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Abstract
Analyzing the dynamics of microstructural response on natural deformation in rock salt, we present microfabric, EBSD, geo-
chemical and U–Pb data, obtained from Permian salt formations of the Kiel-Honigsee salt wall in Northern Germany. The 
samples were recovered from deep drillings, which penetrated through an overturned rock salt sequence of both Rotliegend 
and Zechstein deposits. The bromide concentration in halite indicates a continental and marine origin for the Rotliegend and 
Zechstein deposits, respectively. Despite intense deformation, relics of early diagenetic fabrics are still preserved. Deformation of 
the impure Rotliegend rock salt was accommodated by pressure solution and hydrofracturing as is indicated by the microfabrics 
and bromide concentration in halite. Fractures in siliciclastic domains were filled with fibrous halite and deformed by subgrain 
rotation recrystallization (SGR). Fluid-rich Zechstein rock salt, on the other hand, was deformed by formation of subgrains and 
grain boundary migration (GBM). The distribution of mineral phases and fluids had a significant impact on the fabric evolution 
and on strain localization. U–Pb dating of carbonate phases of the Rotliegend sequence yielded Permian depositional ages and 
Jurassic to Cretaceous deformation ages, the latter related to diapiric ascent. The combination of results traces a dynamic evolu-
tion of the rock fabric inside the diapir structure driven by locally active deformation processes that can be correlated with early 
stages of halite deposition and diagenesis and syntectonic fabric reorganization related to diapirism in an extensional setting.
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Introduction

Salt diapirs consist of various types of salt rocks, compris-
ing halite and non-halite evaporites, which differ not only 
in composition, but also in effective viscosity (Borchert and 

Muir 1964; Raith et al. 2016; Rowan et al. 2019). The differ-
ence in viscosity of individual layers is related to the deposi-
tion and diagenesis of the sedimentary evaporitic sequence. 
Such rheologically stratified rocks show inhomogeneous 
deformation, because the strain rate is higher in the incom-
petent (lower viscous) beds than in the competent (higher 
viscous) beds resulting in folds, boudins and mullions (e.g., 
Schmalholz and Mancktelow (2016) and references therein).

Most salt diapirs include large amounts of ‘rock salt’, a 
term that is commonly used for all rocks composed of mostly 
halite (Hudec and Jackson 2007). If rock salt is interbedded 
with anhydrite, the latter is forming the competent layer, 
whereas rock salt is forming the incompetent matrix (e.g., 
Bornemann et al. 2008; Zulauf et al. 2010; Zulauf et al. 
2009). On the other hand, rock salt may form a competent 
layer if surrounded by weaker incompetent carnallite matrix 
(Richter-Bernburg 1955; Siemeister 1969). Moreover, the 
viscosity ratio between layers of different competence can 
vary gradually in salt rocks by changing the amount of dis-
persed competent phases in the weaker matrix (Hunsche 
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2003; Jordan 1987; Závada et al. 2015). In the Louann salt 
in the Gulf Coast of Mexico, layers with only slightly higher 
(4–5%) dispersed anhydrite content are prone to folding in 
halite matrix (Muehlberger and Clabaugh 1968).

In Northern Germany, not only the marine late Permian 
Zechstein evaporite sequences, but also the older evaporite-
bearing Rotliegend rocks were detached and carried upwards 
during diapirism. Therefore, Rotliegend salt rocks are also 
parts of the recent salt walls and diapirs (Fig. 1c). Start-
ing with the formation of the Glückstadt Graben in early 

Mesozoic times, the salt sequence underwent several phases 
of deformation during diapiric ascent (Maystrenko et al. 
2005b, 2016; Warsitzka et al. 2016).

Parts of the Upper Rotliegend sequence are heterogene-
ous in composition. They consist of rock salt and reddish 
siliciclastic sediments deposited in the Southern Permian 
Basin (SPB) during the early formation stages of the North 
German Basin (NGB). Mixtures of rock salt and siliciclastic 
components are common in this sequence. Diapirism led 
to internal deformation of the Rotliegend and Zechstein 

Fig. 1  Geological maps and cross sections of the study area. a Zech-
stein salt distribution in the North and South Permian Basin after 
Best (1989) and Küster et  al. (2009). b Lithostratigraphic section 
showing investigated rock salt units (after SKPT (2011); Baldschuhn 
et al. (2001); Bornemann et al. (2008)). c Salt structures in Northern 
Germany that contain mobilized Rotliegend and Zechstein rock salt 

(after Pollok et al. (2020); Reinhold and Hammer (2016)). d View of 
the Eastern flank of the Kiel-Honigsee structure showing the internal 
structure and the position of the two investigated drillings. For loca-
tion see insert in e. e W–E cross section of the Eastern Glückstadt 
Graben (modified after Baldschuhn et al. (2001); Hese et al. (2016)). 
The location of the cross section is indicated as e-e’ in c 
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sequences resulting in an overturned fold limb in the Kiel-
Honigsee salt wall where Rotliegend and Zechstein rocks 
are juxtaposed (Fig. 1d). This juxtaposition allows to pin-
point the difference in the rheological behavior of Zechstein 
rock salt (main salt, z2HS) and mixtures of rock salt and 
siliciclastic components of the Rotliegend strata. We have 
investigated such rocks in two deep boreholes that have been 
drilled through the overturned Rotliegend sequence, ceas-
ing in the Zechstein rock salt. Our studies were focusing on 
macroscopic fabrics, microstructures, textures, radiometric 
ages and geochemistry. The new data are used to unravel the 
structural evolution and to constrain the conditions and age 
of deformation.

