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The diversity of morphological features of Mesozoic inversion structures in NW Germany as representatives of inversion
structures in northern Europe is presented and their origin analysed and geologically dated. The particular role of salt in in-
verted basins and the re-shaping of pre-existing salt structures during the inversion act is demonstrated and the term 'salt
wedge', a Zechstein salt intrusion into salt layers within the Triassic sedimentary pile, introduced. The leading theories on in-
version (continent-continent collision, re-activation Variscan features) are discussed and discarded, but no new comprehen-
sive theory was developed. The impact of inversion on HC prospectivity of sedimentary basins is debated and proposals for

future interdisciplinary research are made.
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Introduction

Basin inversion is defined as the process where a re-
versal occurs in the sense of tectonic movement, e.g.
uplift of a former depocentre and subsidence of the
highs bordering the basin (Voigt, 1962a). World-wide
inverted basins contain significant amounts of hydro-
carbons and therefore since long these basins attract-
ed the attention of geologists.

The intra-plate phenomenon of basin inversion has
for the first time been recognised by Russian authors
on the East European platform (Pripjat-Donets and
other basins; Pavlov, 1887; Schatski & Bogdanow,
1958; Schatski, 1961). In western Europe Stille
(1923-1925) introduced the term of “Saxonian tec-
tonic style” for areas like Lower Saxony which experi-
enced earlier dilatation, followed by later compres-
sional overprinting. Detailed descriptions of inverted
basins have been given by Wolburg (1954), Schreiber
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(1957), Boigk (1968), Heybroek (1974, 1975), Burke
(1977) and Van Wijhe (1987). Voigt (1962a) defined
an inversion structure as a former trough, basin, half-
graben or graben, which later became uplifted
(aulacogene in the sense of Schatski). A comprehen-
sive description of nearly all inverted basins in NW
Europe and a first attempt to explain the phenome-
non on the base of plate tectonics, has been given by
Ziegler (1987b) and his co-workers. Since then a
multitude of papers and summarising special publica-
tions have been published on this topic (for instance
Wong et al., 1989; Baldschuhn et al., 1991; Ziegler et
al., 1995, Buchanan & Buchanan, 1995; Hooper et
al., 1995; Huyghe & Mugnier, 1995, Nalpas et al.,
1995; Nalpas, 1996, Ziegler et al., 1998, Stovba &
Stephenson, 1999; Yegorova et al., 1999, Vejbaek &
Andersen, 2001). In NW Germany in the past two
decades a multitude of smaller and larger inversion
structures have been structurally mapped and geneti-
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Fig. 1. Geographic positions of the sections figs. 2-13. (V1. =Vlieland Basin, RVG = Roer Valley Graben)

cally analysed, sections, structural maps and descrip-
tions have been published by Baldschuhn et al.
(1996, 2001; Figs 2-13). These sections are based on
a dense network of interpreted and depth-converted
2D-seismic lines and bore-hole data from oil compa-
nies operating in Germany as well as on surface map-
ping by the regional geological surveys.

The aim of this paper is to show the morphology of
different types of inversion structures, analyse their
genesis in time, to show the influence and role of salt
in inverted basins and individual structures, to dis-
cuss various theories on the inversion process and fi-
nally to describe the impact of inversion on the hy-
drocarbon potential of sedimentary basins.

