized in geomechanical modelling of the initial state, cavern operation, and cavern 
abandonment. For a detailed desc ription of the methods employed and the specific results 
obtained for each sample, please refer to Appendix B . 

 

 

 

 

 

Figure 2˿˺dƳĘƯŤƹ˺ƹŤƐǟŨƈŜ˺ƳŃƹǈſǂƹ˺ŚƳƐƆ˺ƹŃŜƆŃƈǂĘǂŨƐƈ˺Ęƈļ˺ĘƈĘſǥƹŨƹ˺ƐŚ˺˫ˮ˨̯˺ĶƐƳŃ˺ƹĶĘƈƹ˺̔Ę́̕˺ǂŤŃ˺ƆĘŨƈ˺ƐƳŨŃƈǂĘǂion of the layers is sub-vertical in the top 
and decreasing downwards, conform the main orientation of the stratigraphic units of the cavern field. (b) Plotting the fraction of mega-
grains with depth and stratigraphic unit does not show a clear trend. (c) The estimated content of mega-grains from core inspection scales 
with the segmented amount of mega-grains. (d) The overall average mega-grain and anhydrite content from the core scans is 28% and 4%, 
respectively, with highest content of mega-grains in the ZEZ2HL2 and ZEZ2HM stratigraphic units. 
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3.1.3.2 Methods 

Optical Microscopy (OM) was performed in transmitted and reflected light, on polished and 
chemically etched thin sections. Some samples were Gamma -irradiated to decorate crystal 
defects. Broad Ion Beam poli shing and Scanning Electron Microscopy (BIB -SEM) was used to 
image grain boundary damage and in -situ grain boundary structure and Energy Dispersive 
Spectroscopy (EDS) to characterize the second phase impurity content. Micrographs acquired 
in reflected ligh t from etched thin section surfaces (e.g., Urai et al., 1987) were used to 
measure grain - and subgrain size within the recrystallized parts of the thin sections. The 2D 
grain size was computed using the circular equivalent diameter d. The orientation of th e grains 
was determined by the longest axes of the fitted ellipse, and its aspect ratio to describe the 
elongation of the grains . 

3.1.3.3 Results 

The microstructural investigations clearly show the three structural elements: (i) mega -grains 
of halite up to 20 cm l ong (slab scale) and up to 2 cm thick (slab -scale), fine grained Halite 
matrix, and thin (few mm thick) folded and boudinaged layers of fine -grained Anhydrite ( Figure 
3). The mega-grains are aligned subparallel to bedding, and the  fine -grained halite matrix 
constitutes a variable fraction of the rock,  thereby confirming the core -scale investigations 
conducted previously . 

 
Figure 3. Transmitted light micrograph (flatbed-scan) of typical Kristallbrockensalz. The inclusion/rich mega-grain is replaced by strain-induced, 

fluid-assisted grain boundary migration recrystallization. Fine-grained Anhydrite bands and recrystallized grains rich in large second 
phase inclusions border the mega-grains. At the slab-scale the mega-grains show boudinage. Sample ID: ZW_MaP_31 (ZWD-
A8A_4_8_1090.63). 

The overall microstructure of the samples shows a tectonically strongly deformed, 
recrystallized rock salt. Fluid -assisted dynamic grain boundary migration recrystallization, 



 

 

 
CCC  ɐ  Abandonment of solution mining cavern field Zuidwending, The Netherlands  26 

 

dislocation creep and pressure solution are interpreted to have been the main deformation 
mechanisms during the evolution of this salt body: the presence of subgrains indicates that 
the halite mega -grains underwent deformation through dislocation creep. Micros cale 
rheology contrasts resulted in bending and boudinage of the mega -grains. This observation 
aligns with previous findings in the literature. Over time, these mega -grains are gradually 
replaced by fine -grained halite through recrystallization facilitated  by fluid -assisted grain 
boundary migration ( Figure 3 and Figure 4). 

a)  

b)  

Figure 4. Transmitted light micrographs of the mega-grains in Gamma-irradiated Kristallbrockensalz. The mega-grains are filled with subgrains, 
indicating dislocation creep. 
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In contrast, it is inferred that the recrystallized halite matrix undergoes deformation through 
a combination of dislocation creep, as evidenced by occasionally preserved subgrains  and 
slip bands, and pressure solution (dissolution -precipitation), indicated by the elongated 
shape of the grains and the presence of grain overgrowths ( Figure 6a-d). Approximately 
equal proportions of matrix grains with subgrain s/slip bands and grains lacking evidence for 
stored deformation energy were observed, suggesting the concurrent occurrence of fluid -
assisted grain boundary migration recrystallization. The presence of folded and boudinaged 
anhydrite layers indicates that t he fine -grained halite matrix deformed to much higher 
strains than the mega -grains (see Figure 6e). Overall, the examined samples exhibited similar 
microstructural features on both the centimetre  and nanometre  scales as described above. 
Furthermore, there were no significant differences observed among litho -classes E, F, G, and 
H, except for the thin, fine -grained anhydrite layers appearing to shield the adjacent mega -
grains from the recrystallization front (see Figure 3). 

Overall, we observed tight and thus non -permeable grain boundaries with equilibrated, 
unconnected micropore arrays of fluid inclusions within the halite fraction of the samples 
(Figure 6). Grain boundaries in halite (in -situ) are healed a nd contain isolated fluid inclusions 
(water, gas, hydrocarbons), with water content inferred to be below 1%. Some grain 
boundaries show efflorescence of halite after sample preparation. The rock salt in the core 
thus contains very little if any connected p orosity and is inferred to be close to impermeable 
at this scale. The halite mega -grains contain the characteristic anhydrite -brine inclusions also 
reported in other studies.  

 
Figure 5. BIB-milled cross-section of a matrix halite grain boundary showing tight grain boundary with fluid inclusion cavities (Sample ID: 

ZW_MaP_16 (ZWD-A1A 2_2_0452.62) 

The second phase impurities in the examined samples were analysed through bulk 
measurements, microscopy, and X -ray diffraction (XRD). Anh ydrite and polyhalite were 
identified as the primary second phases, with anhydrite occurring alongside small amounts of 
gypsum. Microscopic analysis revealed that anhydrite and polyhalite alternated in thin bands 
within the samples, often surrounding large r grains. Anhydrite showed porosity filled with 
polyhalite and clay. Small, dispersed second phase inclusions were found both within the 
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halite grains and along grain boundaries, sometimes causing grain boundary pinning ( Figure 
7). 

 

 

 
Figure 6. a) Reflected-light micrograph showing subgrains within mega-grain, b) Transmitted light micrograph showing matrix grains. The 

microstructure shows fluid-assisted grain boundary migration recrystallization. c) and d) Slip bands in elongated matrix Halite grains 
indicate deformation by dislocation creep and pressure solution. e) The fine-grained matrix underwent much higher strains than in the 
mega-grains as shown by the ruptured and folded Anhydrite layers. 
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Figure 7. a) SEM/EDS layered image of a thin section sample showing folded, fine-grained anhydrite layer with large, elongated polyhalite grains. b) 
The anhydrite is porous, and the porosity is filled with polyhalite. c) BIB-SEM micrograph showing porous polyhalite interbedded with 
idiomorphic anhydrite grains 

We measured microstructural features of 30 core sections utilizing  a selection of the above -
described microanalytical methods. In Figure 8 we summari ze the quantitative results of our 
measurements regarding the recrystallized halite fraction in relation to the litho -classes 
defined in ZW1.1 regarding the median grain size (2D, circle equivalent diameter), the subgrain 
size and the derived differential stress, the average grain aspect ratio derived from the fitted 
ellipse, as well as the insoluble content versus the depths of the core samples.  