Geological setting

The deposition of rock salt in the Upper Rotliegend marks 
the onset of extensive episodic evaporite buildup through-
out the NGB. After early Permian magmatism had ceased, 
rapid subsidence resulted in the formation of the SPB as part 
of the Central European Basin system (CEBS) (Bachmann 
et al. 2008; Geluk 2005; McCann et al. 2008; Van Wees 
et al. 2000) (Fig. 1a). Upper Rotliegend successions are 
characterized by continental reddish alluvial, fluvial, playa 
and salt lake fining-upward sediments of up to 2000 m in 
thickness (Bachmann et al. 2008; Stollhofen et al. 2008). 
A playa system developed under arid conditions with the 
depositional center located in Northern Germany (Gaupp 
et al. 2000; Legler et al. 2005; Plein 1993; Stollhofen et al. 
2008). The depositional style of a closed continental basin 
allowed for the deposition of halite in the deepest part of the 
basin during dry periods (Gast et al. 2010; Katzung 1991). 
Subsequent to the Zechstein transgression, the sequences 
were superposed by the marine evaporitic Zechstein series. 
The initial thickness of the Permian salt rock sequence at the 
flanks of the Glückstadt Graben is estimated between 1300 
and 1900 m (Maystrenko et al. 2005b).

After late Permian and early Triassic tectonic quies-
cence, the SPB was affected by normal faulting related to 
the early Triassic formation of the Glückstadt Graben. The 
structural evolution was driven by rapid subsidence and sev-
eral phases of diapirism related to the tectonic evolution 
of the CEBS (Kley et al. 2008; Maystrenko et al. 2005a, 
b; Warsitzka et al. 2016). While the thickness of Triassic 
sediments is > 6500 m in the central Glückstadt Graben, 
the thickness is much lower at the basin flanks and mar-
ginal troughs ranging from 1300–2300 m (Maystrenko et al. 
2006, Fig. 1e).

The Kiel-Honigsee structure is part of a salt wall that in 
its northern part strikes approximately NW–SE. The struc-
ture belongs to the East Holstein Trough, which is located at 
the eastern periphery of the Glückstadt Graben (Maystrenko 

et al. 2005a, 2017). Due to its location at the eastern rim of 
the Glückstadt graben, at the contact to the tectonically qui-
eter East Holstein Trough, the structure shows an asymmet-
ric evolution with respect to the peripheral sinks (Warsitzka 
et al. 2016): the evolution of the Kiel-Honigsee structure 
started in Early Triassic times (Buntsandstein) as deduced 
from thickening of peripheral sinks at the western flank. 
Maximum growth of the structure occurred in the Middle 
Triassic from late Buntsandstein to middle Jurassic times, 
which led to sedimentation of thickened Jurassic peripheral 
sinks (Maystrenko et al. 2005a). The strongest phase of salt 
structure growth occurred in early Jurassic times as calcu-
lated from the depth of the peripheral sinks (Warsitzka et al. 
2016). A second phase of diapirism was active from the mid-
dle Cretaceous with consistent growth of the salt structure 
throughout the Cenozoic as shown by regional sedimenta-
tion patterns (Maystrenko et al. 2017) (Fig. 1e).

Materials and methods

Collected samples

Samples were prepared from two separate boreholes (Kiel 
101 and Kiel 102) that were drilled in the eastern flank of the 
Kiel-Honigsee structure (Fig. 1d, e) to final depths of 1500 
and 1805 m (Beutel and Folle, unpubl. report). Both drill-
ings intersect Rotliegend rock salt inside the diapir structure, 
before the contact to Zechstein rock salt is reached. Internal 
folding of the Rotliegend–Zechstein sequence is indicated by 
drilling Kiel 102 crosscutting two different sections of Rotli-
egend rock salt. Directional drilling led to a total horizontal 
offset of 300 m in the drilling. The investigated boreholes 
cover a depth interval from 1277 to 1763 m. Samples were 
taken from 57 core sections that were drilled to a diameter 
of 10 cm. The drilled core sections comprise Rotliegend rock 
salt mixed with red- to brown-coloured siliciclastic com-
ponents and clear to milky Zechstein halite with a grey to 
white colour. Samples were taken from halved and polished 
drill core crosscuts.

Microfabric analysis

Thin and thick sections of drill cores were investigated by 
transmitted light microscopy. For detailed imaging of the 
siliciclastic domains, a FEI Quanta 600 FEG ESEM was 
used; phase analyses were carried out with a coupled EDX-
detector (EDAX Apollo XL).

Electron backscatter diffraction (EBSD) analyses were 
performed on thick sections cut perpendicular to the long 
axes of halite fibers close to the phase boundary from 
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halite to siliciclastic domains. For visualization of sub-
grain structures, polished thick sections were etched for 
40–50 s with an unsaturated (5.5 molar) NaCl solution 
and cleaned with n-hexane using the method described by 
Urai et al. (1987).

The crystallographic orientation of halite fibers in areas 
of high strain, inferred by grain shape preferred orienta-
tion, was measured over large areas. The analyses were 
performed using a JEOL JSM-6490 scanning electron 
microscope with an acceleration voltage of ~ 15 kV and a 
beam current of ~ 7 nA. The step size was between 5 and 
100 µm depending on the measured area.

The data were processed using the Oxford Channel 5 
Software. On the EBSD maps, filtering included removal 
of isolated misindexed points (“wild spikes”), removal of 
zero solutions with the predominant orientation of mini-
mum four indexed neighbors and application of a Kuwa-
hara filter, which averages the orientation of 3 × 3 pixels. 
Additionally, equal-area, upper hemisphere pole figures 
were generated in order to show the distribution of lattice 
orientation over the measured area. Misorientation profiles 
were generated to show the degree of misorientation over 
single subgrain boundaries.

Geochemical analysis

Sample material for bulk analysis of evaporite phases was 
available from sawed rock slices. For detailed sampling 
of halite, drill cuttings were retrieved from polished core 
sections representing an area of 1  cm2 resulting in a total 
of 1 g of sample material.

