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Abstract I 

The Glueckstadt Graben is a prominent structure of the Central European Basin System, where the sedimentary patterns are extensively affected 

by Permian salt movements. The relations of the sedimentary patterns to salt structures have been analyzed through present-day distributions 

of sediments. In addition, a three-dimensional backward modelling approach has been applied to determine the original salt distribution in response 

to the unloading due to sequential backstripping of the stratigraphic layers. The results of the modelling reveal the thickness distribution of the 

Permian salt for 5 time intervals from the end of the Triassic to present day. Spatial agreement has been found between the development of the 

depleted zone of the Permian salt through time and the observed distribution of the maximum subsidence for the different stratigraphic units 

above the salt. The sedimentation centres for each time interval are always located above the zone of reduced or depleted Permian salt. In the 

central part of the Glueckstadt Graben, the depletion occurred already in the Triassic and perfectly correlates with the thickest Triassic. During 

the Jurassic, Cretaceous and Tertiary, the areas of depleted Permian salt shifted towards the basin flanks, and the same occurred with the centres 

of maximum sediment deposition. Thus, the results of the modelling strongly support the conclusion that salt withdrawal has played a major 

role during the Meso-Cenozoic evolution of the Glueckstadt Graben and that the progressive depletion of the Permian salt layer, from the central 

part towards the margins, created the large part of the accommodation space for sedimentation in addition to tectonic subsidence. 

Furthermore, our study has several important implications for salt behaviour in different tectonic settings. In general, the results of modelling 

indicate a good correlation between the main phases of salt movements and tectonic events in the area under consideration. During the Triassic, 

the first stage of diapirism in the Glueckstadt Graben occurred within the central part of the basin. Regional extension may have triggered reactive 

diapirism and caused the formation of the deep primary rim synclines. Once the salt structures had reached the critical size, buoyancy forces 

supported their continued growth until the Jurassic when extension-induced regional stresses once more affected the Glueckstadt Graben. The results 

of the modelling indicate very little salt activity during the late Early Cretaceous-early Late Cretaceous when the area of the Glueckstadt Graben 

was tectonically silent. Therefore, our study supports the concept of tectonically induced salt movements which can be interrupted during the absence 

of tectonic forces. Salt movements were reactivated in the marginal troughs by compressional forces during the latest Late Cretaceous-Early Cenozoic. 

Paleogene-Neogene salt withdrawal led to the growth of N-S oriented salt structures mainly at the margins of the basin. This phase of salt tectonics 

correlates temporally with almost W-E extension. This indicates a renewed change in tectonic regime after Late Cretaceous-Early Cenozoic compression. 

Keywords: Triassic graben, salt tectonics, 3D modelling, NW Germany 

Introduction such as a combination of two major effects on salt flow by: 

(1) fault tectonics at the base of the salt and/or overburden 

Many analogue and numerical models have been constructed as a triggering mechanism; and (2) changing sediment load 

in order to investigate salt behaviour under different tectonic distributions in time and space. The results of analogue 

settings and load conditions. Modelling approaches of salt experiments and numerical simulations demonstrate that the 

movements have focussed on different aspects of salt tectonics, viscous salt is very responsive to variable sediment loading 
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and fault tectonics (e.g. Woidt, 1978; Schmeling, 1987; Roemer 

& Neugebauer, 1991; Vendeville & Jackson, 1992; Koyi et al., 

1993; Poliakov et al., 1993; Daudre & Cloetingh, 1994; Koyi, 

1998; Kaus & Podladchikov, 2001). Most of these experiments 

were performed in terms of two-dimensional studies. However, 

three-dimensional modelling has to be used to investigate salt 

flow phenomena. Recently, a few models have been implemented 

in full 3D (e.g. Guglielmo et al., 1999; Scheck et al. 2003a, b; 

Ismail-Zadeh et al.; 2004). 3D visualization of the results of 

analogue modelling have helped to elucidate the complex 

geometry of salt diapirs (Guglielmo et al., 1999), demonstrating 

changes of sedimentation, deformation, and underlying salt 

thickness through time. A full 3D numerical approach was 

applied by Scheck et al. (2003a, b) for the NE German Basin, 

considering salt flow as a consequence of spatially changing 

overburden, isostatic response and sediment compaction. 

Ismail-Zadeh et al. (2004) investigated the evolution of salt 

structures both forwards and backwards in time by means of 

3D numerical finite-element models. 

Here, we present the results of three-dimensional backward 

modelling of salt movements within the Glueckstadt Graben 

(GG) by use of a software developed at the GeoForschungs-

Zentrum Potsdam (Scheck et al., 2003a). Structurally, the GG 

is characterized by SW-NE elongated salt walls which formed 

during post-Permian times due to Permian salt withdrawal 

(Figs 1, 2a). It is obvious that the presence of the huge salt 

walls complicates the basin evolution. Therefore, a three-

dimensional model of the GG (Fig. 2b) has been constructed to 

study the basin evolution in detail. A 3D backward modelling 

approach has been used to determine the salt distribution in 

response to unloading due to sequential backstripping of the 

stratigraphic layers. Therefore, the major objective of this 

work is to reconstruct the paleo-positions of the Permian salt 

and to understand the factors which controlled the main 

phases of rapid subsidence within the GG. 

Evolution of the Glueckstadt Graben 
| in relation to regional tectonics 

The GG is a central, NNE-SSW trending, segment of the Central 

European Basin System (CEBS; Fig. 1), where thick sediments 

(>11,000 m) accumulated during the Permian, Mesozoic and 

Cenozoic. The upper part of the Permian succession (mainly 

Zechstein) comprises thick evaporite deposits consisting of 

salt and subordinate carbonates and anhydrites. During post-

Permian times, the sedimentary fill of the CEBS was extensively 

affected by salt movements. The major stages of salt movements 

occurred during the Triassic, creating significant space for 
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Fig. 1. Location of the study area in relation to major Triassic subsidence centres within the Central European Basin System (compiled after Van Hoorn, 

1987; Ziegler, 1990; Britze & Japsen, 1991; Vejbaek & Bn'tze, 1994; Lockhorst, 1998; Pharaoh, 1999; Baldschuhn et al., 2001; Evans et al., 2003; 

Scheck et ai, 2003a; Dadlez, 2003; NITG, 2004; Lamarche & Scheck-Wenderoth, 2005). 