The average, 2D, median matrix grain size measured in 30 thin section samples is 1.2mm 
(Std.Dev 2.4 mm). Subgrai n size piezometry (e.g., Carter et al. 1993, Schleder and Urai 2007), 
for both matrix grains and mega -grains implies that the salt was exposed to a maximum 
differential stress of 1.8 -2.3MPa. For the matrix grains this is in agreement with the grain size 
piezometer calibrated by ter Heege et al. (2005). The average content of insoluble second 
phases was 5.0 Vol.% in litho -class F, 5.8 Vol.% in litho-class G and 17.7 Vol.% in litho -class H 
(litho -classes defined in ZW1.1).  
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Figure 8. Graphs showing a) the average median grain size derived from the log-normal distribution, b) the average subgrain size, c) the derived differential stress, d) the grain aspect ratio, and e) the 

content of insoluble second phases versus the depth. Labels (F, G, H) indicate the litho-class. 
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3.1.3.4 Conclusions and recommendations 

The rheology of the investigated parts of the Zuidwending salt dome during its evolution is 
thus inferred to be a mixture of rheologies, complex and nonlinear, strongly dependent on 
the  fraction of mega -grains. There is a local variance in strain rate of several orders of 
magnitude at the same differential stress between the mega -grains and the fine -grained 
matrix, caused by differences in (grain -size dependent) deformation mechanisms an d the 
variable fraction of mega -grains (see Figure 9). 

Microtectonic analysis reveals the Zuidwending samples to be strongly deformed and 
dynamically recrystallized, as expected for Zechstein II salt in this tectonic setting. Disl ocation 
creep and pressure solution creep were the dominant deformation mechanisms within the 
salt mass during the formation of the Zuidwending dome structure. Subgrain size piezometry 
indicates a relatively homogeneous paleostress in the samples, with a d ifferential stress 
between 1.5 and 2.5 MPa, suggestive of the highest differential stress during diapirism. The 
present -day differential stress is likely lower due to relaxation during the Tertiary.  

The median matrix grain size of the samples ranges betwee n 0.5 and 3.0 mm, suggesting a 
variance in pressure solution strain rate of an order of magnitude. There is no discernible 
trend with depth or litho -class. Grain boundaries in halite are equilibrated with non -
percolating fluid inclusions, suggesting very l ow permeability in situ. However, polycrystalline 
anhydrite in the core is microporous and could form fluid pathways which could affect the 
permeation pattern around the cavern.  

To a first approximation, the rock salt's rheology (in the far field of the ca verns) can be 
described by a two -mechanism creep law with a power law part and a change to Newtonian, 
pressure solution -dominated creep at about 8 MPa, predicted using the measured grain sizes 
(see Figure 10). Based on our results  we fully support the recommendation by Barabasch et 
al., (2023, with references therein ), which is cited below:  

ɄIn current constitutive models of salt engineering (Albrecht et al., 1993; Hunsche et al., 2003; Bräuer 
et al., 2011; Kukla et al., 2011; Liu, W. et al., 2017; Popp, 2022) it was long recognized that the creep 
strain rate of rock salt (as measured at relatively high differential stress) can show several orders 
of magnitude differences, at the same differential stress and temperature. Based on an extensive 
dataset, such observations provided the basis for the definition of Kriechklassen which were used 
to model the evolution of engineered structures (Liu, W. et al., 2017) and are still used to describe a 
non-Newtonian rheology in salt tectonics numerical modeling (Granado et al., 2021). However, as 
has been reviewed above, extrapolation of these data to low differential stress predicts orders of 
magnitude lower creep rates than measured in experiments (Brouard and Bérest, 1998; Bérest et 
al., 2019) and predicted by microphysical models of pressure solution creep (Spiers et al., 1986; 
Urai et al., 1986b; Spiers et al., 1990). Integration of these mechanisms into engineering constitutive 
equations is sometimes conducted (e.g. Zill et al., 2022; Buijze et al., 2022). However, it requires 
data on the grain size of the rock salt to be modeled, together with microstructural characterization, 
and we recommend to include grain sizes in engineering prediction and create pressure solution-
creep classes.Ʌ 
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Figure 9. Sketch illustrating the Zechstein II (Kristallbrockensalz) structure at meter-scale. The fine-grained salt is weak and mega-grains strong at 
low differential stress. The key for determining the rheology is the fraction and distribution of mega-grains. The rheology is anisotropic and 
nonlinear. 
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Figure 10. Halite mega-grains deform by dislocation creep while matrix halite deforms by dislocation creep and pressure solution. The two grain 

sizes have a large contrast in rheology at 1-2 MPa differential stress (maximum differential stress was derived by subgrain size 
piezometry). Rheology of the salt is determined by the properties of the mixture. Isolines for grain size sensitive creep using flow laws 
by Carter et al. 1993 and Spiers et al. 1990. 
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3.2 Microstructural processes during creep deformation conducted on samples under various 
loads in laboratory settings (ZW2.1, ZW2.2) 

3.2.1 Introduction 
In this work package, we study the mechanical characteristics and  microstructural changes 
observed in a series of laboratory experiments. These include three pre -tests and twelve full 
creep tests conducted on Zuidwending samples in the laboratories of IfG in Leipzig. The 
experiments were focused on natural salt, a conte xt rarely combined with conventional 
materials science investigations of microstructure and microchemistry, as indicated in the 
existing literature (e.g., Spiers et al., 1986, KEM -17 report). Consequently, extrapolating results 
to stresses lower than those  measured in the laboratory is often judged unreliable. The 
primary objective of this work package is to address this gap characterizing the microstructure 
and combine the results with the results from the laboratory.  

The creep tests aim to enhance our un derstanding of salt in close proximity to the cavern wall. 
In this scenario, the rock is in contact with brine, and the salt undergoes varying levels of 
differential stress during cavern operation, followed by a decrease in stress and potentially 
permeatio n by brine during cavern abandonment. An unusual aspect of the experiments 
involves introducing a small amount of brine to the jacket. This serves two purposes: firstly, to 
replenish any evaporated brine from the core due to damage (resulting in microcrack ing) 
during coring, storage, and sample preparation. This is based on the recognition that small 
amounts of brine are always present in salt, and it significantly influences grain -boundary -
related deformation mechanisms and processes such as recrystallizat ion and pressure 
solution. Secondly, this addition helps investigate the deformation of rock salt near the (wet) 
cavern wall, challenging current numerical models assuming non -dilatant deformation under 
cavern pressure conditions.  

3.2.2 Methods and Results 

3.2.2.1 Laboratory creep tests 

The initial set of experiments, referred to as pre -tests, was designed to determine conditions 
for achieving non -dilatant deformation to about 20% strain in approximately 2 days at a 
constant strain rate, simulating cavern operation. The temperature was elevated to 100 ºC to 
expedite the tests. These pre -tests were used to design the conditions for the subsequent 
long-term tests: The first step of the full creep tests aimed for an axial strain of around 20%, 
followed by a series of creep s teps at constant differential stresses lower than the initial one. 
The first step aimed to avoid dilatancy and to facilitate grain size reduction by dynamic 
recrystallization, while the load steps at lower differential stress were employed to further 
imita te the stress -strain field around the cavern at different points in time, after plugging and 
abandonment. A total of 11 successful experiments were conducted in two batches: in the 
first batch of 6 samples were subjected to decreasing differential stress s teps of 21.5, 10, 5, 4, 
3, and 2 MPa. In the second batch 5 successful tests were conducted at decreasing load steps 
with differential stresses of 28, 10, 5, 4, and 3 MPa. It is important to note that not all load 
steps were undertaken for all samples, and  additional details can be found in the progress 
report by IfG ( Appendix D ). 
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Interpreting the stress -strain results of the low -stress steps poses challenges due to small total 
strains in each step and relatively large measurement errors compared to the dis placement 
within the load step, compounded by variations in temperature, air pressure, and humidity in 
the laboratory. Following the passing of Prof. Dr. Janos L. Urai, Dr. Richard Bakker from Nobian 
undertook the post -processing of the creep -test data. Th is involved providing processed strain 
rates for the various load steps. These results were found to be consistent with the post -
processing outcomes obtained by IfG and MaP. Hence, they were selected for further analysis 
in this work package due to their c onservative nature, excluding data with a low R 2 (strain -rate 
vs. time) value. Plotting inferred strain rates against differential stress for each load -step 
(Figure 11) reveals a reasonably consistent pattern, with variation in st rain rates at the same 
differential stress among samples approximately fivefold. There is also a noticeable deviation 
toward faster creep than predicted by dislocation creep alone, aligning with the observed 
reduction in grainsize which is discussed later in this report. These data are integrated into 
work packages ZW2.5 and ZW2.6 to derive the most accurate creep law for the Zuidwending 
salt. 