For geochemical analyses of the water-soluble rock 
content, powder samples were investigated by Inductively 
Coupled Plasma Optical Emission Spectroscopy (ICP-
OES), using a Spectro CIROS ICP-OES. The samples 
were dissolved in double-distilled  H2O and the anions and 
cations were analyzed by quintuple measurement. For the 
main geochemical components  Na+,  Cl− and  SO4

2−, the 
analytical uncertainty is ± 1%. The detection limit for bro-
mide is 2 ppm with an accuracy of measurement of ± 5%.

The quantitative mineralogical composition was cal-
culated using the ZECHMIN-7 software (Bornemann 
et al. 2008) from the ion contents obtained by ICP-OES 
measurements. The calculated mineral contents have an 
uncertainty of ± 1 wt%; bromide contents in halite can be 
calculated with an accuracy of ± 5%.

For the samples obtained from detailed sampling of 
halite, the main geochemical components  Na+,  K+ and 
 SO4

2− and  Br− were analyzed by ICP-OES measurement 
using the method described above. Samples that contained 
more than 97 wt.% halite based on their  Na+—concentra-
tions were evaluated for their bromide concentrations.

U–Pb age dating of carbonate phases

Analyses were performed using a Thermo Scientific Element 
XR sector field ICP-MS, coupled to a RESOlution (Reson-
etics) 193 nm ArF Excimer laser (CompexPro 102, Coher-
ent) equipped with a S-155 two-volume ablation cell (Lau-
rin Technic, Australia). Samples were ablated in a helium 
atmosphere (0.3 l) and mixed in the ablation funnel with 
argon (1 l) and nitrogen (8 ml). Analyses were performed 
with a squared ablation spot of 213 µm in diameter, 8 Hz 
frequency and fluence of around 2 J cm−2. A manual pre-
screening session allowed identifying areas with variable 
U/Pb ratios.

U–Pb ages were acquired from 10 to 49 single analyses 
per sample. Sample spots were preablated for 3 s to remove 
surface contamination, followed by 20 s of background 
acquisition, 30  s of sample ablation and 20  s washout. 
WC-1 (Roberts et al. 2017), NIST SRM 614 (Woodhead 
and Hergt 2001) and three internal standards were used dur-
ing measurement.

Raw data were corrected off-line using an in-house MS 
Excel spreadsheet program (Gerdes and Zeh 2006, 2009). 
Fractionation of 206Pb/238U, 207Pb/206Pb mass bias and the 
drift during the analytical session was corrected based on 
repeated analyses of soda-lime glass NIST-SRM 614. WC-1 
calcite (Roberts et al. 2017) was used to correct for matrix 
offset (9%) between NIST glass and carbonate. Data were 
plotted in Tera-Wasserburg diagrams and all uncertainties 
are reported at the 95% confidence level.

Results

Fabric analysis

Rotliegend sequence

The studied Rotliegend rocks consist of both siliciclastic 
and halitic components. Relatively large halite crystals 
(5–40 mm) are present in different halite fabric types:

Euhedral-to-subhedral halite crystals with large grain 
sizes of up to 40 mm build up large areas of the halite-dom-
inated domains. Depending on its amount, they are either 
entirely entrapped in siliciclastic matrix or they are part 
of a coarse grained rock fabric with up to 90% halite and 
10% siliciclastic components, the latter distributed mostly 
at halite grain boundaries (Fig. 2a). Areas with high local 
content of siliciclastic material usually contain displacive 
euhedral-to-subhedral halite crystals (Fig. 2b). Areas with 
lower amounts of siliciclastic components show isometric 
grains of halite, which are characterized by a xenomorphic 
shape and lobate grain boundaries. Bedding is preserved in 
single siliciclastic domains as indicated by changes in color 
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and grain size. Fractures filled with halite crosscut siliciclas-
tic domains showing a random orientation.

Locally, a strong shape-preferred orientation (SPO) of 
halite is related to fibrous crystals, which are present either 
as fracture infill or as halite matrix surrounding single clasts 
of siliciclastic material (Fig. 2c). The fractures are charac-
terized by changing orientation of halite grain elongation, 
while the rimming siliciclastic domains preserve sharp out-
lines. This also applies for halite infill of larger fractures, 
which preserve centimeter-sized halite fibers. These fibers 
show a gradual change in orientation pointing to a change 
in the opening direction of the fractures. The fractures do 
not show a preferred orientation. Generally, the habitus of 
halite fabric changes locally according to the distribution of 
siliciclastic material. Close interrelation of different halite 

types described above (euhedral/subhedral, xenomorphic 
and fibrous) is common (Fig. 2b, d).

Zechstein sequence

Zechstein strata preserve clear to cloudy halite crystals of 
a white to grey color. The lithology represents the upper 
two stratigraphic units of the Staßfurt Main Salt (z2HS), 
the “Streifensalz” (z2HS2) and “Kristallbrockensalz” 
(z2HS3), which are common in salt structures of the central 
NGB (Bornemann et al. 2008; Küster et al. 2009). Rock 
salt includes halite with impurities of anhydrite and minor 
content of polyhalite and microcrystalline carbonate. Larger 
clusters of anhydrite up to 20 mm in size reflect an inter-
nal layering that is characterized by local enrichment of 

Fig. 2  Polished drill core crosscuts of Rotliegend (a–d) and Zechstein 
(e, f) rock salt. The scale represents the size for all core sections. a 
Coarse-grained, equiaxed halite grains with dispersed siliciclastic 
components. Kiel 102, 1416 m. b Subhedral halite crystals in silici-
clastic matrix. Note local green bleaching of siliciclastic domains. 
Kiel 102, 1379  m. c Fibrous halite surrounding angular siliciclastic 