Major structural elements - EFS: Elbe Fault System, STZ: Sorgenfrei-Tornquist Zone, TTZ: Teysseyre-Tornquist Zone. 
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- Salt walls and diapirs K * « J - Reflection seismic lines 

f - j - l -T^ 1 - Boundary of the thick Jurassic and Cenozoic 

Fig. 2. a. Tectonic map of the Glueckstadt Graben with location of the 

seismic lines (position of salt domes by Baldschuhn et al., 2001); b. 3D 

structural model of the Glueckstadt Graben and adjacent areas (for 

location see Frame 1 in Fig. 2a). Stratigraphic key: PrC-D - Undivided 

Lower Permian (Rotliegend), Carboniferous and Devonian deposits; 

P?+Pj(s) = upper part of the Lower Permian and Upper Permian 

(undivided Zechstein plus salt-rich Rotliegend); T = Triassic; J - Jurassic; 

K - Cretaceous; Pg - Paleogene; Q-N - Quaternary-Neogene. 

additional sedimentation. This period of salt tectonics was 

associated with extension, reflecting a discrete pulse of tectonic 

activity in the Triassic (Ziegler, 1990; Vejbaek, 1990; Kockel, 

2002; Scheck et al., 2003a; Krzywiec, 2004; Maystrenko et al., 

2005a). At the regional scale, the Triassic corresponds to a 

period of global plate reorganization, marking the beginning 

break-up of Pangea (Ziegler, 1990). Figure 1 shows that the 

most intense Triassic subsidence occurred in the different sub-

basins surrounding the Ringk0bing-Fyn High, in the Horn 
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Graben (Clausen & Pedersen, 1999; Baldschuhn et a l , 2001), 

the GG (Baldschuhn et al., 2001; Maystrenko et al., 2005a) 

and the Danish Basin (Britze & Japsen, 1991). Another centre 

of Triassic subsidence is located within the Polish Trough 

where the thickness of Triassic reaches up to 5000 m (Dadlez, 

2003). The Sole Pit Basin, the Central Graben and the 

Rheinsberg Trough are characterized by minor thickening of 

the Triassic strata (Van Hoorn, 1987; Ziegler, 1990; Evans et 

al., 2003; Scheck et al., 2003a, b). By far the thickest Triassic 

succession is observed in the GG reaching about 9000 m. After 

the Triassic, a rifting phase is observed in the Late Jurassic-

Early Cretaceous in several basins, such as the Lower Saxony 

Basin (Betz et al., 1987; Jordan & Kockel, 1991), in the Central 

North Sea Rift (Oakman & Partington, 1998; Erratt et al., 

1999; Nielsen, 2002; Moeller & Rasmussen, 2003), and in the 

Central Basin and West Netherland Basin (Van Wijhe, 1987). 

Within the GG, three deep troughs formed marginal to the 

Triassic graben structure during the Early and Middle Jurassic 

(Boigk, 1981; Baldschuhn et al., 2001; Maystrenko et al., 

2005a). Subsequently, the GG area was affected by regional 

erosion due to uplift or sea level fall during Late Jurassic-

Early Cretaceous time (Jaritz, 1969, 1980; Brink et al., 1992; 

Baldschuhn et al., 2001; Maystrenko et al., 2005a, b). During 

the latest Cretaceous, superposed far field stresses induced by 

the Alpine orogen and the Atlantic rift affected the entire 

CEBS in terms of compression. The strongest compressional 

deformations were localized along the Sorgenfrei-Tornquist 

Zone, the Teisseyre-Tornquist Zone and the Elbe Fault System, 

causing strong erosion within these areas (Ziegler, 1990; 

Scheck et al., 2002; Otto, 2003; Scheck-Wenderoth & Lamarche, 

2005; Mazur et al., 2005). The Cenozoic was again characterized 

by rapid subsidence of the Central North Sea (Sclater & Christie 

1980; Jordt et al. 1995; Garetsky et al. 2001; Nielsen, 2002) 

and by the development of Cenozoic rifts such as the Rhine, 

Leine and Eger grabens (Ziegler, 1992; Evans et al., 2003). 

During the Cenozoic, the GG was affected by normal faulting 

and by rapid subsidence (Maystrenko et al., 2005a, b), simul

taneously with the North Sea basins. 

I Previous work, data and methods 

The basin structure and fill of the GG have been systematically 

studied since the beginning of the last century, mainly in the 

view of oil and gas exploration. Thereby, many details have 

been published, from which we highlight some related to our 

study. Based on well and early seismic data from NW Germany, 

Trusheim (1960) postulated a kinematic concept for the 

relation between sedimentary patterns adjacent to salt 

structures and the evolution of salt structures. At the basin 

scale, Sannemann (1968) has observed that salt diapirs of the 

GG spread in time becoming younger by moving away from the 

axial part towards the basin flanks. For this phenomenon he 

introduced the term 'salt-stock families'. Jaritz (1969, 1980) 
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has focussed at the regional Late Jurassic-Early Cretaceous 

erosional event, providing first-order estimations of the 

thickness of eroded Jurassic sediments. The regional structure 

of the GG has been discussed by Best et al. (1983), while a 

gravity study was done by Dohr et al. (1989), providing insight 

into the deep structure of the GG. The major aspects of the 

development and structure of the GG have been discussed by 

Brink et al. (1990, 1992), summarizing the evolution of the 

GG from Permian times until present day. The next step 

towards an integrated study of the GG was done by Baldschuhn 

et al. (1996, 2001) who provided the Geotectonic Atlas of NW 

Germany. Kockel (2002, 2003) described the major evolutionary 

steps of NW Germany. At the beginning of this century, the 

area under consideration became of additional interest 

because seismic and well data were provided by the oil and gas 

industry through the German Society for Petroleum and Coal 

Science and Technology (DGMK) in frame of the DFG-SPP 1135 

'Dynamics of sedimentary systems under varying stress 

conditions by example of the Central European Basin system'. 

Based on these data, several results have been published 

concerning the structure and evolution of the GG with focus 

on salt tectonics (Maystrenko et al., 2005a, b), recent move

ments (Lehne & Sirocko, 2005), and thermal maturity (Rodon 

& Littke, 2005). In this paper, the evolution of salt structures 

of the GG has been studied backwards in time by means of 3D 

numerical modelling. 

As the input data for 3D modelling, a 3D structural model 

(Fig. 2b) has been constructed for the GG and adjacent areas 

from 53.4°N to 54.8°N latitude and 8.2°E to 10.8°E longitude 

(Fig. 2b). This 3D structural model was derived from depth 

maps of the digital version of the Geotectonic Atlas of NW 

Germany (Baldschuhn et al. 1996, 2001). The data were gridded 

with a cell resolution of 2 x 2 km. In some areas, a 3D model 

has been supplemented by use of well data and interpreted 

depth converted seismic sections. The model includes seven 

layers from the Rotliegend to the Quaternary. The lowest one is 

the salt-rich Rotliegend plus the Zechstein, overlain by Triassic, 

Jurassic, Lower Cretaceous, Upper Cretaceous, Paleogene and 

Quaternary-Neogene. 