This study is focussed on inversion structures in
NW Germany, preferably on those within the invert-
ed Lower Saxony Basin. This basin is situated within
the larger Permo-Triassic Central European Basin,
which extends from eastern Poland through north
Germany, the Netherlands and the southern North
Sea into Britain. This uniform basin became frag-
mented into individual depocentres during the Juras-
sic and Early Cretaceous rifting and these subse-
quently were inverted in Late Cretaceous, some even
in Tertiary times. Besides the Lower Saxony Basin the
Mid-Polish Trough in Poland, the Reonne Graben off
Bornholm, the Scandinavian border zone in Scania,
Sweden, the Grimmen and Prignitz basin in NE Ger-
many, the Central and West Netherlands basins, the
Roer Valley Graben, the Broad Fourteens and Sole
Pit basins and the Dutch Central Graben in the south-
ern North Sea as well as many smaller graben and
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halfgraben structures linked to basement lineaments
show comparable development of Jurassic-Early Cre-
taceous subsidence and Late Cretaceous inversion
(Fig. 1). All these basins have been covered with
dense networks of 2D and partly 3D reflection seis-
mic and have been intensely drilled for hydrocarbons.
The geological data base in these basins therefore is
excellent and far better than in the classic areas of
outcropping Mesozoic formations.

Morphology and genesis of inversion structures

In intra-plate inverted basins five genetic stages can

be observed:

1. The formation of rapidly subsiding troughs, half-
grabens or grabens which, contemporaneously, are
filled by thick and stratigraphically more complete
sedimentary sequences than in the surrounding ar-
eas, the basin margins or rift shoulders. These often
rise to erosion level simultaneously. Rifting activity
is not a continuous process even in neighbouring
structures and may start or cease at different times.

2. A period of decreasing tectonic activity, during
which the differences in subsidence between the
basins and the adjacent highs is compensated by
filling-up of the depocentres and overstepping of
sedimentation onto the flanks without ruptural de-
formation. This period has sometimes been named
“formation of the internal sag” or “thermal sag”.

3.The inversion stage, caused by shortening of the
basement or crust. The filling of the former basin
or graben is pressed upwards and onto the flanks or
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shoulders, anticlines with flat bottoms originate.
The former normal border faults are transformed
into reverse faults or thrusts or (in case the former
down-throw is not compensated by the reverse ac-
tivity) into “phaeno-normal faults”. Contempora-
neously, rapidly subsiding “subsequent marginal
troughs” (Voigt, 1962a) sink into the former
graben or basin shoulders, which are often filled
with partly turbiditic sediments or even
olisthostromes (Voigt, 1962b).

4.1In a next stage non-ruptural and flexure-like uplift
of the individual inversion structures or the invert-
ed basin as a whole continues and diminishes with
time.

5.1In a last stage along some of the compressional re-
verse faults and thrusts “relaxation” movements

can be observed. The reverse faults act as normal
faults in opposite direction in a now again dilata-
tional stress regime.

Inversion cycles can be very long (from Devonian
to Late Cretaceous in the Pripjat-Donets Basin; Stov-
ba & Stephenson, 1999) or rather short-lived (from
Early Jurassic to Eocene) in the Lower Saxony Basin
(LLSB). Also the different stages may cover different
time spans (the rifting stage in the L.SB lasted 116,7
Ma, the inversion phase only ca. 11,5 Ma and the re-
laxation phase 53 Ma. The inverted Gliickstadt
Graben in Schleswig-Holstein entered its rifting
phase as early as Late Rotliegend, the first true signs
of inversion — the formation of a subsequent marginal
trough, the so-called Hamburg pit, on the eastern

Table 1. The timing of tectonic events in NW-Germany’s inverted regions. heavy shading = compressional stress regime, light shading = di-

latational stress regime. (Radiometric ages from Gradstein et al., 1999).