components. Kiel 102, 1376 m. d Irregular distribution of siliciclas-
tic and halitic components with preservation of subhedral and fibrous 
halite crystals. Kiel 101, 1292 m. e Large, partly elongated “Kristall-
brocken” porphyroclasts in coarse grained halite matrix. Kiel 102, 
1645 m. f Anhydrite clusters in halite matrix displaying a weak SPO. 
Kiel 102, 1605 m
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carbonate and small fractions of siliciclastic material. The 
lithology of the “Kristallbrocken” (z2HS3) is characterized 
by inclusion-rich halite porphyroclasts (Figs. 2e, 3a) and 
are interpreted to have originated from a monocrystalline 
halite layer of diagenetic origin that has been deformed dur-
ing salt structure formation (Küster et al. 2010). Apart from 
the coarse-grained “Kristallbrocken” salt, the halite matrix 
is characterized by a homogenous average halite grain size 
of 5 mm; some areas show a weak SPO (Fig. 2f). Apart 
from anhydrite clusters, where microcrystalline anhydrite 
is common (Fig. 3e), anhydritic and polyhalitic phases are 
distributed along halite grain boundaries, where anhydrite 
is present as subhedral and lath-shaped crystals (Fig. 3d). 
Polyhalite is preserved as large crystals up to 0.5 mm in size 
which show typical cross-shaped twinning and an irregular 
crystal outline. Halite inclusions in polyhalite represent a 
coeval evolution of the polyhalite and halite phase (Fig. 3f).

Microstructures of halite and detrital components

Subgrains used as paleopiezometer in halite have 
been reported to reflect similar differential stresses 
(1.1–1.5  MPa) throughout both Rotliegend and Zech-
stein strata (Henneberg et al. 2018). In the Rotliegend 
strata, subgrains are developed throughout different halite 

fabric types regardless of local content of detrital material 
(Fig. 4c). Grain boundaries of halite are decorated with 
fluid inclusions. Elevated amounts of fluid inclusions can 
be observed at the grain contacts of halite fibers (Fig. 3a, 
d). Intracrystalline fluid inclusions are absent, while sub-
hedral, large halite crystals sometimes preserve smaller 
inclusions of siliciclastic components.

In the Zechstein strata, euhedral subgrain-free grains 
occur, surrounded by subgrain rich grains (Fig. 3c). Due 
to the large number of euhedral grains, the fabric is domi-
nated by serrated grain contacts (Fig. 3a, b). In contrast to 
the Rotliegend rocks, fluids in the Zechstein strata can be 
found at grain boundaries as well as inside halite crystals 
(Fig. 3b). Intracrystalline fluids in Zechstein rock salt can 
even be observed inside euhedral halite crystals, which are 
free from subgrains (Fig. 3c).

Detrital components are forming the reddish homogene-
ous fine-grained sedimentary matrix in the Rotliegend strata. 
Locally preserved sedimentary layers or anhydrite nodules 
indicate the formation of initially halite free sequences 
(Fig. 4f). The reddish coloration is often disrupted by irreg-
ular bleaching patches, up to 5 cm in size pointing to local 
changes of the redox state in the sediment (Fig. 2b–d). Such 
bleaching is often related to halite filled fractures in the 
siliciclastic matrix.

Fig. 3  Microphotographs of investigated Zechstein salt rocks showing 
primary and deformation structures. a “Kristallbrocken” porphyro-
clasts (red arrows) and serrated grain boundaries of halite in Zech-
stein rock salt. b Intercrystalline (white arrows) and intracrystalline 
(red arrow) fluid inclusions in halite. c Subgrain free, angular halite 
grains invading a subgrain rich grain. Fluid inclusions are visible at 

grain boundaries (white arrows) as well as inside the angular shaped 
grain (red arrow). d Euhedral-to-subhedral anhydrite crystals located 
at fluid-rich halite grain boundary. e Large subhedral to microcrystal-
line clustered anhydrite crystals. f Cross-twinned polyhalite crystals 
with halite inclusions (see arrows)
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The siliciclastic matrix is dominated by silt-sized clasts 
up to 100 µm in diameter. Single clasts usually show a 
subrounded-to-subangular shape (Fig. 4a). They comprise 
detrital clasts of quartz, K-feldspar, plagioclase, carbonate 
phases and phyllosilicates (Fig. 4e). Phyllosilicates have 
been shown to consist of white mica and chlorite (Hen-
neberg et al. 2018). The reddish color is caused by evenly 
distributed ferrous phases of sub-micron size. Larger crys-
tals of hematite, up to 20 µm in diameter, are visible under 
the SEM (Fig. 4g).

Most of the detrital siliciclastic domains show large 
amounts of halite cement (Fig.  4g–i), while cements 
consisting of anhydrite and phyllosilicates occur locally. 

Quantification of the intergranular area based on SEM 
images (Fig. 4h), yielded an amount of 28% and 36% 
depending on the size of single detrital clasts. The high 
amount of cement implies low degrees of compaction with 
point contacts or absent contacts in between single clasts. 
Apart from preserved sedimentary layers, siliciclastic 
phases show a random orientation within halite cement. 
From microstructural observation, no evidence for local 
dissolution processes within the siliciclastic domains 
was found in the areas observed under the SEM. How-
ever, indicators for partial dissolution of carbonate phases 
such as indistinct grain-to-grain contacts and etched grain 

Fig. 4  Microphotographs of investigated Rotliegend salt rocks show-
ing primary and deformation structures. a Rotliegend halite with 
disintegration of siliciclastic matrix by halite filled fractures char-
acterized by smaller halite grain size. b Euhedral and subhedral to 
lobate halite grains surrounded by detrital material. c Subgrains in 
halite with various size around siliciclastic phases. d Fluid inclusions 
at grain boundaries of fibrous halite. e Equal distribution of detrital 
clasts inside the siliciclastic matrix with large plagioclase crystal 

(center) and phyllosilicates under crossed polarizers. f Bedding and 
anhydrite nodules in siliciclastic domain under crossed polarizers. 
g Detrital phases with large grain size surrounded by halite cement 
(see also Henneberg et al. (2018)). h Outline of detrital phases yield-
ing 36% of intergranular area. i Detrital phases comprising halite and 
phyllosilicate cement with large dolomite crystals located at phase 
boundaries
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boundaries could be observed locally in carbonate-rich 
phases inside the siliciclastic domains (Fig. 5d).