3.2.2.2 Microstructural processes 

This report provides a summary of the microstructural analysis and interpretation in cont ext 
with the laboratory creep tests. Further details on the methodology and a more detailed 
description of the samples can be found in the Appendix C.   

The initial composition of Zuidwending salt reveals a unique texture containing halite mega -
grains surro unded by a matrix of fine - to coarse -grained polycrystalline halite. The transition 
from the matrix - to mega -grains is marked by elongated, straight grain boundaries often 
bordered by thin anhydrite bands. While mega -grain occurrence is rare in the tested sample 
material due to pre -selection for studying creep behavior, dynamic recrystallization was 
observed post pre -test deformation, subtly altering the grain size distribution ( Figure 12). This 
alteration introduced a class of ver y small, newly recrystallized grains. Dynamic 
recrystallization, observed under high strain conditions, involves nucleation and growth of 
new crystals within the rock, leading to finer grain arrangement. Matrix grains underwent 
partial replacement by newly  recrystallized grains, primarily at grain boundaries. Mega -grains 
experienced minor effects from dynamic recrystallization during pre -testing, transforming 
into clear, cubic grains predominantly at grain boundaries.  
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Figure 11. IfG creep tests combined processed results plotted together with data from literature. Isolines for grain size sensitive creep using flow laws 
by Carter et al. 1993 and Spiers et al. 1990. 
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Figure 12. Interpreted grain size map of the pre-tested sample Pre-2_MaP_18_d reveals the proportion of newly recrystallized grains formed during 
the pre-testing in comparison to the preserved tectonically-driven recrystallized matrix grains. Around 25 area% of the matrix halite 
recrystallized during the pre-test. 

Specimens subjected to the full creep tests starting under high -deviatoric stress with 
decreasing loads down to low -deviatoric stress at 2 -4 MPa, show notable alterations in their 
initial texture compared to the initial and pre -tested  samples. There is an overall reduction in 
matrix grain size by an average factor of 3.1 (first sample batch factor 2.6 (+/ -0.9), second 
sample batch factor 3.6 (+/ -1.2)), accompanied by a decrease in the grain size of mega -grains 
(Figure 13). In most cases, the original arrangement of mega -grains cannot be identified in the 
creep-tested samples. Mega -grains located at the bottom or top of the deformed core -pieces 
may be preserved, suggesting a possibly non -uniform strain pattern w ithin the deformed core 
piece. The restructuring of mega -grains is attributed to progressive strain -induced distortion 
of the crystal lattice, leading to dynamic grain boundary migration recrystallization. 
Interestingly, the internal structure of mega -grains, characterized by numerous second -phase 
inclusions, does not appear significantly affected by this process. Depending on the ratio of 
grain boundary velocity with the second phase mobility, low -mobility second phases may be 
passed by migrating grain bou ndaries without significant alteration (e.g., Schmatz and Urai, 
2010; Schmatz and Urai, 2011). This stands in contrast to regions adjacent to matrix grains, 
where mobile grain boundaries erase the crystal's original lattice while incorporating fluid and 
solid inclusions through a dissolution -precipitation process, resulting in clear, strain -free 
grains.  

Figure 14 illustrates the transformation of the matrix halite grain texture, showing a 
substantial reduction in grain size through  the nucleation and growth of small, frequently 
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equiaxed grains. These newly formed grains obscure the original texture characterized by 
elongated grains with interlobate grain boundaries. Additionally, there are grains with lobate 
grain boundaries growing  into structures displaying visible substructuring with small 
subgrains and/or dense slip bands. These observations strongly suggest the dynamic 
recrystallization (fluid -assisted grain boundary migration recrystallization) as a dominant 
microstructural pro cess. 

 

Figure 13. The grain size of the creep-tested sample is diminished by a factor of 3.1 for the finer-grained sample ZW_MaP_44_d (left) and by a factor 
of 3.6 for the coarser-grained sample ZW_MaP_39_d (right). Previously elongated grains with straight to interlobate grain boundaries exhibit 
epi-axial shape, ranging from straight for the very small recrystallized grains to lobate for the larger grains, indicative of dynamic 
recrystallization. 

 

Figure 14. Reflected micrographs showing the texture of the matrix after the creep test. a: new, strain-free grains replacing grains with higher-stored 
energy, b: recrystallized matrix halite with tight, lobate grain boundaries. 

Grain boundaries examined post -creep tests show varied structural features reflecting 
different stress conditions. While grain boundary fluid inclusions are common in tectonically -
deformed samples, they are less seen in optical microscopy after creep tests. Those still 
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present are remnan ts, often pinning grain boundaries allowing the formation of grain bulges, 
fostering nucleation sites for new grains during recrystallization. Efflorescence along grain 
boundaries indicates aqueous fluids in creep -tested samples (Schenk and Urai, 2004). SE M 
analysis of broken polycrystal surfaces allows comparing initial fluid inclusion patterns with 
post -creep ones. Initial samples have grain boundaries decorated with regular arrays of 
isolated fluid inclusions, while creep -tested samples show fewer such i mprints and grain 
boundaries of the new, recrystallized grains appear smooth and mostly devoid of fluid 
inclusions imprints, yet high -resolution SEM hints at semi -connected fluid films along them 
(Figure 15). In summary, grain bou ndary examination suggests semi -connected fluid films on 
grain surfaces post -creep tests, possibly invisible in transmitted light microscopy due to their 
optical properties.  
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Figure 15. Secondary electron images showing the grain surfaces of the matrix grains of the creep-tested samples. See text and figure annotations for 
details. 

Following the creep tests, the overall distribution of second -phase impurities in relation to the 
matrix grains remains largely unchanged. Anhydrite/polyhalite inclusions persist, appearing 
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as fine-grained clusters or large idiomorphic grains within or enclosed by halite grains, similar 
to tectonically deformed samples. Anhydrite grains more frequently pin mobile grain 
boundaries, a feature v isible in both creep -tested and non -creep-tested samples, though its 
impact on the overall texture or grain boundary structure appears minimal. Large, 
idiomorphic anhydrite grains act as strain markers, deforming in a ductile -brittle fashion. Both 
creep-tested and tectonically deformed samples exhibit bent anhydrite grains with an inclined 
orientation  to the axial load direction for the creep -tested samples  (Figure 16). However, in 
creep-tested samples, ruptured anhydrite grains ar e more common, often displaying 
boudinage structures. These ruptured grains' edges are embedded in the matrix halite, with 
only large, millimetre -range, idiomorphic anhydrite grains oriented perpendicular to the 
orientation of the axial load direction exhi biting boudinage.  

 

Figure 16. Reflected micrographs showing the second phase inclusions within the creep-tested samples. See text for details. 