age of symbol dura main tectonic
base period stratigraphic in tion events
in Ma unit section in Ma
Quaternary Holocene
2,6 (@ Pleistocene (@ 2,6 transtensional
5,3 Neogene Pliocene (tpl) 2,7 movements at selected
23,8 (tng) Miocene (tmi) 18,5 basement
33,7 Oligocene (tol) 9,9 faults
54,8 Palaeogene Eocene (teo) 21,1 “relaxation”
(tpg) Late Palaeocene (tpao) 6,1
65 Danian, Montian (td) 4,1 upwarping
Maastrichtian (krma) 6,3 and erosion
Campanian (krca) 12,2 intensive inversion,
Late Santonian (krsa) 2,3 thrusting, deformation
Cretaceous Coniacian (krec) 3.2 of salt structures
(kro) Turonian (krt) 4,5 formation of the
98.9 Cenomanian (krc) 5,4 “internal sag” without
Albian (krl) 13,3 fracturing
Aptian (krp) 8,8
Early Barremian (krb) 6,0
Cretaceous Hauterivian (krh) 5,0 intensive
(kru) Valanginian (krv) 5,0 rifting + subsidence,
Berriasian (Wd) diapirism
142 (Wealden) 7,2
Serpulit (joS)
Miinder Mergel (joM) very intensive rifting +
Late Eimbeckh. PK. (joE) 6,6 rapid subsidence
Jurassic Gigas beds (joG) diapirism
“Kimmeridgian” (joKI) 3,4
(Malm) Korallenoolith (oK)
(jo) Heersum bed (joH) 5,3
159,4
Callovian (jmcl) 5,0 rifting, subsidence
Middle Bathonian (jmbt) 4,8
Jurassic Bajocian (jmbyj) 7,3 diapirism
180,1 (jm) Aalenian (ymal) 3,6
Early Jurassic Toarcian (jutc) 9,5
(Liassic) Pliensbachian (jupl) 5,7
(u) Sinemurian (jusi) 6,6
205,7 Hettangian (juhe) 3,8
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Fig. 2. Fassberg structure. Unilateral inversion structure on the Pompeckj
block (PB). (a) Late Jurassic: uplift and erosion of Middle Jurassic and
parts of Lower Jurassic. Early Cretaceous: formation of a half-graben with
a northern boundary fault. (b) Albian to Turonian: Cessation of the
graben subsidence. Coniacian to Middle Santonian: inversion of the
graben, non-sedimentation and erosion of Coniacian and parts of Turon-
ian and Cenomanian, reverse faulting along the former graben boundary
fault, not compensating the former amount of down-throw (“phaeno-nor-
mal fault”). Late Middle and Late Santonian: transgression over the
structural crest, further up-warping of the structure. Early Campanian to
Late Tertiary: no further individual tectonic activity, feeble subsidence of
the structural crest (Baldschuhn et al., 1991).

For stratigraphical symbols see table 1. In addition: k = Keuper, so+m =
Upper Buntsandstein + Muschelkalk, su+sm = Lower and Middle
Buntsandstein, z = Zechstein, ro = Upper Rotliegend, ¢ = Carboniferous.
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Fig. 3. Unterliiss structure. Bipolar inversion structure on the PB. (a) Late
Jurassic: Subsidence of a small graben structure, which existed already in 5km
Keuper times, uplift and erosion of Middle and partly Lower Jurassic
rocks, to a lesser extent in the graben than on the shoulders (Upper Toar- NNE Ssw
cian preserved). Early Cretaceous: Further subsidence of the graben, bor- Base Upper Cre!ai(cn?ous
dered by two boundary faults. (b) Coniacian to Late Santonian: inversion a) 0

of the graben, up-warping of the graben fill, reverse movements along the
former graben boundary faults, non-deposion and erosion on the crest.
Late Santonian to Campanian: transgression over the crest of the struc-
ture, thrusting and further upwarping. Maastrichtian to Miocene: end of

1km,

2km,

upwarping, no further individual movements (Baldschuhn et al., 1991).
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Fig. 4. Ridderade-Diiste inversion structures. Two
minor inversion structures at the northern margin
of the Lower Saxony basin (LSB) to the PB. (a) Pre-
Coniacian: The Diste structure during the Late
Jurassic and Early Cretaceous is a faulted basin
north of the Donstorf High (see Fig. 5), the Ridder-
ade structure is a narrow y-shaped graben subsiding
in Early Cretaceous times and immediately strad-
dling the block boundary fault between the LSB
NE and the PB. (b) During Coniacian and Santonian

both structures became inverted. The Diiste struc-
0 ture became an anticline, slightly disturbed by a re-

verse fault along the northern flank, the Ridderade

Graben was pressed up into a bipolar pop-up-struc-
am  ture, accompanied north and south by deep margin-
al troughs filled with thick Coniacian and Santonian
sediments, partly with flysch character. Note the
Zechstein salt intrusion within the Triassic Rot salt
layer underlying the Diiste structure. No individual
up-buckling after the Late Palacocene (Baldschuhn
etal., 1991).