The theory of 3D modelling has been described in details by 

Scheck & Bayer (1999) and by Scheck et al. (2003b). Here we 

only elucidate the basic concept of modelling. Basic assumptions 

behind the concept are that the 3D backward modelling of the 

development of salt structures requires several steps. The first 

step is to remove the sediments above the selected stratigraphic 

level. Then the remaining sediments are decompacted. 

Subsequently, redistribution of the salt is calculated for the 

reduced overburden load. The behaviour of salt is assumed to 

be similar to a viscous fluid and salt volume is conserved. 

After salt redistribution, a load balance at the base salt is 

achieved in the sense that salt and overburden are in hydro

static equilibrium. Finally, the isostatic response of the entire 

model is calculated according to the new mass distribution 

with an Iceberg approach. In other words, the new load 

conditions after salt redistribution are isostatically compensated 

at the crustal level. Therefore, salt flow depends only on the 

sedimentary load above the salt layer. The described sequence 

of modelling was applied to every step of backstripping to 

reconstruct a reasonable geometry of salt structures from 

present day back to the end of the Triassic. 

| Subsidence in the Glueckstadt Graben 

During the Meso-Cenozoic, the GG was affected by three 

phases of strong salt tectonics, during the Triassic, the Jurassic 

and the Cenozoic (e.g. Trusheim, 1960; Sannemann, 1968; 

Brink et al., 1990, 1992; Baldschuhn et al, 2001; Kockel, 2002; 

Maystrenko et al., 2005b). Here, we use two key seismic lines 

to illustrate the influence of salt movements on subsidence 

during the mentioned phases of salt tectonics. 

The first example (line 1, Fig. 3) runs through the marginal 

parts of the Central Glueckstadt Graben and Hamburg Trough 

crossing an elongated salt wall in the NW and a near-surface 

situated salt diapir in the SW (see Fig. 2a). The NW salt wall 

provides an example for Late Triassic (Keuper) piercing of the 

overburden while the SE salt diapir shows Cenozoic (Paleogene) 

piercing. Internally, the uppermost Middle-Upper Triassic 

(Keuper) has a very complex seismic pattern around the salt 

wall. The thickness of the Keuper (T2-3) decreases towards the 

south-east, and the thickest sedimentary succession is observed 

directly near the salt wall (Fig. 3). The lower Keuper sediments 

are truncated at their top at both sides of the salt wall. 

Furthermore, at the north-western flank of the salt wall the 

lower Keuper sediments are north-westward tilted while 

younger Keuper strata are characterized by predominance of 

south-eastward inclination. The difference between tilt 

angles, observed truncation of the Muschelkalk (T2) and the 

lower Keuper indicate piercement of the overburden during 

Keuper times. The presence of internal on- and toplaps within 

the Keuper succession indicate that deposition took place 

simultaneously with salt movements. Steep onlap within the 

Keuper sequence at the NW flank of the salt wall (see arrows 

in Fig. 3) can be explained by extruded Permian salt which 

flowed from the salt wall onto the paleobasin floor. 

The evolution of the salt diapir in the SE part of line 1 is 

different from the salt wall development. The Muschelkalk is 

characterized by slight thinning towards the salt diapir in the 

south-east. This thinning of the Muschelkalk strata could 

have occurred due to initial salt movements already in the 

Muschelkalk when a salt pillow started to form in the place of 

the present-day diapir. The strong stratigraphic thinning of 

the Keuper towards the diapir suggests that the salt was near 

the paleosurface, but did not pierce its overburden at that 

time. It is important to note, however, that the strong thinning 

of the Keuper could be partially a result of erosion during 

the Late Jurassic-Early Cretaceous regional interruption of 
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Fig. 3. Seismic profile 1 consisting of two closely located seismic lines. Two salt structures with different time of salt piercing are shown: Late Triassic 

(Keuper) on the left and Cenozoic (Paleogene) piercing on the right. Visible erosional unconformities are indicated by wavy lines; grey arrows show on-

and toplap of the reflection terminations. Stratigraphic key: P\-C - Undivided Lower Permian (Rotliegend) and Carboniferous deposits; P2+Pi(s) = upper 

part of the Lower Permian and Upper Permian (undivided Zechstein plus salt-rich Rotliegend); Tj.2 = Lower Triassic and lowermost part of Middle Triassic 

(Buntsandstein); T2 = Middle Triassic without uppermost and lowermost parts (Muschelkalk); T2.3 = uppermost part of Middle Triassic and Upper Triassic 

(Keuper); J = Jurassic; K = Cretaceous; Pg = Paleogene; Q-/V = Quaternary-Neogene. See Fig. 2a for location. 

sedimentation. The pillow stage of the diapir development 
continued during the Cretaceous (K) and Early Eocene-
Palaeocene (Pg21_2-Pgi), causing stratigraphic thinning of the 
sediments towards the crest of the salt anticline. During the 
Middle Eocene (Pg22), the centre of deposition had moved 
towards the salt structure, leading to a main stage of secondary 
rim syncline formation during the Middle-Late Eocene (Pg22-3), 
when the area around the salt diapir rapidly subsided due to 
salt withdrawal from a limb of the former salt pillow. The 
changes of onlap direction from south-eastward to north
westward demonstrate a rapid reversal of the depositional 
pattern in close proximity to the growing salt diapir. This 
reversal of thicknesses corresponds to the time interval 
between the latest Early Eocene and the earliest Middle Eocene 
when the salt had pierced the overburden. 

The record of various styles and intensities of salt-driven 
subsidence for different stratigraphic levels makes line 2 
(Fig. 4) a key seismic profile for understanding overburden 
deformation processes. This west-east running line shows the 
structure of the southern margin of the Hamburg Trough. Two 
salt layers have been interpreted along this line: the salt-rich 
Rotliegend (Pi(s)) and the Upper Permian layer of Zechstein 
salt (P2). The salt-rich Rotliegend sediments are preserved as 
a huge flat blanket without prominent deformation in the 
western and eastern parts of the profile (Fig. 4). In the central 
part, the upper Rotliegend deposits reflectors generally 
become chaotic and wormy beneath the area of the Keuper 
depocentre. This indicates that upper Rotliegend salt was 
involved, together with the Zechstein salt, in the formation of 
the salt stock located south of the profile (see Fig. 2a). 
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Fig. 4. Interpreted seismic profile 2 showing the record of van'ous styles and intensity of salt-driven subsidence for different stratigraphic levels. The 

visible erosional unconformity is indicated by wavy line; grey arrows show on- and toplap of the reflection terminations; white arrows indicate the 

depocentres of sedimentation. Stratigraphic key: Pj-C = Undivided Lower Permian (Rottiegend) and Carboniferous deposits; Pj(s) = salt-rich Rotliegend; 

Pz - Zechstein; Tj.2 - Lower Triassic and lowermost part of Middle Triassic (Buntsandstein); T2 = Middle Triassic without uppermost and lowermost parts 

(Muschelkalk); T2_3 • uppermost part of Middle Triassic and Upper Triassic (Keuper); J = Jurassic; Wd = lowermost Lower Cretaceous (Wealden); 

K » Cretaceous; Q-Pg - Quaternary- Paleogene. See Fig. 2a for location. 