3.2.2.3 Quantitative microstructure 

Post-creep tests, the initial grain size consistently decr eased in lab -deformed samples. Both 
tectonically -deformed and lab -deformed samples exhibited log -normal grain size 
distributions, with average median grain sizes of 1.46 mm and 0.51 mm, respectively. The 
difference in grain size before and after tests show ed no significant variation between coarse 
and fine -grained samples. Creep testing occurred in two batches with different starting load 
steps, resulting in average grain refinement factors of 2.6 (+/ -0.9) and 3.6 (+/-1.2), respectively, 
suggesting the load  history influences recrystallized grain size.  
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Due to the relatively small number of tested samples in comparison to the multitude of 
microstructural parameters that influence creep (as referenced in the KEM -17 report), it is 
imperative to approach the cor relation of individual parameters such as grain size or impurity 
content with the bulk strain rate with caution. In this context, it is important to note that no 
statistically significant correlation was found between measured creep rates and 
microstructur al parameters ( Figure 17). Therefore, any associations between these 
parameters should be interpreted with care and within the appropriate context of the study's 
limitations. A relatively large number of reliable data points was o btained for the strain rate 
at 5 MPa load. In this selection, a trend of increasing strain rate with decreasing grain size is 
visible for the lab -deformed samples (linear fit, Figure 17 b), which would be expected in the 
case of dominant pressure solution creep. Strain rates for all regimes, at high load and low 
load, generally decrease with increasing second phase content ( Figure 17 d), which can be 
explained by reduced active grain surface area in the ha lite fraction, caused by second phases 
located at the grain boundaries in the pressure solution creep regime and hardening effects 
by pinning in the dislocation creep regime. The observed strain rates show no evolution with 
the initial mega -grain content ( Figure 17 c). The microstructures indicate that the mega -grains 
are dynamically recrystallized, leading to a reduction in grain size. A pronounced effect in the 
pressure solution creep regime is not expected anymore.  

 

  



 

 

 
CCC  ɐ  Abandonment of solution mining cavern field Zuidwending, The Netherlands  43 

 

a)  b)  

c)  

d)  

Figure 17 Graphs display the strain-rates of the 11 creep-tested samples (Figure 1) in relation to: a) the matrix grain size of the tectonically deformed 
samples, b) the post-mortem matrix grain size of creep-tested samples, c) the mega-grain content derived from slab segmentation, and 
d) the second phase content derived from dissolved powder. Refer to the accompanying text for detailed explanations. 
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In the samples we measure subgrains of varying size and shape ( Figure 18), suggesting 
different stress loads or tectonic deformation events. The average subgrain size of the creep -
tested samples is significantly smaller than the subgrain size of the tectonically deformed 
samples, and the average sub grain size of both, the tectonically deformed samples and the 
creep-tested samples aligns well with the calibrated piezometer by Carter et al.  (1993, Figure 
18). For the creep -tested samples the piezometer suggests and a maximum differential stress 
in the range of 4 MPa, which could represent the last load steps at lower differential stress, 
though the pronounced variability of the subgrain size related to different measured areas 
within one sample in the creep -tested samples sugg est that the average subgrain size 
represents preserved stages of the different load steps.  

 

 

Figure 18. Reflected light micrographs showing subgrains of variable size and shape. Graphs showing (left) derived differential stress of the tectonically-
deformed samples vs. the lab-deformed samples. Right: Correlation of subgrain size with differential stress from Carter et al., 1993. 
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3.2.3 Summarizing remarks and conclusions 
Three pre -tests and twelve full creep tests conducted on Zuidwen ding samples in IfG's 
laboratories in Leipzig were examined through microstructural analysis. The primary aim was 
to bridge the gap in understanding the microstructure under different stress conditions, 
crucial for extrapolating laboratory results to real -world scenarios. The experiments simulated 
salt behaviour in proximity to cavern walls under varying stresses during operation and 
abandonment. Notably, brine was introduced to investigate its effects on salt deformation 
under cavern pressure conditions. P re-tests determined conditions for achieving non -dilatant 
deformation, while full creep tests explored strain behaviour at lower stresses.  

Microstructural analysis revealed a complex composition of Zuidwending salt, characterized 
by mega-grains of halite, a fine -grained halite matrix, and layers of anhydrite. Dynamic 
recrystallization, pressure solution creep, and dislocation creep were identified as the 
dominant deformation mechanisms, with grain size influencing strain rate significantly in the 
natural te ctonite.  

Post pre -test deformation, microstructures reveal incipient dynamic recrystallization, subtly 
altering the original bimodal grain size distribution. The overall texture of tectonically 
deformed salt remains unchanged. The creep tests induced grain  size reduction and structural 
changes, particularly in the matrix halite and the mega -grains, attributed to fluid -assisted grain 
boundary migration recrystallization. Second -phase impurities, such as anhydrite, acted as 
pinning sites for migrating grain b oundaries and influenced grain size. In the case of dominant 
pressure solution creep, the reduced grain size as a result of the stress -strain conditions at 
the cavern wall after plugging and abandonment would lead to significantly higher strain rates 
compa red to initial grain size creep rates or dominant dislocation creep deformation.  

Despite extensive microstructural analysis, correlations between microstructural parameters 
and creep rates were found to be weak. This is likely attributed to the inherent va riability of 
salt, the limited number of data points, and the presence of overlying microstructures that 
preserved successive load steps. However, discernible trends suggest that grain size and 
second-phase content do have an influence on strain rates, par ticularly within the pressure 
solution creep regime.  

For future studies, it is advisable to conduct identical tests on a series of twin samples (within 
the constraints of the natural salt's heterogeneity). Furthermore, ex -situ microstructural 
analysis shou ld be performed after each individual load step, ideally following longer waiting 
times to achieve quasi -steady-state conditions, especially in low differential stress regimes. 
This approach could facilitate the derivation of parameters to be more directly  incorporated 
into constitutive equations.  

This study enhances our understanding of salt behavior under various stress conditions. It 
also examines the interplay between microstructural evolution and creep behavior in salt, 
laying the groundwork for more a ccurate modeling and prediction of salt behavior in 
proximity to cavern walls during operation and abandonment.  
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3.3 Small-deviatoric-stress creep test in the mine (ZW2.3) 

3.3.1 Background 
In an abandoned cavern, brine pressure increases and becomes relatively high . Deviatoric 
stresses are small in the rock mass and tend to decrease at the cavern wall. Standard 
constitutive laws are poorly fitted to these special conditions, as the effects of low deviatoric 
stresses are not commonly studied at the laboratory in the 10-50 °C range. 

In 2014-2016, an experimental program (Bérest et al., 2017, 2019, 2022), supported by the 
Solution Mining Research Institute (SMRI), proved that, in the 0.2  ȿ 1 MPa deviatoric stress 
range, creep rate of natural salt sample was much faster ȿ by several orders of magnitude ȿ 
than the creep rate extrapolated from what is currently observed during standard creep tests 
performed in the 5 ȿ 20 MPa range at the laboratory. Microphysical modelling and triaxial 
deformation data have demonstrated sin ce about 1983 that pressure -solution, a mechanism 
in which grain size and brine content play an eminent role, is especially active in the small 
stress domain (Urai et al., 1986; Spiers et al., 1990).  

The constitutive law of salt at low deviatoric stresses,  governed by pressure -solution creep is 
therefore of particular significance for the behavior of deep caverns after abandonment.  

3.3.2 Scope of work 
Four samples from Zuidwending were tested at small deviatoric stresses in the Altaussee mine 
in Austria to determ ine a set of parameters for the pressure solution creep law. Loads applied 
on each sample are given in Table 2. The samples were prepared, pre -compacted and pre -
deformed at the IfG laboratory in Germany ( Table 3): 

¶ Deviatoric loading - the aim was to deform 2 samples to 20% (axial strain) while 
applying a 20 MPa confining pressure and a 90 °C cell temperature.  