Carbonate phases are randomly present as detrital com-
ponents of the siliciclastic domains, while single crystals 
of euhedral dolomite, with grain sizes of up to 200 µm, can 
be observed locally at phase contacts between halite and 
siliciclastic matrix (Figs. 4i, 5b), and in a few cases as part 
of the siliciclastic domains (Fig. 5c, d).

EBSD analysis

EBSD maps of fibrous halite in high-strain domains (Fig. 6a, 
f) display a large variety in crystallographic orientation of 
the mm to cm-sized crystals. Single halite fibers show a 
slight change in crystal orientation over the grain area, as is 
indicated by a color change in the EBSD map. This change 
in orientation points to a bending of the crystal lattice inside 

the halite fibers (Fig. 6b, g). Orientation plots indicate pro-
gressive rotation of the crystal lattice with the long axis of 
single halite fibers (Fig. 6d, e). Orientation plots of the sin-
gle fibers do not reveal a crystallographic preferred orienta-
tion (CPO) (Fig. 6c, h).

In the vicinity of halite fibers, misorientation profiles 
show a wide range in the degree of misorientation detected 
over single (sub)grain boundaries ranging from 1° to 35°. 
Changing misorientations over the lateral extent of single 
grain or subgrain boundaries could be detected (Fig. 7a). A 
large number of medium misorientations between 7° and 15° 
were detected (Fig. 7b). The resulting misorientations are 
in the transitional stage between grain and subgrain bound-
ary based on the definition of high-angle (grain) bounda-
ries having a misorientation of more than 10° (Trimby et al. 
2000). The presence of subgrain-sized grains in subgrain-
rich grains (see arrows in Fig. 7) indicate possible grain 

Fig. 5  Micrographs of carbonate phases of thick (a) and thin sections 
(b–d). a Close-up view of microfractures in detrital domains. Phase 
boundaries are decorated with tiny carbonate and anhydrite crystals. 
b Carbonate crystals growing at phase contacts of siliciclastic phases 

to halite. c Carbonate-rich detrital domain with euhedral crystals 
located at phase boundaries to halite. d Carbonate within detrital 
domain with indistinct grain-to-grain contacts and partly etched grain 
boundaries
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Fig. 6  Polished samples and EBSD data of Rotliegend halite obtained 
from high-strain domains. X is horizontal, Y is vertical. a Fibrous hal-
ite in a vein with fibers subperpendicular to the boundary wall rock/
vein (drill core cross cut perpendicular to the vein orientation). Par-
tial sigmoidal shape of halite fibers indicates shear strain inside the 
vein. Box marks analyzed area. b EBSD map of fibrous halite. Boxes 
indicate subsets of orientation measurements in d and e. c Upper 
hemisphere equal-area stereographic projections showing orientation 
of major crystallographic directions within 95 spot measurements of 

the EBSD map shown in b; each point represents a single grain. d, e 
Upper hemisphere equal area stereographic projections of the inserts 
shown in b showing rotation of crystallographic directions over the 
measured areas. f Drill core cross cut with halite fibers showing a 
strong SPO. Box marks analyzed area. g EBSD map of halite fibers. h 
Upper hemisphere equal area stereographic projections showing ori-
entation of major crystallographic directions within 197 point meas-
urements of the EBSD map shown in g; each point represents a single 
grain
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Fig. 7  Misorientations measured over grain and subgrain boundaries 
of Rotliegend halite. a EBSD map of elongated subgrains. Misorien-
tation profiles indicate changing misorientation over single subgrain 
boundaries from 2° to 14°, respectively. Sampled area is shown in 

Fig. 6a. b EBSD map with misorientation profiles showing changing 
misorientation over single grain/subgrain boundaries from 6° to 35°. 
Sampled area is shown in Fig. 6f
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formation by progressive subgrain rotation (Bestmann and 
Prior 2003).

Mineralogical composition and bromide 
concentration in halite

According to the geochemical data, the Rotliegend bulk sam-
ples consist of varying amounts of halite, anhydrite and insol-
uble rock content (Fig. 8a, b). The anhydrite concentration 
accounts for max 5 wt%. About half of the samples are anhy-
drite free. The content of insoluble phases is highly variable 
according to the irregular distribution of siliciclastic compo-
nents in halite and accounts for ca. 1–56 wt%. All samples col-
lected from Rotliegend rock salt show bromide concentrations 
ranging from 3 to 62 µg/ghalite, which points to a continental to 
recycled marine brine source for halite formation.

In Zechstein rock samples, the average amount of insolu-
ble phases accounts for 1 wt% of the bulk composition, and 
anhydrite or polyhalite are the main secondary phases with 
maximum concentrations of 14 wt% anhydrite and 2 wt% 
polyhalite. Bromide concentrations in halite are significantly 
higher compared to the Rotliegend sequences covering an 
interval of 60–247 µg/ghalite. Bromide concentrations of 
more than 157 µg/ghalite are restricted to polyhalite-bearing 
samples.

For the Rotliegend lithology, local sampling of single 
fabric types in eight polished core sections reveals a fab-
ric related distribution of two domains of bromide concen-
trations in halite: average local bromide concentration in 
fibrous halite (24–62 µg/ghalite) exceeds the average local 
bromide concentrations from surrounding large halite crys-
tals (3–34 µg/ghalite). The trend can be found in samples from 
different depths with the mean bromide concentration chang-
ing slightly in between the two fabric types (Fig. 8c–e). 
Irregular distribution of bromide in halite with the fabric 
type suggests two different brine sources for fabric forma-
tion within this rock type and excludes the large adjacent 
halite crystals as a source for fibrous halite formation. Due 
to low bromide concentrations, a continental brine source 
is suggested for the formation of large halite crystals, while 
fibrous halite shows bromide concentrations typical for the 
first generation of halite that crystallized from seawater or 
from a recycled marine brine (Fisher and Hovorka 1987; 
Hardie 1984; Herrmann et al. 1973).