Zechstein deposits are generally thin in consequence of post-

depositional salt migration. As a result, salt structures, such 

as the three salt pillows and the mentioned salt diapir formed. 

The Buntsandstein-Muschelkalk (T1-2-T2) deposits have an 

almost constant thickness of about 0.6 s TWT with the exception 

of the salt anticline within the eastern part, where the 

Buntsandstein (TJ.J) and Muschelkalk (T2) are truncated in 

the crest. The western part of the line is characterized by the 

presence of thin Keuper deposits (T2.3), which concordantly 

covers the underlying Muschelkak and Buntsandstein. In 

contrast, the internal Keuper reflections are not in phase with 

the underlying bedding within the area of thickened Keuper 

in the central part of the section. There, the Keuper sequence 

is extremely thickened up to 0.9 s TWT in comparison to 0.24 s 

TWT on the western margin. The thickened Keuper sequence 

is characterized by the presence of clinoforms onlapping onto 

the top of Muschelkalk. These baselaps indicate a main phase 

of salt movements that occurred at the beginning of Keuper 

times. In addition, the onlap of the Keuper onto the Muschelkalk 

demonstrates that structural highs were formed due to salt 

movements. Some of these structural highs persisted until the 

Jurassic. Figure 4 shows one of these highs where thick 

Jurassic sediments discordantly cover eroded Buntsandstein 

and Muschelkalk sediments at the crest of the Permian salt 

anticline. Jurassic strata form three depocentres, and at the 

top are characterized by an erosional unconformity. Clearly, 

some of the Jurassic sediments have been eroded (Fig. 4), 

implying a major hiatus at the base of the Cretaceous. On the 

other hand, thickening of the Jurassic sediments within the 

depositional centres does not necessarily indicate the 

distribution of an equally thick Jurassic layer prior to the Late 

Jurassic - Early Cretaceous erosion in this area. The preserved 

depocentres are rather a consequence of progradation of clastic 

wedges following salt outflow. This is illustrated by the change 
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from more steeply-dipping seismic reflection patterns in the 

older Jurassic strata to an almost horizontal reflection pattern 

within the youngest Jurassic sediments, indicated by arrows 

within the Jurassic sequence in Fig. 4. 

The Cretaceous covers an erosionally leveled surface and 

display only minor thickness variations, from 0.4 s up to 0.6 s 

TWT. In contrast, the Cenozoic shows again synsedimentary 

thickness variations. Along line 2, the Cenozoic sequence 

reaches a thickness of 1 - 1.8 s TWT. A high-angle normal fault 

cuts the Cretaceous and the Cenozoic through the anticline in 

the centre of the profile (Fig. 4). This fault divides the line 

into two segments. The eastern segment is characterized by 

approximately subparallel Cretaceous and Cenozoic reflections. 

A distinct angular unconformity separates them from folded 

Triassic and Jurassic deposits. In contrast, the Cretaceous and 

Cenozoic successions are folded west of the fault. Therefore, 

this seismic line illustrates that the axial parts of the thickened 

sediments at the different stratigraphic levels are rarely 

vertically aligned (see white arrows in Fig. 4). They shifted in 

time and in space. For instance, two segments of thick Keuper 

are separated by a thick Jurassic sequence (Fig. 4), and both 

thick successions are covered by Cretaceous and Cenozoic with 

almost constant thickness. Furthermore, an unusual extensive 

thickening of the Cretaceous strata is observed between two 

Cenozoic depressions in the western part of the line. These 

two Cenozoic depressions are characterized by thickening of 

strata, indicating rapid subsidence in comparison to other parts 

of the section. The thickened Cretaceous is underlain by thick 

Jurassic but without vertical alignment of the axes of maximum 

thickness. Furthermore, deformations of the overburden are 

observed above the approximately flat base Zechstein and an 

equally flat salt-rich Rotliegend layer over almost the entire 

line. Only in the central part, the base salt appears disturbed 

below the axial part of the Keuper depocentre. This shows that 

the salt cover was deformed due to salt movements and that 

the Permian salt layers decoupled deformation of the over

burden from the strata below. Thus, the observed thickening of 

the sediments must have been associated with simultaneous 

salt movements. 

Based on the observations, we conclude that the deposition 

of thick successions of the Triassic, Jurassic, and Cenozoic was 

partially controlled by gradual withdrawal of Permian salt from 

the source layer, initialized in the Triassic. 

| 3D backstripping 

Present-day and restored thickness maps 

Modelling difficulties arise when input data contain layers, 

which were affected by post-depositional changes. Such 

changes occur as a result of erosion due to salt tectonics, 

regional uplift or sea level fall. Simple backstripping to the 

partially eroded stratigraphic interval does not produce the 
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load conditions existing before erosion. Therefore, salt 

redistribution will not provide a correct geometry for this 

stratigraphic interval. Scheck et al. (2003b) solved this 

problem by re-establishment of restored thickness maps prior 

to post-depositional changes. 

Local post-depositional erosion of sediments in the GG 

occurred during the main phases of salt tectonics, in the 

Triassic, the Jurassic, and the Tertiary. In addition, the area 

under consideration was affected by regional Late Jurassic-

Early Cretaceous erosion. Therefore, part of the sedimentary 

sequence has to be re-established prior to salt redistribution for 

selected time steps. In order to solve this problem, reconstructed 

sediment distributions were introduced as additional input 

data in terms of 'initial' thickness maps. The reconstruction of 

the primary isopach maps was based mainly on the inter

pretation of seismic lines and published structural data from 

the GG (Baldschuhn et al., 1996; Baldschuhn et a l , 2001; 

Kockel, 2003). We considered primary sediment distributions 

for the Triassic, the Jurassic, the Lower Cretaceous, the Upper 

Cretaceous and the Paleogene. 

The present-day and reconstructed thickness maps of the 

Triassic are shown in Fig. 5a, b. The Triassic is one of the 

thickest stratigraphic units in the 3D structural model (Fig. 5a). 

A broad area of thick Triassic sediments occupies the whole 

Central Glueckstadt Graben and is characterized by a gradual 

increase of thickness from less than 3500 m at the margins to 

more than 6500 m towards the basin centre. The maximum 

present-day thickness of the Triassic in the axial part of the 

GG is characterized by a salt wall-bounded oval zone with a 

predominant SSW-NNE trend, within which the thickness ranges 

from 6500 to more than 9000 m. Within the basin flanks and 

marginal troughs, the Triassic thickness varies between 1300 

and 2300 m in general with local maxima of up to 3000 m. 