3km

4km

Dig. Bearb.: B. Borach
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Rheden Donstorfer Mulde Fig. 5. Rehden inversion structure, super-imposed

SSW NNE over a Triassic half-graben (southern continuation
of the Fig. 4). (a): Middle Buntsandstein: Syn-

NN genetic fault, seperating a subsiding block in the
South and a less rapidly subsiding block in the
North. Keuper to Middle Jurassic: a complex horst
»m formed and was deeply eroded before the Late
Jurassic (pre-Middle Kimmeridgian) transgres-

sn  sjon. (b) Late Jurassic: on top of the former horst a
small graben formed. Berriasian to Aptian: the
southern part of the structure became a syn-sedi-

sm  mentary subsiding staircase of blocks bordering
the main LSB to the north. (¢) Coniacian to Cam-
panian: during the inversion of the entire LSB the
Rheden structure was individually inverted, up-
warped and the former boundary faults of the step

present

SSw NNE

Base Coniacian

wn  blocks reversed. The underlying Carboniferous
basement was also thrusted to the North. On the
former high to the north of the structure (Donstorf
4 High), a deep subsequent marginal trough, the
Donstorf trough formed, filled with thick Conia-
#m  cian and Santonian sediments. The Rehden struc-
ture as integrated part of the LSB during the Ter-
tiary was tilted towards the North and frequently

Skm

SS NNE eroded.
0
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3km
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Fig. 6. Rithle-Annaveen inversion structure and Adorf inverted graben (western LSB). (a) From the Late Jurassic (Gigas beds) onwards the
Riihle-Annaveen structure was a subsiding trough bordered by a syn-sedimentary fault in the North and by the Adorf ridge in the South.
Note the migration of the depocentre towards the North during Late Jurassic to Early Cretaceous times. The Adorf structure was a simple
ridge in Late Jurassic and Berriasian times, during the Early Cretaceous a complex crest graben formed on its top. (b) During inversion in
Coniacian and Santonian times the filling of the Riihle Trough was up-warped, the structural HC-trap in the Bentheim sandstone (Valangin-
ian) was formed, the northern boundary fault was transformed into a partly under-compensated reverse fault (“phaeno-normal fault”). The
Adorf structure also was moderately inverted. Both structures did not move individually since the Palacogene (Baldschuhn et al., 1991).
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Nordhorn Georgsdorf - Wietmarschen Fig. 7. Nordhorn and Georgsdorf-Wi-

SSW NNE | SSE NNW

etmarschen inversion structures (pro-

b) "“ ''''''''' - longation of the section Fig. 6 towards
the south (ILSB). The Upper Jurassic
Georgsdorf-Wietmarschen = Graben
o was a syn-sedimentary graben-in-
graben structure between the Nord-
horn horst and the Adorf swell. Dur-
4k ing inversion it was transformed into a
pop-up-structure. This  inversion
structure is modified by the mobilisa-

. tion of the Upper Jurassic salt which
SSW NNE | SSE NNW additionally pressed up the roof of the

Base Conlecien structure. At the northern flank of the

. Nordhorn inversion structure one can
observe palaeo-oil-seeps in the Ben-
theim sandstone forming little cliffs as
it is cemented by HC, which subcrop
beneath the Eocene transgression. No
individual up-buckling after the Late
Palaeocene (Baldschuhn et al., 1991).