U–Pb dating of carbonate phases

U–Pb isotope analyses were performed on three different 
samples with two results being obtained from the same sam-
ple mounts analyzed on two different days. Measurements 
were performed on two samples (17Ki13 and 16Ki12), 
where euhedral shape and location of carbonate crystals at 
phase boundaries of halite and siliciclastic domains indicate 

authigenic carbonate formation due to secondary processes 
(Fig. 5b, c). Especially in sample 17Ki13, partial dissolu-
tion of diagenetic carbonate phases is observed inside the 
siliciclastic domains (Fig. 5d). Measurements yielded lower 
intercept ages at 124 ± 27 Ma and 177 ± 21 Ma (17Ki13) as 
well as 158 ± 45 Ma and 167 ± 28 Ma (16Ki12) (Fig. 9a–f).

Elevated mean square weighted deviation (MSWD) of 2.5 
to 6.9 on five of the regression lines indicate some scatter 
of the data. This possibly reflects the sampling of carbonate 
domains crystallized at different times. This could be het-
erogeneous domains e.g., due to partial recrystallization of 
an earlier carbonate phase (Fig. 9b, c). Combined with the 
limited spread in the 238U/206Pb ratio this resulted in relative 
large uncertainties on the obtained ages.

The two measurements in sample 16Ki12 cover an age 
interval from 113 to 203 Ma and thus reflect a Jurassic 
to lower Cretaceous age of crystallization. A similar age 
span is covered by the measurements performed on sample 
17Ki13 (97–198 Ma) but without overlap of the two separate 
measurements.

Measurements in sample 17Ki30 included small carbon-
ate crystals as fracture infill in detrital domains along with 
fibrous halite (Fig. 9g). However, the results show large 
uncertainties and differ significantly with one measurement 
yielding Triassic to middle Jurassic age (191 ± 33 Ma), and 
the other measurement yielding late Carboniferous to early 
Triassic age (284 ± 42 Ma) (Fig. 9h, i).

Discussion

Halite formation and origin of fabric

Rotliegend rock salt is interpreted to preserve displacive 
evaporites of playa deposits characterized by coarse hal-
ite crystals with euhedral-to-anhedral outlines without 
preserved sedimentary bedding (Casas and Lowenstein 
1989; Rosen 1994). According to this view, halite formed 
as early diagenetic precipitate in the sediment due to capil-
lary evaporation (Handford 1982; Hovorka 1987; Warren 
2016). The obtained range of bromide concentrations in 
Rotliegend rock salt, ranging from 3 to 62 µg/ghalite is not 
in line with previous investigations which yielded bro-
mide concentrations < 20 µg/ghalite from Rotliegend halite 
of the Central Glückstadt Graben (Holser 1979) and of the 
Northeast German Basin (Katzung 1991). Low bromide 
concentrations between 3 and 34 µg/ghalite associated with 
secondary formed large halite crystals point out that con-
tinental groundwater served as the main source for halite 
formation. A restricted activity of reducing fluids in the 
otherwise oxidizing environment can be deduced from 
local bleaching. Large amounts of halite cement and the 
random orientation of detritus observed in the siliciclastic 
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Fig. 8  a, b Mineralogical composition and bromide concentration 
in halite of bulk samples of Rotliegend and Zechstein rock salt over 
sampled depths in two different drill cores. Bars do not represent true 
depths, but were slightly shifted to avoid overlaps. c Local changes 

in bromide concentration with the fabric type over sampled depth 
intervals in Rotliegend halite. d, e Sampled areas of c with according 
bromide concentration in large halite crystals (white numbers) and 
fibrous halite (red numbers)
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domains suggest complete early diagenetic cementa-
tion prior to compaction. The lack of evaporitic mineral 
phases other than halite and minor anhydrite reveals salt 
formation by low to moderate evaporation grades without 
contribution of elevated ion concentrations of K or Mg. 
Indicators for later deformation affecting the shape of dis-
placive halite and mineral replacement due to burial and 
mudrock compaction as described by Leitner et al. (2013) 
were not found. Preservation of this fabric type was pos-
sible because the incompetent salt was shielded by the 
surrounding competent siliciclastic material.

Zechstein halite formed as part of the marine Permian 
Zechstein group as is indicated by higher bromide concen-
trations in halite and minor concentrations of anhydrite and 
polyhalite. The interval of bromide concentration and the 
observed main mineral phases fit well with previous investi-
gations of diapiric Staßfurt Main Salt (z2HS) from the North 
German Basin (Bornemann et al. 2008; Küster et al. 2009). 
The dominance of polyhalite over anhydrite in some samples 
is related to higher bromide concentrations. The presence 
of “Kristallbrocken” porphyroclasts, on the other hand, is 
an indicator for the partial preservation of primary fabrics. 

Fig. 9  Macroscopic view of sample plugs and Tera-Wasserburg dia-
grams of U–Pb isotope data of carbonate phases from three samples. 
Data-point error ellipses are 2σ. Lower intercept ages should corre-
spond to the time of crystallization. a Sample 16Ki12 with ablated 
spots located at siliciclastic domains (yellow: results in b, black: 
results in c). b, c Results of ablated spots of sample 16Ki12 yield the 
same age within errors. d sample 17Ki13 with sample spots located 

in siliciclastic domains or at the contact to halite (yellow: results in e, 
black: results in f). e, f Results of ablated spots in 17Ki13 yield dif-
ferent ages with an offset of 53 Ma and no overlap of the error bars. 
g Sample 17Ki30 with ablated spots located at halite filled microfrac-
tures in siliciclastic domain adjacent to halite fibers (yellow: results in 
h, black: results in i). h, i Sample 17Ki30 yields different ages with 
an overlap of 93 Ma and no overlap of the error bars
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The brecciation of the porphyroclasts is related to the com-
petence contrast to the surrounding halite matrix as inferred 
by Küster et al. (2010).