Reduced sediment thickness is present in the area of some salt 

structures, which are related to syndepositional salt movements 

in the Triassic. Most isopachs of the Triassic delineate the 

contours of salt structures in the horizontal plane (Fig. 5a), 

indicating a strong influence of salt movements on the distri

bution of the Triassic. 

Both well and seismic data show that Triassic sediments 

were affected by Late Jurassic-Early Cretaceous regional 

erosion. During this erosion, Triassic deposits were eroded on 

the crests of salt structures where sediments were elevated 

higher than elsewhere (Baldschuhn et al., 2001; Maystrenko 

et al., 2005b). In addition, post-Triassic salt movements pierced 

Triassic sediments within the Westholstein, Eastholstein and 

Hamburg troughs. These effects were considered for the 

reconstruction of the initial distribution of the Triassic 

sediments. To produce a reconstructed thickness map of the 

Triassic, the present-day thickness distribution (Fig. 5a) has 

been corrected by closing the gaps where the Triassic was 

pierced or eroded post-depositionally. The greatest difference 

between the present-day and the reconstructed maps is visible 
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Present-day thicknesses Reconstructed thicknesses 

Fig. 5. Present-day (left column) 

and reconstructed (right column) 

thickness maps of the stratigraphic 

units used in the 3D structural 

model. CGG - Central Glueckstadt 

Graben, EHT - Eastholstein Trough, 

HT - Hamburg Trough, WHT -

Westholstein Trough. 
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within the marginal troughs. On the reconstructed map, the 

distribution of the Triassic sediments has been re-established 

within the Westholstein, Eastholstein and Hamburg troughs 

for the pre-Jurassic state. Therefore, the effect of the post-

Triassic salt piercing is not expressed in this map (Fig. 5b). On 

the other hand, the salt walls and diapirs, still recognizable 

within the central part of the basin, represent structures 

already close to paleosurface at the end of the Triassic. 

Furthermore, seismic and well data indicate that the Permian 

salt extruded and was even partially re-deposited during latest 

Middle-Late Triassic (Keuper) time. This is supported by 

presence of the Permian spores within the Keuper salt-rich 

layers (Trusheim, 1960) and by direct structural relation 

between the Keuper salt-rich layers and the Permian salt 

structures in the GG (Maystrenko et al., 2005a, b). The Triassic 

has been considered only as one step for our reconstruction as 

the available dataset does not allow differentiation of this 

interval. We are aware that part of the Triassic deposits, mainly 

the Keuper salt, has been mobilized post-depositionally. 

However, it is impossible to distinguish the proportion of 

Keuper salt versus Permian salt in the present day salt 

structures. Therefore, this component of Keuper salt is not 

considered in the reconstructed thickness map of the Triassic. 

The present-day thickness map of the Jurassic shows the 

distribution of sediments remaining after the Late Jurassic-

Early Cretaceous erosion (Fig. 5c). Figure 5c illustrates that the 

centre of sedimentation shifted from the central part towards 

adjoining areas when compared with the Triassic (Fig. 5a), 

forming two centres, one in the north-west and one in the 

south-east. The Central Glueckstadt Graben area is characterized 

by a lack of Jurassic sediments or by relatively thin deposits 

reaching less than 400 m thickness (Fig. 5c). The Westholstein 

Through, located at the NW margin of the Central Glueckstadt 

Graben (Fig. 5c), has an estimated width of about 20 km and is 

filled with relatively thick Jurassic sediments (up to 2500 m). 

As a counter part, the Hamburg and Eastholstein troughs formed 

at the SE margin of the Triassic Graben. The Eastholstein 

syncline is characterized by a SW-NE elongated band of 

sediments along the marginal salt wall, where the Jurassic is 

locally 1800 - 2200 m thick with an average thickness between 

1000 and 1200 m. The complex Jurassic thickness pattern 

with almost circular and elongated zones near Hamburg 

defines the extent of the Hamburg Trough which is filled by 

up to 1600 m of Jurassic sediments. The restoration of Jurassic 

sediments prior to Late Jurassic-Early Cretaceous erosion is a 

more problematic task than the re-establishment of the Triassic 

thickness map. In some parts of the GG, the entire Jurassic 

and lowermost Cretaceous deposits are missing. From the seismic 

data, it is not possible to decide whether the unconformity is 

erosive or non-depositional within the areas where sediments 

are absent. In order to produce a reconstructed thickness map 

of the Jurassic (Fig. 5d), a constant value of 250 m was added 

to the present-day thickness map. The constant value of 
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250 m was chosen as a first-order approximation to cover the 

entire region by sediments rather than to provide the true 

amount of the eroded sediments. From the seismic data 

discussed in Maystrenko et al. (2005b) it is inferred that the 

remaining sediments represent areas where sedimentation and 

subsidence were most intensive and were strongly controlled 

by withdrawal of the Permian salt from the source layer. 

Therefore, the erosional features did not alter the regional 

trend of thickness distribution of the Jurassic. Consequently, 

the reconstructed map in Fig. 5d can be taken as a qualitative 

approximation of the sediment distribution prior to erosion. 

The Lower Cretaceous sediments show a wider distribution 

than the Jurassic, covering most salt structures already 

existing at the beginning of the Cretaceous (Fig. 5e). The 

regional trend shows minor subsidence after the Late Jurassic-

Early Cretaceous erosion, however, locally thickened Lower 

Cretaceous deposits are observed around salt structures within 

the Westholstein and Hamburg troughs. The thickness of the 

Lower Cretaceous sequence increases from less than 90 m to 

more than 500 m within the Westholstein and Hamburg Troughs 

(Fig. 5e). A large zone of thickened Lower Cretaceous in the 

Westholstein Trough stretches in SW-NE direction between two 

elongated salt walls. Probably, this thickening is related to the 

simultaneous growth of salt walls. In contrast, within the 

Hamburg Trough, the Lower Cretaceous thickening zone is 

almost circular, reflecting sedimentation in the vicinity of a 

circular shaped salt diapir. In general, the thickness of 

sediments in the Westholstein and Hamburg troughs indicates 

the continuation of salt movements into the Early Cretaceous, 

following the strong Jurassic salt activity in these areas. 

Reestablishment of the regional Lower Cretaceous thickness 

map was done by filling those areas that were pierced by post-

Cretaceous salt walls and diapirs (Fig. 5f). Consequently, the 

difference between reconstructed (Fig. 5f) and present-day 

thickness maps (Fig. 5e) of the Lower Cretaceous consists only 

in the absence of pierced areas. 

The thickness of the Upper Cretaceous indicates regional 

subsidence with local disturbances due to salt tectonics 

(Fig. 5g). This is expressed in small variations in thickness 

(between 500 and 700 m) across the entire study area. 