0 1 2km
L 1 J Dig. Bearb.: B. Borach
shoulder of the graben — are dated as Eocene. The Stassfurt rock salt see Fig. 1). The growth of salt
timing of tectonic events in NW-Germany’s inverted structures is generally triggered by basement faulting
regions is summarized in Table 1. during the dilatation phase (Triassic-Early Creta-
The Figs 2 to 7 show examples of inversion struc- ceous and Tertiary). In NW Germany most of the di-
tures in the L.SB and on the southern Pompeckj block apirs straddle basement lineaments or rift boundary
and explain their genesis in time. faults. Further rifting led to the break-up of the over-
burden and thus opened the salt a way to flow out to
The role of salt in inverted basins form a diapir. It is not the buoyancy effect of the salt
alone that makes the overburden burst. In contrast to
The great difference in structural morphology is if in- the theory of Stille (1917) on “ejection folding” of
verted basins contain salt or not. Parts of the inverted salt, no salt diapir has been observed to originate
basins mentioned contain salt structures (salt pillows, from compressional tectonic phases. If diapirs under-
diapirs and alike; for distribution of the Zechstein 2 go compression during the inversion phase, the salt is
Diishorn Hodenhagen
NW SE
prpsent teom-tolu  ,tolm-tmi A NN
o+teou krca krma_
ity P e i

it i g 1km

' )ll 2km

3km

Z 4km

5km

0 1 2km
I —— Dig. Bearb.: B. Borach

Fig. 8. Diishorn and Hodenhagen inversion structures. Both structures straddle different basement faults of the Aller lineament, the northern
boundary of the eastern LLSB. The different timing of the inversion act can be read from the age of the Late Cretaceous unconformities cover-
ing the crests of the structures. While the Diishorn structure became inactive already during Early Campanian, the Hodenhagen structure still
rose during the Maastrichtian. Mark the reactivation of the uppermost former thrust rooting in the Middle Keuper as a normal, SE-dipping
fault in the Palacogene.
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Fig. 9. Sohlingen salt structure (PB). The salt
wedges intruding into the Upper Buntsand-
stein Rot salt level during the compressional
inversion phase (Coniacian-Campanian). present

'wsw

SOHLINGEN

NN

The wedges are tilted by post-Cretaceous
rise of the diapir (Baldschuhn et al., 1998).

tolm+tolo

TAAKEN
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Dig. Bearb.: B. Borach

Fig. 10. Taaken salt diapir (PB). The diapiric phase took place in
Early Cretaceous times, overprinting by compression in Late Cre-
taceous times. Note, that in the Buntsandstein level the former di-
latation is overcompensated by compression, as Lower and Middle
Buntsandstein are partly doubled (Baldschuhn et al., 1998).
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w
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1km
2km
3km
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— 5km
6km
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squeezed out, the stems of the salt structures become
compressed and thin, and large overhangs develop,
many of them probably submarine salt glaciers in the
Cretaceous sea (Baldschuhn et al., 1998). Additional
Permian salt may migrate in form of wedges into the
neighbouring Mesozoic sequence, preferable into the
salt layers of the Triassic, the Upper Buntsandstein
(Rot), Middle Muschelkalk and Middle Keuper salt
layers. These salt intrusions lift up the younger sedi-
mentary pile and normally are underlain by flat lying
Lower and Middle Buntsandstein. On seismic data an
angle between the Buntsandstein and the Muschelka-
lk reflectors can be observed. These salt wedges, con-
sisting of a mixture of Permian and Triassic salts have
also been drilled in many places in NW Germany.
The Figs 8-12 give examples of inversion-affected salt
structures and salt wedges. Sandbox modelling in
compressional regimes have lead to very similar pic-
tures. (compare Fig. 12 with Fig. 11 in Koyi, 1998).
If a salt wedge later is uplifted into the ground wa-
ter level, it may be entirely leached. The roof of the
wedge then will collapse and areas with numerous in-
coherent blocks of upper Triassic rocks without any