¶ Hydrostatic pre -consolidation ȿ 2 samples were hydrostatically loaded at 90 °C and 20 
MPa for a de fined duration of ca. 80 hours.  

 

Table 2. Load on the samples. 

Sample Name  
Weight 

(kg)  

Load (MPa)  
Calculated on  

initial size  
Calculated on  

final size  
Zuidwending_1  233 0.61 NA 
Zuidwending_2  233 0.61 NA 
Zuidwending_3  1176 - 628 2.98 - 1.59  NA  
Zuidwending_4  233 0.51 0.61 

 

Strain rates are calculated using a weighted moving -average method. A sliding window of one 
week is considered. The weighting is performed using binomial coefficients. Table 3 pro vides 
the main results of the creep tests.  
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Figure 19. Thin sections prepared in the centre of the creep-tested core-pieces imaged in transmitted light showing the texture with halite mega-
grains, matrix halite, and anhydrite. While samples Zuidwending 1 and Zuidwending 2 represent coarse-grained facies with mega-grains, 
samples Zuidwending 3 and Zuidwending 4 are fine-grained, mainly composed of matrix halite. The grain size of sample Zuidwending 4 was 
further diminished by deforƆĘǂŨƐƈ˺ǂƐ˺˪˨ͬ˺ĘǤŨĘſ˺ƹǂƳĘŨƈ˺Ęǂ˺˱˨̯<˺ƯƳŨƐƳ˺ǂƐ˺ǂŤŃ˺ĶƳŃŃƯ˺ǂŃƹǂ˺ƯŃƳŚƐƳƆŃļ˺Ũƈ˺ǂŤŃ˺ƆŨƈŃ˿ 

Table 3. Main results of the creep tests. 

Sample Name  
Load 
(MPa)  

Total 
strain 
(×10-6) 

Final 
strain 
rate 

(×10-12 
/s)  

Median  
grain  

size (mm)  

Pre-deforme d 

at IfG  

Zuidwending_1  0.61 561 2.63 0.34  

Zuidwending_2  0.61 525 2.51 0.46  

Zuidwending_3  
2.98 - 
1.59 

1060 ȿ 
37.5 

8.00- 
1.55 0.61  

Zuidwending_4  0.61 1128 5.00 0.30 × 

 

Figure 19 shows the results of the Zuidwending salt test s in comparison with other 
measurements in the literature.  It should be borne in mind that the tests were carried out at 
a temperature of around 8°C and that therefore the creep rate would be greater at the 
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temperature of the salt at the depth of the cave rns, which can be estimated to be around 30 
to 40 °C. Grain size was measured from reflected light micrographs after completion of the 
mine tests.  

3.3.3 Microstructural investigation 
We compared the microstructure of the salt core pieces before and after deforma tion in the 
mine using a range of microanalytical methods. No microstructural information is available 
after completion of IfG pre -deformation prior to mine testing. The preparation of a set of sister 
samples was not included in the original design of the study. When assessing the 
microstructural changes after the mine test in the pre -deformed specimens, it's important to 
consider that the majority of these changes are likely attributable to the creep deformation in 
the IfG, rather than the deformation in t he mine itself.  

While the overall microstructure of the tectonically deformed samples and the non -pre -
deformed mine samples was very similar, the pre -deformed showed newly formed, often 
cubic-shaped grains in thin section, replacing matrix grains with high er degree of stored 
energy, which is generally shown by the presence of subgrains or dense slip bands  (Figure 20).  

 

 
Figure 20. Reflected light micrographs are utilized to juxtapose the twin samples with the creep-deformed samples, demonstrating changes in the 

overall texture. The specimens presented include a) twin ZW_MaP_04, b) Zuidwending 1, c) ZW_MaP_05, and d) Zuidwending 4 (pre-
deformed). 

The grain size in all creep -tested samples diminished, dif fering by a factor 3.1 of for sample 
Zuidwending 1, a factor of 2.3 for sample Zuidwending 2, a factor of 1.7 for sample 
Zuidwending 3, and a factor a 3.5 for the pre -tested sample Zuidwending 4 (Table 2).  
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The grain boundary structure undergoes visible cha nges when comparing the initial twins with 
the creep -deformed samples. While grain boundaries in the initial samples typically exhibit 
smoothness, creep -tested samples often display serrated grain boundaries. Serrated grain 
boundaries tend to form perpendi cular to the orientation of the maximum principal stress of 
the creep test, suggesting dissolution due to increased contact stress. Moreover, most grain 
boundaries in the creep -tested samples show efflorescence with NaCl precipitates along the 
grain bounda ry visible after thin section preparation ( Figure 21). This is believed to represent 
in-situ grain boundary fluids reaching the sample surface due to capillary forces arising from 
sample preparation (Schenk and Urai, 2004; Desbois  et al., 2012). Efflorescence is seldom 
observed in thin sections of the initial samples. Additionally, the structures of the observed 
precipitates at the interface of adjacent grains, as revealed by SEM, suggest the occurrence of 
successive generations of  precipitates reminiscent of sytaxial vein growth ( Figure 22). The 
structures formed on the grain surfaces vary from amorphous to fibrous to blocky crystal 
shapes, occasionally accompanied by porosity. These observed structures ma y imply a 
process of grain boundary opening, facilitating the precipitation of NaCl depending on the 
concentration gradient in a dissolution -precipitation process (Urai and Spiers, 2007, and 
references therein). Furthermore, locations with grain overgrowth s at grain triple junctions 
are occasionally visible. A notable contrast is observed between the grain boundary surfaces 
of creep -tested samples and the initial ones, with significantly fewer imprints of regular fluid 
inclusion arrays on the grain surfaces  of the creep -tested specimens.  

 

Figure 21. Reflected light micrographs are employed to juxtapose the twin samples with the creep-deformed samples, revealing the grain boundary 
structure: a) ZW_MaP_05 and b) Zuidwending 2. 
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Figure 22. SEM micrographs showing grain surfaces and contacts of adjacent grains in sample Zuidwending 3: b) is detail of a). 

Overall, the mine test results are in good agreement with the earlier mine test results, and 
with the predi ctions for pressure solution creep. Almost identical microstructures of the 
Zuidwending 1 and 2 samples resulting in almost identical creep rates underline the accuracy 
of the creep tests performed under stable conditions in the Altaussee mine. Finally, th e pre -
deformed samples have finer grain size and deform faster than the untreated samples, but 
not as much as expected from the grain size difference , which could be related to the presence 
of mega -grains in samples Zuidwen ding 1 and 2 and might also be  linked to  the presence of  
second phase impurities . In the pre -deformed samples, both of which creep slower than 
predicted, we noticed that the small new grains appear to be depleted in the grain boundary 
fluid visible in the microscope, which could be an exp lanation that they therefore have less 
potential to contribute to pressure solution creep (Urai et al., 1986; Watanabe and Peach, 
2002). Further investigation and especially comparison with other mine test results would be 
required to conclude on this.  

N.B. In this report we provide a summary of the outcome and analyses of the creep -tests 
performed in the Altaussee Mine. Please refer to the Appendix F  for a more detailed 
description  and further (micro) -graphs.  
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Figure 23. Comparison with other salts in the literature (Zuidwending=orange triangles). Isolines for grain size sensitive creep using flow laws by Carter 

et al. 1993 and Spiers et al. 1990. 
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3.4 dŃƐſƐŜŨĶĘſ˺Ęƈļ˺ŜŃƐƯŤǥƹŨĶĘſ˺ĶƐƈƹǂƳĘŨƈǂƹ˺ŚƐƳ˺ǂŤŃ˺ŃǞƐſǈǂŨƐƈ˺Ęƈļ˺ǂƐļĘǥ̟ƹ˺ƹǂĘǂŃ˺ƐŚ˺ǂŤe salt dome 
(ZW1.4) 

We have formulated this work package to compile geological and geophysical constraints from 
prior NOBIAN reports and publicly available literature and data resources to create a 
comprehensive database of parameters that includes calibra ted rock properties and model 
conditions. The rock properties database results from a combination of literature data 
research and the calibration process of the 3D thermo -hydro -mechanical (THM) model. This 
database is the foundation of various numerical si mulations conducted on the cavern and 
dome scales throughout the project. Another aspect of the work package is to generate the 
3D dome -scale geometry of the THM model itself from provided 3D seismic surfaces and 
regional models.  