Rock salt deformation

Microstructural analysis allows the identification of several 
deformation and recovery mechanisms that have acted on 
the salt during diapir formation.

Rock salt of both Rotliegend and Zechstein successions 
has been deformed by dislocation creep, which is indicated 
by subgrains in all types of halite. The low differential 
stresses (Henneberg et al. 2018), calculated with the sub-
grain size piezometer, fit well with the observations reported 
previously from diapiric rock salt (Mertineit et al. 2014; 
Schléder 2006; Thiemeyer et al. 2016). However, a varia-
tion in subgrain formation as a result of the accommodation 
of high strain that is deduced from the structural setting and 
rock salt macrofabric cannot be concluded.

The dominance of euhedral halite crystals, which invaded 
subgrain-rich halite grains in Zechstein rock salt suggests 
fluid assisted grain boundary migration (GBM) with consec-
utive replacement of subgrain-rich grains as a main recov-
ery mechanism. The replacement process of pre-existing, 
dislocation-rich halite grains via GBM has been reported to 
act in natural rock salt through numerous examples (Leitner 
et al. 2011; Schléder and Urai 2005; Thiemeyer et al. 2016; 
Urai and Spiers 2007). However, in the studied sections, 
evidence for GBM to operate in halite is only preserved in 
the Zechstein rocks. It is implied that this is due to the high 
amount of available grain boundary fluids found in Zechstein 
rock salt, which supports the weakening of the mechanical 
strength of rock salt (Peach et al. 2001; Pennock et al. 2006; 
Ter Heege et al. 2005; Urai et al. 1987, 1986). The preserva-
tion of inclusion rich “Kristallbrocken” halite porphyroclasts 
points out that recovery is restricted to areas with enhanced 
interfacial free energy (small grain size) and did not lead to 
recrystallization of the entire halite fabric.

EBSD measurements indicate crystal plastic deformation 
having acted in areas of inferred high strain in the Rotliegend 
halite. Progressive lattice rotation with the long axis of halite 
fibers can be interpreted as subboundary migration (Drury 
and Urai 1990). Changing degrees of misorientation over 
the propagation of subgrain boundaries show progressive 
rotation. This is in contrast to most observations in naturally 
deformed halite with only small misorientations detected 
over single subgrain boundaries (Kneuker et al. 2014; Linck-
ens et al. 2016; Thiemeyer et al. 2016). Recrystallization by 
subgrain rotation (SGR) with the formation of new grains is 
indicated locally by both subgrain misorientation exceeding 
10° and the presence of smaller distinct grains that match the 
size of subgrains (Fig. 6).

Two different recovery mechanisms were active in the 
analyzed rocks: GBM is dominant in Zechstein halite with 
high amounts of fluids, while local SGR is inferred in areas 
of high strain in the Rotliegend strata, where less fluid 
inclusions are observed in halite. Recovery compromised 
the buildup of intracrystalline deformation by dislocation 
creep. For this reason, evidence for high strain in halite that 
was largely accommodated by the formation of subgrains, as 
shown from deformation experiments (Linckens et al. 2016), 
is lacking in the studied rocks.

The presence of insoluble phases in Rotliegend rock salt 
addresses the importance of pressure solution in this rock 
type, which will be discussed in the following sections. Sec-
ondary phases are believed to increase the strain rate dur-
ing pressure solution due to the increased amount of phase 
contacts (Hickman and Evans 1995; Renard et al. 2001; 
Zubtsov et al. 2004). Based on deformation patterns and 
microstructures of naturally deformed impure rock salt in 
high strain domains, Leitner et al. (2011) and Závada et al. 
(2015) inferred enhanced ductility of impure rock salt due 
to increased diffusion rates along phase contacts and implied 
decoupling of salt types of different composition according 
to rheological contrasts.

Formation of fibrous halite

The presence of siliciclastic components and halite results 
in stress and strain peaks in parts of the studied rock (Hen-
neberg et al. 2018) with concurrent conservation of primary 
subhedral halite. Subsequent to the formation of large halite 
crystals from continental brines, fibrous halite was formed 
from a different genetic source as is indicated by higher bro-
mide concentrations in this type of halite.

The formation of fibrous halite is related to deformation 
in form of fractures straddling the detrital domains. The 
fractures were filled with brine, from which the halite fibers 
precipitated. Formation of extension fractures in the silici-
clastic domains require low differential and low effective 
stresses. Low effective stresses at deeper structural levels 
are significantly promoted by elevated fluid pressure (Hub-
bert and Rubey 1959; Secor 1965). Since diapiric rise of 
salt rocks is expected to result in crystal plastic deformation 
of the incompetent rock salt matrix, disintegration of silici-
clastic domains was possible by elevated fluid pressure and 
hydrofracturing. Fluid overpressure could be generated by 
two different mechanisms:

1. Entrapment of fluids of early diagenetic origin due to 
local undercompaction of the sediment. Overpressure 
could occur spontaneously with increasing fluid pres-
sure by significant reduction of effective stresses even 
at high confining pressures at local changes in differen-
tial load. Local undercompaction in detrital domains is 
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likely due to large detected amounts of halite cements 
and the generally high cementation rate in saline pans, 
where complete cementation is reached at burial depths 
of 45 m (Casas and Lowenstein 1989).

2. Release of fluids during burial and diagenetic mineral 
transformation with rising temperature and pressure. 
Burial temperatures at the Zechstein base within adja-
cent areas were modeled to have reached 100 °C at the 
end of the Triassic (Rodon and Littke 2005) and thus 
were sufficient to generate fluids from e.g., the trans-
formation of smectite to illite (Bruce 1984; Freed and 
Peacor 1989). Fluids were contained inside the forma-
tion due to the sealing Rotliegend and Zechstein rock 
salt sequence in the overburden.