However, a pronounced thickening of up to 1400 - 1600 m 

occurs within a narrow band in the Westholstein Trough, while 

a less intense thickening is observed within the Eastholstein 

Trough. In the Hamburg Trough, the relatively thick Upper 

Cretaceous (1200 - 1300 m) forms two synclines, which are 

almost symmetrically situated to the west and the east of a 

salt diapir (Fig. 5g). The structural features of the isochores 

indicate that deposition of thick Upper Cretaceous occurred 

simultaneously with salt movements within relatively shallow 

rim synclines (e.g. Fig. 4). The reconstructed thickness map 

of the Upper Cretaceous is shown in Fig. 5h. There are no 

indications of strong salt diapirism during the Late Cretaceous 

in the area under consideration according to seismic data. 

| 2006 

https://doi.org/10.1017/S0016774600021466 Published online by Cambridge University Press

https://doi.org/10.1017/S0016774600021466


Therefore, the presence of holes due to piercing by salt walls 

and diapirs must be a result of post-Cretaceous salt 

movements. As for the Lower Cretaceous, post-depositional 

gaps in pierced regions were closed by interpolation over 

those areas. Upper Cretaceous sediments were post-

depositionally deformed, uplifted and partially eroded within 

the crest of some salt structures (e.g. Figs 3 and 5). These 

features are easily seen on the present-day thickness map 

(Fig. 5g) by locally decreased thicknesses. These areas were re-

interpolated and the resultant reconstructed map (Fig. 5h) 

shows that the distribution pattern of the Upper Cretaceous is 

characterized by an almost constant thickness. The remaining 

two areas of decreased thickness correspond to two salt 

structures, which were active during the Late Cretaceous 

within the Westholstein and Hamburg troughs (Fig. 5h). 

The present-day isopach map of the Paleogene (Fig. 5i) 

shows thickness maxima in the West-, Eastholstein and 

Hamburg troughs. This indicates that Paleogene subsidence 

occurred mainly within the marginal sub-basins, while it was 

much less intense in the central part of the GG. As with the 

Jurassic, Lower Cretaceous and Upper Cretaceous, the centres 

of deposition are located in the marginal troughs. However, 

the thick Paleogene extends further west within the 

Westholstein Trough compared to the Jurassic and Cretaceous. 

The Paleogene in the Westholstein Trough reaches locally a 

thickness of 2500-3000 m, showing a strong isopach gradient 

from the salt wall towards the centres of the rim synclines. In 

the Eastholstein and the Hamburg troughs, the entire area of 

the former Jurassic and Cretaceous troughs was likewise 

reaffected by increased rates of subsidence with the strongest 

thickness gradient in the south-western part of the Hamburg 

Trough. Two circularly thickening zones are visible within the 

western part of the Hamburg Trough, where the highest 

isopach values vary between 2300 and 2900 m. The Eastholstein 

Trough is a pronounced NW striking zone of thick Paleogene 

with a maximum thickness between 1300 and 1700 m. The 

area of the Central Glueckstadt Graben is characterized by 

narrow bands of a reduced Paleogene thickness (Fig. 5i): there, 

the Paleogene varies from 0 - 200 m above the crests of salt 

structures and increases to 400 - 900 m between the salt 

structures. The reduced Paleogene thickness above the crests 

of salt walls indicates continued rise of salt structures during 

the Paleogene or/and the post-Paleogene erosion of the crests. 

The reconstruction of Paleogene thickness (Fig. 5j) mainly 

consists in the re-establishment of those parts eroded from 

the crest of salt structures prior to the Neogene. Thus, the 

thinning of the Paleogene in the crests of salt structures is 

smoothed on the reconstructed thickness map (Fig. 5j) in 

comparison to the present-day thickness map (Fig. 5i). 

The present-day distributions of sediments at different 

stratigraphic levels (Fig. 5) show that the centre of sedimen

tation moved away from the central part of the original 

Triassic trough towards its margins (Fig. 6). It is obvious that 

the marginal troughs (Westholstein, Eastholstein and 

Hamburg) are separated by thick Triassic (mainly Keuper) 

deposits which are strongly thickened towards the axial part 

of the GG (Fig. 5a). On the other hand, the area of the Central 

Glueckstadt Graben is characterized by relatively thin 

Cretaceous and Cenozoic sediments (Figs 5e, g and i) and 

partly by the absence of the Jurassic (Fig. 5c). Furthermore, 

the distribution of thickness maxima demonstrates that the 

thick Jurassic is covered by thickened Cretaceous, Paleogene 

and Neogene but without vertical alignment of those axial 

parts within the marginal troughs (Fig. 6). Thus, figure 6 

suggests that a greater amount of subsidence occurred close 

to the active salt structures, and may have resulted in a 

gradual depletion of Permian salt from the source layer. 

"Q1 -Salt diapirs 
Centres of maximum sedimentation during: 

BlU - Quaternary-Neogene; S S " Paleogene; 
pc3 - Late Cretaceous; B 9 " Early Cretaceous; 
ffll-Jurassic; [ 23 - Triassic. 

Fig. 6. Outlines of the depocentres indicating the shift of deposition 

with time from the central part in the Triassic to marginal parts in the 

Quaternary-Neogene within the Glueckstadt Graben (modified after 

Maystrenko et at., 2005a). 

Backward modelling 

Figures 7 and 8 illustrate the outcomes from the 3D backward 

modelling of the spatial and temporal evolution of the salt 

structures in the GG. Figure 7 illustrates the modelled thickness 

of the Permian salt for the present-day state and for different 

stages of backstripping. One of the most remarkable results is 

related to the expansion of the depletion zone shown by white 

colour in Fig. 7. It can be seen that the Permian salt layer was 

almost depleted within the central part of the basin in the 

Triassic (Fig. 7f). A small area of reduced salt thickness is also 

seen west of Hamburg (Fig. 7f), indicating Triassic salt 

movements within the Hamburg Trough. A second feature is 

the increasing number of linear zones of increased salt 
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f ig. 7. Isochore maps of the Permian salt from the end of the Triassic (f) to present-day (a) based on backward modelling. Gradual migration of the 

depletion zone from the central part of the original Central Glueckstadt Graben (f) towards its margins (a) is shown by white colour. 

CGG - Central Glueckstadt Graben, EHT - Eastholstein Trough, HT - Hamburg Trough, WHT - Westholstein Trough. 

thickness shown in green, yellow or different shades of red. 