Figure 24 Zuidwending salt dome with "best-fit" temperature model. The relevant mechanical units are given on the right, the contour surfaces 
indicate the resulting steady-state temperature distribution. Black spheres indicate ThermoGIS nodes within our model domain, at which we evaluate 

the misfit. 

 

To accurately represent the thermal Ist -Zustand of the salt dome, we use the publicly available 
ThermoGIS v2.2 database (ThermoGIS.Nl, 2023; Vrijlandt et al., 2019)  in our calibration. The 
ThermoGIS thermal model provides a robust reference for subsurface temperature 
estimation within Zuidwending salt dome model domain. Figure 26 shows the temperature 
distribution of the ROSL surface, corresponding to the Upper Rotliegend stratigraphic group, 
which corresponds approximately to the bottom temperature of the model domain. In our 
temperature calibration workflow, we use the ThermoGIS -provided temperature arrays to 
create a "ground -truth" 3D temperature triangulated point cloud. We subsequently  extract 
the temperature points within the boundaries of our local 3D model as evaluation data. In 
order to calibrate the THM model with these constraints, we solve the three -dimensional 
stationary heat diffusion problem with va rying guesses for the thermal conductivities of all 
geological units and the applied bottom and top temperature boundary conditions. Initial 
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guesses are taken from  Hantschel & Kauerauf (2009) . We iteratively optimized the model 
thermal state by modifying these variable parameters and computing the RMS misfit against 
the evaluated ThermoGIS values. With the  described approach, we find a "best -fit" 
temperature model that accurately reproduces real -data -derived temperature measurements 
(Figure 24). Figure 25 shows the inferred temperature structure at the location of the caverns, 
which is an important boundary conditions for the THM modelling approaches.  

 
Figure 25 "Best-fit" temperature model of the Zuidwending salt dome superimposed on the cavern walls. It is important to note that the result shows 

the expected temperature within the rock salt at the location of the caverns, but not the cavern temperatures themselves. The temperature 
will be distorted by the creation of the caverns. 

Regarding the stres s calibration ( Figure 26, right), we used the Pr essure Southern North Sea 
(PSNS) database, which is a collection of public data from wells located in the Southern North 
Sea and the onshore Netherlands. The data can be accessed thr ough the NLOG.nl website  
(Pressure Southern North Sea (PSNS) Database, 2023). The stress-depth plot in Figure 26 contains 
several stress gradients. The red dashed line describes a 0.225 bar/m gradient that represents 
the general t rend of the vertical stress. The blue dashed line represents the hydrostatic pore 
pressure trend with a 0.103 bar/m gradient. As (Van Wees et al., 2014) described, a sligh t 
overpressure with 0.120 bar/m can be assumed as an end -member (blue dotted line). To 
calibrate the model, we first modified the bulk densities of the mechanical layers individually 
to match the Ὓv trend with the 3D model. The lithostatic stress model response is shown with 
thin red lines. The variation is explained by the variable layer width throughout the domain. 
In the next step, we aimed to optimize the Poisson ratios of the mechanical laye rs. With 
assumed Biot -Wilis parameters we modified individual Poisson ratios to match the local 
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fracture pressure observations (green crosses). Again, the variable layer thicknesses in the 3D 
domain explain the variability of the modelled „3 trend.  

The calibrated parameters derived in this work package are used throughout the study in all 
THM models.  

 
Figure 26. Left: Overview map with the location of the Zuidwending salt dome. The model domain is marked with the blue frame together with a regional 

model domain and the Winschoten salt dome domain, which is discussed in the Heiligerlee 1.4 report. Contours show the Top Salt surface 
(NLOG.Nl: DGM-Deep V5 on- and Offshore, 2023). Colours indicate the temperature at ROSL surface (Top Slochteren of the Upper Rotliegend 
Group, (ThermoGIS.Nl, 2023)). Here, the temperature determines the bottom temperature of the 3D THM model. Right: The stress-depth 
plot demonstrates how the THM model is used in conjunction with data from the PSNS database to constrain the bulk densities and Poisson 
ratios of the mechanical units in the THM model. For reference, we calibrated against a general trend of the vertical stress, which is shown 
as a dashed line at 0.225 bar/m. The red lines indicate the variation of lithostatic pressure throughout the model domain, resulting from a 
manual calibration of the bulk densities of the mechanical layers in the model. Fracture pressure observations against depth provided by the 
PSNS database (NLOG.Nl: Pressure Southern North Sea (PSNS) Database, 2023; TNO, 2015) are represented by green markers. Crosses 
indicate "local" observations within the regional domain (Figure 3.1). Thin green lines represent the modelled least principal stress, resulting 
from adapted Poisson ratios for all mechanical layers as a second calibration step. Pore pressure is modelled as hydrostatic. 

3.5 Dome-scale numerical feasibility tests (ZW2.4) 
The work  package aims to determine first order bounds on the long -term creep rheology of 
the Zuidwending salt d ome , which will be used in work package 2.5 to validate the creep model 
that is constrained at the scale of laboratory experiments .  The three -dimensional geometry 
data set of the Zuidwending salt dome (ZW 1.4) provided by Nobian contains the Base Mioceen 
surface, interpreted from reflection seismic data. The base Mioceen surface comprises a 
deflection of up to 200 m  (Figure 27), which is partly caused by the rising dome . In fact, the 
value associated to the rise of the dome is low er because part of the deflection is caused by 
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differential compaction.  For the Zuidwending site, a second interpreted overburden reflector 
is missing. However, to account for the compaction effect, we used the compaction 
determined f or the neighbouring  Winschoten salt dome, which we estimated to have caused 
30% of Base Tertiary deflectio n. Reducing the maximum deflection by 30% yield 140 m that 
can be translated into 6.1 µm/yr. We employ the determined target uplift velocity to infer the 
rheological struct ure of the dome through a grid -search approach, utilizing 3D numerical 
models. An example is given in Figure 27 (left) . The result is non -unique and depending on the 
overburden eff ective viscosity, a range of eff ective viscosities  for the salt are possible. Figure 
28 shows that for various overburden viscosities, we find that effective viscosities between 
1017 Pa s and 5x1019 Pa s match the observed value derived from the Base Miocene deflection.  

The effective viscosity bounds obtained can be transformed into strain rates for a specified 
stress, assuming linear creep deformation over geological timescales in rock salt, which will 
be taken into account in work package 2.5.  

 
Figure 27. Right: The interpreted Base Miocene comprises a deflection of up to 200 m, which is partly caused by the rising dome. In fact, the value 

associated to the rise of the dome is lower because part of the deflection is caused by differential compaction. For the Zuidwending site, a 
second interpreted overburden reflector is missing. To account for the compaction effect, we use the compaction determined for the 
neighbouring Winschoten salt dome, which we estimated caused 30% of Base Tertiary deflection. Left: Example of 3D TM simulation with 
effective viscosity contrast to find a match with the obtained deflection in the Base Miocene.  
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Figure 28. Grid-search with 3D geodynamical simulations of different effective viscosity contrasts to find feasible ranges in effective rock salt viscosity. 
For various overburden viscosities, we find that effective viscosities between 1017 Pa s and 5 1019 Pa s match the observed value derived 
from the Base Miocene deflection.  