Fibrous halite in open pore space is attributed to precipi-
tation from brine, which could result from pressure solution 
in high-stress domains along the contacts between halite 
and competent silicate components. This is supported by 
the absence of a CPO in fibrous halite as detected from ori-
entation measurements. One possible explanation for sys-
tematically higher bromide concentrations in fibrous halite is 
concentration of bromide in interstitial brines or by sorption 
onto detrital minerals during sediment formation. Bromide 
can absorb onto amorphous Fe-oxide and clay minerals at 
low pH values (Goldberg and Kabengi 2010). High bromide 
concentrations in halite associated with mudstone were pre-
viously described by Fisher and Hovorka (1987).

Evidence for a contribution of Zechstein fluids to the 
development of Rotliegend fibrous halite like precipitation 
of K–Mg phases, dissolution features and preserved amounts 
of fluid phases along halite grain boundaries is absent. Con-
tribution of Zechstein fluids to the formation of fibrous halite 
in Rotliegend rock salt would require a mixture of Rotli-
egend and Zechstein fluids, since hypothetical Zechstein 
fluids would be expected to exceed bromide concentrations 
of Zechstein salt (Braitsch and Herrmann 1963; Herrmann 
et al. 1973; Siemann and Schramm 2000).

The combination of geochemical and microstructural 
evidence gives rise to the assumption that fibrous halite has 
been formed due to pressure solution, possibly by crystal-
lization due to dilatancy at elevated fluid pressures, but has 
been deformed by dislocation creep and local subgrain rota-
tion recrystallization during a later deformation event.

Timing of deformation and fabric formation

The oldest age obtained by U–Pb dating of calcite 
(284 ± 42 Ma) reflects the age of sedimentation or diagen-
esis of the rock, referring to fracture formation in the detri-
tal domains. The other ages are significantly younger rang-
ing from late Triassic to late Cretaceous when taking the 
uncertainties of ages into account. However, most of these 

ages are straddling the Jurassic period (Fig. 10). All meas-
urements of sample 16Ki12 and 17Ki13 refer to carbon-
ate phases of secondary origin inside and around detrital 
domains. Measurements of 16Ki12 with an overlapping age 
span can be related to the same deformation event. However, 
the spread in 238U/206Pb ratios resulting in a large MSWD 
could point out multiphase deformation within a tight age 
span in the measured rock section covering two single events 
of a similar (Jurassic) age. In contrast, the obtained results 
from sample 17Ki13 cover two age spans without overlap 
of the two different measurements. The difference is not 
reflected by measurement of different carbonate microfabrics 
in the section, however, the carbonate microstructure within 
this sample shows evidence for dissolution of secondary 
carbonate (Fig. 5d). The data thus point out two deforma-
tion events related to different age spans within one studied 
rock section, one spanning the Jurassic period and the other 
ranging from Late Jurassic to Upper Cretaceous. In total, 
four of the obtained six measurements can be related to the 
main structural growth of the Kiel-Honigsee structure after 
Warsitzka et al. (2016) (Fig. 10). Enhanced diapirism during 
that time is related to basin differentiation within the NGB 
(Brink et al. 1992; Kockel 2002; Kley et al. 2008) and to 
extension-related regional stresses leading to formation of 
marginal troughs and acceleration of late Triassic induced 
reactive diapirism within salt walls of the marginal Glück-
stadt Graben (Maystrenko et al. 2006).

According to U–Pb dating and existence of fibrous halite, 
there is multiple evidence for fluid enhanced crystallization 
of mineral phases: U–Pb analyses point out Permo-Triassic 
halite formation to burial ages for carbonate in halite filled 
fractures (sample 17Ki30) and thus relate hydrofracturing to 
fluid overpressure of entrapped interstitial fluids. The calcu-
lated lower to middle Jurassic ages indicate syntectonic reor-
ganization in parts of the fabric inside the detrital domains 
including mineralization of carbonate phases. During this 
time interval, fluid mobility and resulting mineralization as a 
result of basin differentiation has had an impact on Permian 
deposits within different parts of the NGB (e.g., Gaupp et al. 
1993; Nadoll et al. 2019; Schmidt Mumm and Wolfgramm 
2004; Wüstefeld et al. 2017). Regarding the different age 
spans of sample 17Ki13 covering the same rock fabric, a first 
phase of fabric formation during early to middle Jurassic 
can be assumed, followed by reactivation during Cretaceous, 
prior to, or at the beginning of the second phase of salt struc-
ture growth (Fig. 10). It can therefore be deduced that fabric 
formation due to fluid overpressure was a dynamic process 
that was locally active throughout diapiric ascent depend-
ing on local evolution of the stress field. This mechanism 
could have significantly contributed to the overall mobility 
of the halitic Rotliegend sequence and therefore provides an 
explanation for implementation of the rock sequence into the 
process of diapirism.
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Conclusions

The new results presented above pinpoint multiple indica-
tors for a multistage evolution of diapiric rock salt. The 
following conclusions can be drawn:

• Sedimentary and early diagenetic fabrics are preserved 
in parts of the rock salt fabric in Rotliegend and Zech-
stein rock salt, which is possible due to strain concen-
tration in halite during deformation.

• Evolution of rock salt fabric in siliciclastic rich Rotlieg-
end rock salt was significantly influenced by hydrofrac-
turing and local pressure solution followed by fibrous 
halite formation as a dynamic process.

• Local fluid and phase distribution influences the activ-
ity of different fluid enhanced processes: GBM as a 
recovery mechanism in fluid-rich Zechstein halite and 
hydrofracturing in detrital domains of dry Rotliegend 
halite as a result of initial fluid overpressure.

• Crystal plastic deformation via dislocation creep rep-
resents the last retraceable stage of fabric evolution. 
Additional recovery by SGR was active in areas of 
local high strain.

• U–Pb dating traces both early-stage fracture formation 
related to salt rock formation and multiphase syntec-
tonic fabric reorganization that can be correlated with 
Jurassic to Cretaceous stages of diapir formation.
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