These zones represent growing salt structures. Some of these 

salt structures were already in place in the Central Glueckstadt 

Graben, whereas the marginal troughs (West-, Eastholstein 

and Hamburg) are characterized by locally increased salt 

thickness related to salt movements. During the Jurassic, 

depletion of the salt layer affected the SW and NE margins of 

the Central Glueckstadt Graben (Fig. 7e). Accordingly, the zone 

of reduced thickness within the Hamburg Trough became wider 

in comparison to Triassic times (cf. Figs 7f and 7e). Between 

the Jurassic (Fig. 7e) and the Lower Cretaceous (Fig. 7d), there 

is almost no difference in most parts of the basin, indicating 

minor salt activity during the Early Cretaceous. During the 

Late Cretaceous, only some reductions of salt thickness 

occurred within the Westholstein and Hamburg troughs (Fig. 

7c). The map of salt thickness at the end of the Paleogene 

(Fig. 7b) demonstrates that the depletion of the Permian salt 

layer occurred mainly within the marginal troughs. Thus, the 

thickness of the salt was strongly reduced within the West-

and Eastholstein troughs. On the other hand, depletion of the 

salt layer within the Hamburg Trough was more intense at its 

western and eastern margins than in the central part (Fig. 

7b). Further expansion of the salt depletion zone towards the 

basin flanks took place during the Quaternary-Neogene (Fig. 

7a). Well data demonstrate that some of the marginal salt 

walls are covered by very thin Quaternary deposits up to 25 m 

thick, indicating that these salt structures may have been 

active until today. Moreover, Lehne and Sirocko (2005) reported 

that the GG is affected by recent vertical movements caused 

by actively rising salt structures and faults. 

3D views of the top of the Permian salt for the different 

backstripping levels are plotted in Fig. 8 to illustrate the 

substantially changing salt structure distribution from the 

end of the Triassic (Fig. 8f) up to present day (Fig. 8a). The 

results support the conclusion that initial salt movements 

took place during Middle-Late Triassic within the central part 

of the GG (Fig. 8f). Figure 8f also indicates the development 

of shallow salt anticlines within the marginal troughs in the 

Triassic. Following this initiation, strong salt tectonics occurred 

at the margins of the former Triassic Graben in the Jurassic 

(Fig. 8e), while during the Cretaceous-Tertiary, additional 

growth of salt structures took place within the marginal troughs 

(Figs 8a - d). In addition, the central salt walls experienced a 

reactivation in the Cenozoic. The 3D geometries of the 

reconstructed salt structures in Fig. 8 correlate spatially with 

the reduction of the salt thickness (Fig. 7) from the end of the 
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Fig. 8. 3D views of the top of the Permian salt at the different stratigraphic intervals showing the evolution of salt structures with time. The number 

of discordant salt structures increases with time from the end of Triassic (piercing structures only in the central part) to the present day (piercing 

structures affect the entire Glueckstadt Graben). 

Triassic to the present-day. In other words, 3D backward 

modelling provides evidence for a continued depletion of the 

Permian salt layer progressing from the central part of the 

basin outwards to the basin flanks. 

| Discussion 

The results of the modelling reveal the thickness distribution 

of the Permian salt within the GG from the end of the Triassic 

(Fig. 7f) to present day (Fig. 7a). In addition, our study has 

several important implications for salt behaviour under 

different tectonic settings. During the Triassic, the first stage 

of diapirism occurred within the central part of the GG (Figs 

7f and 8f). This major phase of growth of salt structures could 

have been triggered by Triassic extension that culminated 

during the Keuper (e.g. Brink et al., 1990, 1992; Kockel, 2002; 

Maystrenko et al., 2005a, b). This is consistent with the assumed 

regional stress field during the Triassic, when a series of 

approximately north-south striking graben structures formed 

in the other parts of the CEBS. Accordingly, the stress field for 

this period was characterized by almost east-west extension as 

appears from the regional structural analysis of Central Europe 

(Ziegler 1990). Best et al. (1983), Vajbaek (1990), Ziegler 

(1990) and Kokcel (2002) identified an initial stretching event 

in the Early Triassic (Buntsandstein) for the Horn Graben and 

the GG. Triassic extension culminated, together with the main 

phase of salt diapirism, in the Middle-Late Triassic (Keuper) in 

the Horn Graben and the GG. Middle-Late Triassic normal 

faulting has been documented by Baldschuhn et al. (1996, 

2001), Kockel (2002) and Maystrenko et al. (2005b) in NW 

Germany. This pulse of extension has been observed in the NE 

German Basin, where strong salt movements and coeval 

deposition of Keuper is seen within the N-S striking Rheinsberg 

Trough (Scheck et al., 2003b). 

Regional extension, responsible for normal faulting of the 

salt base, may have triggered reactive diapirism and caused 

the formation of the deep primary rim synclines. Once the salt 

structures had reached critical size, buoyancy forces (e.g. 

Schultz-Ela et al., 1993) supported their continued growth 

until the Jurassic when extension-induced regional stresses 

once more affected the GG. Accordingly, the next pulse of salt 

activity, in the Jurassic (Figs 7e and 8e), correlate temporally 

with extensional tectonics in the south of the GG, where 

accelerated subsidence is observed within the Pompeckj Block 
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and the Lower Saxony Basin (Kockel, 2002). In most cases, 

Jurassic salt movements caused the formation of secondary 

rim synclines adjacent to the Keuper primary depocentres. 

Note that the Jurassic pulse of salt tectonics did not provoke 

the formation of completely new salt structures (cf. Figs 7e and 

7f) but caused the additional growth of the pre-existing Triassic 

ones. During the Jurassic, some of the Keuper-aged concordant 

salt structures became discordant due to salt-induced erosion 

at the crests of the former salt anticlines (cf. Figs 8e and 8f). 

The results of the modelling indicate that very little salt 

activity took place during the Early Cretaceous (cf. Figs 7d and 

7e). However, the Jurassic salt-induced deformation persisted 

in the earliest Cretaceous (the Berriasian and the Valanginian) 

when salt continued to move close to the former Jurassic salt 

structures. This can be inferred from structural data in the 

Geotectonic Atlas of NW Germany (Baldschuhn et a l , 2001) and 

from the present-day thickness map of the Lower Cretaceous 

(Fig. 5). Possible reasons are not resolved from our dataset 

and could be related to gravity-driven salt rise or to regional 

tectonic influence. During the post-Valanginian, almost all 

salt stocks and walls were covered by Lower Cretaceous 

(Hauterivian-Albian) deposits, the almost constant thickness 

of which indicate an absence of strong salt movements in the 

GG. Similar remarks can be made for the lower part of the 

Upper Cretaceous which is also characterized by approximately 

constant thickness. Therefore, salt movements ceased during 

the late Early Cretaceous-early Late Cretaceous. Possible reasons 

for the interruption of the salt movements could be depletion 

of the source salt layer near the salt structures and/or tectonic 

quiescence during this time. Salt movements were renewed by 

compressional forces during the latest Late Cretaceous-Early 

Cenozoic especially within the marginal troughs, indicating 

that sufficient thickness of the source layer remained there. 