 

3.6 Multiscale statistical inversion (ZW2.5) 
3.6.1 Introduction  
The objective of this work package is to investigate and quantify the site -specific creep 
properties of the Zuidwending salt dome by integrating constraints from micro -, laboratory -, 
cavern-, and dome -scale observations. Our a pproach relies on Bayesian statistics, which 
enables us to address the challenge of sparse and incomplete data, such as a small number 
of creep tests. Additionally, Bayesian statistics facilitates the integration of independent 
constraints by formulating d iverse prior conditions based on multidisciplinary expertise.  

The creep model described in the following paragraphs is referred to as the intermediate 
creep model . It integrates the microscopic data collected and creep experiments conducted 
up until the en d of August 2023.  

3.6.2 Mathematical description of the probabilistic creep model 
In Bayesian statistics, the solution of the inverse problem is the posterior probability density  
( )| ,m dr which is a conditional probability of the model parameter s (m ) after the evidence (
,d  equivalent for data ) is considered. A  simplified Bayes theorem is given by (McElreath, 2020; 

Tarantola, 2005) : 
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where the prior denotes the ɇa prioriɈ probability density before the evidence is considered 
(usually driven by exp ert -knowledge). The likelihood describes the misfit or success of a 
particular model by comparing its predictions with observations. Assuming Gaussian statistics, 
the likelihood is associated with the well -known least -squares misfit  ( )2 , :m dc  

 ( ) ( )21
| exp ,

2
L m d m dc

è ø
= -é ù

ê ú
 (3) 

 ( ) () ()2 1,
T

Dm d d g m C d g mc -=è - ø è - øê ú ê ú (4) 

()g m represents the prediction of the rheological (creep) model with the parameters  mand 

DC is the data covariance matrix. With the posterior proba bility density, the model means, 
and variance can be calculated as (e.g. Korenaga & Karato, 2008) : 

 {} () mean
M

m m m dmr=ñ  (5) 

 {} {} ()
2

var  mean
M

m m m m dmr= è - øê úñ   (6) 

Estimating the creep parameters and respective uncertainties reduces to solving the above 
integrals, which can be done numerically with the Markov chain Monte Carlo (McMC) method. 
For this work, we use a No -U-Turn sampler (NUTS, Hoffman & Gelman, 2014)  which is well 
known for its robustness and one of the stand ard samplers in PyMC (Abril -Pla et al., 2023), 
which we employed for this study.  

3.6.3 Model concept 
We adopt an additive long -term creep model as described in (Spiers et al., 1990b; Urai et al., 
1986; Urai & Spiers, 2017 ; thus, further referenced to as the SUM -creep model), where the 
strain rate is com posed by pressure solution (super - and subscripts ὴί) and dislocation creep 
contributions (super - and subscripts Ὠὧ). It is important to recognize that the SUM creep model 
specifically represents the long -term components of the total salt creep, also d escribed as 
steady-state creep ‐ , which is typically obtained in creep experiments , and is considered to 
describe salt creep on geological time scales. The SUM model does not incorporate elastic and 
transient components that are dominant on short  and very short time scales:  

 el tr pse e e e= + +  (7) 
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In total, the SUM creep model contains six parameters. psA  and dcA  denote pre -factors of the 

creep compone nts. psQ and dcQ are the activation energies. dcn and psn  are the stress 
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exponent of dislocation and pressure solution creep, respectively. D  denotes the average 
grain size under the assumption of a spherical grain shape (grain size exponent ά  3)Ȣ R is 
the gas constant, and  T is the temperature in  Kelvin, and sis the diff erential stress.  

3.6.4 Probabilistic creep model of Zuidwending salt 
As of August 2023, we have 36 creep experiments available for Zuidwending conducted under 
various temperature and loading conditions. This dataset comprises three experimental 
series: 

1. An older creep experiment conducted by IfG (2007) at a temperature of approximately 40°C.  

2. A new creep experiment series conducted at IfG, led by the CCC and Nobian (IfG, 2023), at 
a temperature of about 100°C.  

3. Low-stress creep tests conducted in the Altau ssee salt mine (Chapter 3.3) at 8°C.  

The new creep experiment series were accompanied by grain size measurements taken 
before and after the creep tests. (Chapter 3.1, 3.2)  

Thus, the entire data set comprises 36 4D data points ( ‐ȟ„ȟὝȟὈ  for which we conduct the 
inference to obtain the site -specific invariant creep properties of pressure solution and 
dislocaiotn creep. Here, we incorporate temperature and mean sample grain size (obtained 
before the experiment) as prior conditions. Ad ditionally, we assume truncated normal 
distributions for the invariant creep model parameters. We perform the inference under the 
assumption that the observed strain rates follow a normal distribution ( Figure 29). 

 

 
Figure 29. Probabilistic model concept with prior distributions of the five invariant parameters that describe the SUM model.  

3.6.5 Model Limitations, restrictions, and possible bias 
Å Sampling bias.  The samples are selected from available cores with a tendency to rather 

low mega  grain and impurity contents to improve the success rate of the experiments. 
The result will therefore dominantly represent a creep law of the rock salt matrix.  

Å The grain size observations reflect the state of the samples befor e the experiments. 
The grain size characteristics have changed during the experiments.  

Å The statistical creep model does not account for impurities. However, it has the 
additional degrees of freedom to adapt the associated grain size distribution to fit th e 
observed strain rate within the uncertainty bounds. Thus, grain size in this model 
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should be seen as an apparent grainsize and is not necessarily equivalent to the 
observed matrix grain size.  

Å Grain size reduction caused by grain boundary migration recrys tallization occurred 
during the first load increment. This process may lead to a redistribution of grain 
boundary fluids resulting in grain boundaries locally depleted grain boundary fluids. 
With regard to PS creep , it may result in effectively larger grai ns, as these grain 
boundaries (grain boundary segments) do not effectively contribute to PS.  

3.6.6 Results 

3.6.6.1 Model comparison: strain rates and grain sizes   

Figure 30 compares the resulting modelled strain rates (posterior) against the o bserved strain 
rate data of the creep experiments. It can be seen that the model matches well with the 
measured strain rates.  

Figure 31 illustrates the comparison of modelled apparent grain sizes with measured mean  
grain sizes before the experiments, respectively. The following key observations are made.  

For the low -stress creep tests in the Altaussee mine, we find that the modelled values suggest 
slightly larger grain sizes.  

Regarding the IfG (2023) creep tests, the 10 & 20 MPa steps, the model suggests smaller grain 
sizes than observed before the experiment, which could indicate to an ongoing 
recrystallization effect. There are two exceptions, TCC 4 and partly TCC 5, that refer to two 
samples with anomalously high  anhydrite contents.  

Overall, the model suggests continuously larger grain sizes towards lower stresses. Comparing 
with microstructure observations, it is suggested that impurities and grain boundary diffusivity 
may explain the behaviour.  

It should be note d that our model does not account for impurity contents directly. Instead, it 
adapts (increase) the corresponding apparent grain sizes to match the reduced strain rates. 
This can nicely be seen in the comparison of microstructure data and the resulting mod elled 
strain rates in Figure 32. 

Another re -occurring observation is the increase of the grainsize with decreasing load step. 
Figure 33 demonstrate this effect for the TCC2 sample (IfG, 2023). The compari son between 
the modelled grain size and the measured grain size before and after the creep experiment 
reveals a decrease in the representative grain size of the sample. This reduction is attributed 
to dynamic recrystallization, a response to the axial load ing during the experiment.
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Figure 30. Modelled (blue, modelled) and observed (orange, observed) strain rates. Vertical lines denote the corresponding mean values. Corresponding deviatoric stress of the steps are given int eh upper right corners.
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Figure 31. Modelled (blue) and observed (orange) grain size distributions of individual experiments. Note that for the IfG (2007) series no grain size 

measurements are available. Thus, mean and standard deviation values of all grain size measurements were used instead. 
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Figure 32. Comparison of modelled apparent grainsizes, initially observed grain sizes (before the experiment, right) and post-experimental evaluation 

of the microstructure (left) for samples with relatively high impurity content (see Section 3.2 for reference). 

 
Figure 33. Comparison of modelled grain size and measured grain size before and after the creep experiment demonstrating that the representative 

grain size of the sample must has decreased due to dynamic recrystallisation as a response to the axial loading (see Section 3.2 for reference). 
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3.6.6.2 Model evaluation at the different conditions of the creep experiments 

We find that overall, the model ‐„ȟὝȟὈȟά  with the inferred invariant creep parameters ά  
matches the data ( ‐ȟ„ȟὝȟὈ  within the given uncertainties. In the following sections we 
illustrate the comparison with the obtained strain rates for the di fferent experimental 
conditions at 100 °C, 40°C and 8°C (Figure 34, Figure 35, Figure 36). 

IfG (2023) data  at 100 °C  

Å At 20 MPa, 10 MPa, the model suggests  that  TCC1, TCC2, TCC6 deform partly  in the PS 
creep. This observation is c onsistent with the smaller grainsizes observed after the 
experiment . 

Å Please note that the model does not account for impurities . Thus, the apparent grain 
sizes are affected by that . 

Å At low stress, modelled  grainsizes increase . This can be interpreted as reduced grain 
boundary diffusivity  or lack of grain boundary fluids.  

 
Figure 34. Intermediate creep model evaluated for the conditions of the IfG (2023) experiments, i.e., 100̯<˺Ęƈļ the posterior apparent grain sizes of 

the individual samples. Orange data are the creep test data at IfG (2007) and blue samples refer to mine creep tests (2023), Ęǂ˺ˬ˨̯<˺Ęƈļ˺
˰̯<̀˺ƳŃƹƯŃĶǂŨǞŃſǥ˿˺Orange lines indicate the dome-scale feasibility bounds for orientation. 
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IfG (2007) data  at ~ 40°C  

Å Model predictions match the observed strain rates.  

Å Error bounds are based on distribution of strain rates at the same stress steps.  

Å When only a single measurement was available, the error was assumed to be equal to 
the average uncertainty of the experiment series (possibly resulting in too small error 
bounds)  

Å For this experimental series, the g rain size was not obtained. Therefore, we attributed 
the average matrix grain size, i.e. 1.17  mm to the data  

 

 
Figure 35. Intermediate creep model evaluated for the conditions of the IfG (2007) ŃǤƯŃƳŨƆŃƈǂƹ˺ĶƐƈļǈĶǂŃļ˺Ęǂ˺ĘĴƐǈǂ˺ˬ˨̯<˿˺dƳŃŃƈ˺ļĘǂĘ˺ĘƳŃ˺ǂŤŃ˺ĶƳŃŃƯ˺

ǂŃƹǂ˺ļĘǂĘ˺Ęǂ˺pŚd˺̔˪˨˪˫̕˺Ęƈļ˺ĴſǈŃ˺ƹĘƆƯſŃƹ˺ƳŃŚŃƳ˺ǂƐ˺ƆŨƈŃ˺ĶƳŃŃƯ˺ǂŃƹǂƹ˺̔˪˨˪˫̀̕˺Ęǂ˺˩˨˨̯<˺Ęƈļ˺˰̯<̀˺ƳŃƹƯŃctively. Orange lines indicate the dome-
scale feasibility bounds for orientation. 
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Altaussee creep tests (2023)  at 8°C  

Å Model predictions match the observed strain rates . 

Å Predicted apparent grain sizes are consistently larger than the grain sizes obtained  
before the experiment. Depleted grain boundaries may play a role here.  

 
Figure 36. Intermediate creep model evaluated for the conditions of the low-stress experiments in the salt mine Ęǂ˺˰̯<˺Ęƈļ˺ǂŤŃ˺ƯƐƹǂŃƳŨƐƳ˺apparent 

grain sizes of the individual samples. Green data are the creep test data at IfG (2023) and orange samples refer to old experiments at IfG 
̔˪˨˨˯̀̕˺Ęǂ˺˩˨˨̯<˺Ęƈļ˺ˬ˨̯<̀˺ƳŃƹƯŃĶǂŨǞŃſǥ˿ Orange lines indicate the dome-scale feasibility bounds for orientation. 

3.6.6.3 Site specific invariant model parameters for the Zuidwending salt dome 

The results of the McMC sampling is the multidimensional posterior distribution of the model 
creep model parameters. In Figure 37, we show the posterior as 2D marginal post erior 
distributions of the invariant creep model parameters. Ellipses indicate 2 „ intervals assuming 
Gaussian statistics. Darker colours show higher sample density, and hence higher posterior 
probability. The. mean values are listed in Table 4. The parameters are partly correlated, which 
is especially obviou s in the dislocation creep pre -factor and the corresponding activation 
energy. It should be noted that this could change if more data at different temperatures is 
integrated into the model (for example, low temperature and high stress). Figure 38  shows 
the Pearson correlation matrix of the creep parameters. The individual correlation coefficients 
are color -coded  and demonstrate the degree of (anti -)correlation. Blue colours show 
correlated and red colours show anti -correlated para meter combinations.  
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Figure 37. 2D marginal posterior distributions of the invariant creep model parameters. Ellipses indicate 2„ intervals assuming Gaussian statistics. 

Darker colours show higher sample density, and hence higher posterior probability. Mean values are listed in Table 4. The parameters are 
partly correlated, which is especially obvious in the dislocation creep pre-factor and the corresponding activation energy. It should be noted 
that this could change if more data at different temperatures is integrated into the model (for example, low temperature and high stress). 
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Figure 38. Pearson correlation matrix demonstrating the correlation of invariant creep model parameters. Blue colours show positive and red colours 

show anti-correlated parameter combinations. 

Table 4. Intermediate creep model. Mean values pf parameter posterior distributions with normalizing constants R = 8.314 J/mol and 
5 3

2.69 10 . m
m

V
-

= ³
*

ps
D refers to the measured median grainsize of all available data and must be adapted to a representative value 

for each Zechstein unit.  

Parameter  Unit  Mean  Std 

ps mA V  K MPa-1 yr -1 0.527 0.186 

psQ R K 3251.6 225.2 
*

psD  mm  1.17 0.51 

( )10log dcA  log10(MPa-n yr -1) 1.20 0.911 

dcQ R K 6445.1 773.3 

dcn  1 4.91 0.184 

3.7 Upscaling considerations 
In the previous section, we have shown that the intermediate creep model aligns well with the 
lab-scale constraints. To incorporate the model into thermomechanical models at larger 
scales, it is crucial to determine representative apparent grain sizes that ca n account for the 
larger volumes of rock salt and corresponding heterogeneities. Indeed, numerical creep tests 
could be conducted to identify these effective properties of the rock salt at larger scales. Such 
tests are planned for a later refinement of the  study.  
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Figure 39. Upscaling concept to derive apparent grain sizes to be used in the THM modelling. The analysis should be replaced with numerical creep 

tests to yield more accurate and improved site-specific results. 

To derive a temporary solution to overcome the upscaling problem, we used existing 
numerical creep tests prepared for the Winschoten salt dome and scaled the determined 
megagrain contents obtained for the Zuidwending site with the Winschoten results , which is 
outl ined in Figure 39. While our analysis provides valuable insights, replacing it with numerical 
creep tests would likely yield more accurate and improved site -specific results . Given that 
























































































































































































































































































































