Vendeville et al. (2002) demonstrated the importance of early 

or late regional extension and shortening in driving salt-

structures evolution in NW Germany. Furthermore, Stovba & 

Stephenson (2003) have observed a similar situation in the 

Dniepr-Donets Basin where many salt structures display 

renewed growth after a regional interruption of salt movements. 

They proposed that an increasing thickness of overburden led 

to a mechanical balance and cessation of salt movement until 

the forces induced by tectonic reactivation once again upset 

this unstable equilibrium (Stovba & Stephenson, 2003). It is 

important to note that there is no evidence for tectonic 

activity in the GG during the late Early Cretaceous-early Late 

Cretaceous. Therefore, our study supports the concept of 

tectonically induced salt movements which can be interrupted 

during the absence of tectonic forces (Vendeville et al., 2002; 

Stovba & Stephenson, 2003). Consequently, the lack of strong 

salt movements is in good agreement with the tectonically 

silent regime in the GG during the late Early Cretaceous-early 

Late Cretaceous. 
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In the Hamburg Trough, thickening of the uppermost 

Upper Cretaceous-Lower Paleogene (Figs 4, 5g, i) implies that 

salt was active during this period, probably as a result of 

compressional stresses related to the Alpine Orogeny (Kockel, 

2002). Possibly the thick-skinned deformations observed at 

the Aller Lineament in the latest Late Cretaceous-Early 

Cenozoic, (Mazur & Scheck-Wenderoth, 2005) were transmitted 

northward into the overburden of the GG causing salt move

ments without involving the salt base into the deformation. 

Similar observations have been documented by Scheck et al. 

(2003a, b) in the NE German Basin where strain localization 

along the SW margin (Gardelegen Fault) may have propagated 

into the salt cover of the basin, so that the resulting folding 

was balanced by viscous salt flow into the anticlines. 

The next phase of Paleogene-Neogene salt withdrawal led 

to growth of N-S oriented salt structures mainly at the 

margins of the basin (Figs 7a, b and 8a, b). This phase of salt 

tectonics correlates temporally with normal faulting in the 

overburden and salt base (Maystrenko et al., 2005a, b). This 

indicates a renewed change in tectonic regime after Late 

Cretaceous-Early Cenozoic compression. 

Though our approach yields solid results on the main 

controlling factors for the evolution of the GG at a regional 

scale, some limitations of the method have to be mentioned 

for completeness. The results of the salt redistribution depend 

strongly on the input data set, especially the reconstructed 

thickness maps for the backward modelling and the geometry 

of the salt base. Another sensitive parameter for the outcome 

of the modelling is the original amount of Permian salt. The 

latter is dependent on the potential volume loss due to 

dissolution of salt, a process which has been considered with 

limited accuracy only. Additionally, the re-established distri

bution of the Keuper sediments has to be corrected for post-

depositional Keuper salt movements at the post-Triassic 

evolution stage of the GG. In order to avoid possible mistakes, 

the reconstructed thickness maps were made by using all 

available data and the shape of the salt base was predefined 

with some approximation beneath the salt structures. This 

part proved to be a difficult task as the salt base beneath the 

salt structures often is poorly imaged on seismic data. 

Especially in the central part of the GG, no deep wells reach 

this level and the base salt surface in the model remains an 

approximation. 

To remove these uncertainties, additional data would be 

required (seismic lines and deep wells). For instance, a prestack 

migration should be applied to all seismic lines crossing salt 

walls in order to resolve the seismic image beneath salt 

structures and additional borehole data and seismic lines are 

needed for accurate correlation of reflections within the areas 

strongly affected by salt tectonics. For this reason, some 

simplifications were used in the modelling process. However, 

3D structural modelling provides quantitative results within 

the limitations discussed above. 
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I Conclusions 

The results of 3D backward modelling demonstrate that the 

formation of the deep Central Glueckstadt Graben and the 

subsequent Jurassic-Cenozoic marginal troughs (Westholstein, 

Eastholstein and Hamburg) was strongly controlled by salt 

movements through time. In summary, it can be stated that 

the development of the depletion zone of the Permian salt 

through time (Fig. 7) is in agreement with the observed distri

bution of the maximum subsidence centres of the different 

stratigraphic units (Figs 6). This points to the conclusion that 

salt removal seated the accommodation space for local sediment 

accumulation. In the central part of the GG, the depletion 

occurred already in the Triassic and perfectly correlates with 

the thickest Triassic (cf. Figs 7f and 5a). During the Jurassic, 

Cretaceous and Cenozoic, the areas of depleted Permian salt 

shifted towards the basin flanks and the same shift is observed 

for the centres of maximum sediment deposition. Only minor 

isolated salt pillows persisted within the central part of the 

basin and have locally fed salt walls and diapirs during post-

Triassic time. As indicated by thickness maxima (Fig. 6), the 

sedimentation centres for each periods are always located 

above the zone of reduced or depleted Permian salt (cf. Figs 6 

and 7). Thus, the results of the modelling strongly support the 

conclusion that salt withdrawal has played an important role 

during the Meso-Cenozoic basin evolution and that the effects 

of the salt-driven subsidence during the Meso-Cenozoic may 

be considered as one of the main controlling factors for the 

formation of the deep Central Glueckstadt Graben and the 

subsequent Jurassic-Cenozoic marginal troughs (Hamburg, East-

and Westholstein). In other words, the progressive depletion 

of the Permian salt layer, from the central part towards the 

margins, created the large part of the accommodation space 

for sedimentation in addition to tectonic subsidence in the GG. 

The results of our study indicate a good correlation between 

the main phases of salt movements and tectonic events, 

implying tectonically induced salt activity in the area under 

consideration. During the Triassic, the first stage of salt 

movements occurred within the Central Glueckstadt Graben. 

Regional extension, responsible for faulting of the base salt, 

may have triggered reactive diapirism and caused the 

formation of the deep primary rim synclines. Once the salt 

structures had reached the critical size, buoyancy forces 

supported their continued growth until the Jurassic when 

extension-induced regional stresses once more affected the 

GG. The results of the modelling demonstrate very little salt 

activity during the late Early Cretaceous-early Late Cretaceous 

when the area of the GG was tectonically silent. Therefore, our 

study supports the concept of tectonically induced salt 

movements which can be interrupted during tectonically silent 

intervals. Salt movements were reactivated in the marginal 

troughs (Hamburg, East- and Westholstein) by compressional 

forces during the latest Late Cretaceous-Early Cenozoic. The 

youngest phase of Paleogene-Neogene salt withdrawal led to 

the growth of almost N-S oriented salt structures mainly at 

the margins of the basin. This phase of salt tectonics correlates 

temporally with almost W-E extension, indicating a renewed 

change in tectonic regime after Late Cretaceous-Early Cenozoic 

compression. 
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