NN
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1km

2km

am  Fig. 11, Wittingen salt diapir. The salt diapir straddles
the NNE-SSW-trending Braunschweig-Githorn fracture

am  zone.The diapiric phase took place in the Middle Juras-
sic times, compressional deformation and the intrusion

skm  of Zechstein salt wedges in the Upper Buntsandstein
salt level in Late Cretaceous times (Baldschuhn et al.,
1998).
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Fig. 12. Eitzendorf. The structure straddles the inverted Aller linea-
ment (eastern LSB). The diapiric phase began in Early Cretaceous
times (see secondary rim syncline in the SW). The Zechstein salt
wedges intruded into the R6t and Middle Muschelkalk salt levels
during the compressional inversion phase and at the same time the
overhang formed in the NE (Coniacian-Campanian). Compare
this Fig. with sand-box model published by Koyi (1998, fig. 11).
After Baldschuhn et al. (1998).

tectonic structuration will overly undisturbed and
flat-lying Middle Buntsandstein (Herrmann et al.,
1967). In southern Lower Saxony several of these so-
called “Bruchfelder” are known.

If the primary thickness of the Permian salt is re-
duced, like in the western part of the LLSB, the Zech-
stein salt wedges in the Upper Buntsandstein level
may become a lubricant for sub-horizontal thrust
planes. We are confronted here with three structural
levels, separated by detachment planes, one being the
basement beneath the Zechstein salt, one is formed
by the Lower and Middle Buntsandstein and the
third develops above the Upper Buntsandstein de-
tachment horizon (Fig. 14).

The existence of salt wedges (Baldschuhn et al.,
1998) is a strong argument against the assumption of
excessive wrenching or horizontal movements along
the main faults bordering the inversion structures.
The salt wedges often start to develop from these
main faults. Some of the salt wedges have been inves-
tigated in potassium mines and in none of these ex-
amples considerable deviations of salt-internal fold
axis from the general B direction have been reported
(Bornemann, 1979). This should be expected in case
major horizontal movements had taken place along
the fault from which the salt wedges originate during
inversion.

In inverted basins salt obviously plays a more pas-
sive than active role. The salt structures become pas-
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sively deformed or the salt acts as a lubricant on
thrusts. Nevertheless, salt has a strong influence on
the morphology of the inversion structures. Where
salt is absent, for instance in the Osning inversion, the
reverse faults dip rather steeply and can be traced di-
rectly down into the basement (Baldschuhn & Kock-
el, 1999; Fig. 15), whereas at the northern margin of
the LSB (Figs 4, 8, 13 & 14) the thrusts are sub-hori-
zontal and root in the Upper Buntsandstein or in the
Zechstein levels (see also Nalpas, 1996). It appears
difficult to appoint these thrusts in the overburden to
a specific fault in the basement.

The amount of movements during inversion

400-600 meters of vertical uplift are estimated for the
inverted Prignitz and Grimmen basins. The inversion
of the Broad Fourteens Basin is 2 to 2,5 km, Van Wi-
jhe (1987), that of the Central Netherlands Basin ac-
cording to NITG (1998) between 1,5 and 2 km. In
the centre of the LSB individual blocks are uplifted 8
km or more (Baldschuhn & Kockel, 1999). The pre-
sent day difference in height of the Zechstein base
north of and on top of the Harz Mountains amounts
to 4 km; the real uplift probably was much more (see
Fig. 16). The maximum magnitude of inversion in the
Mid-Polish trough is estimated at about 2-2,5 km
(Dadlez et al., 1997).

Horizontal displacement by now is not well investi-
gated. It is assumed, that in the LSB the total amount
of shortening in the basement is about 8 km, but this
figure is not based on balanced back-stripping.

Wolthausen Hustedt
SW NE
present
be i w
JO t-q
ey atthay :
m 1km
z i
o Sl 2km
1 3km
2
z z 4km
Skm
0 1 2km
IS E—| Dig. Bearb.: B. Borach

Fig. 13. Wolthausen salt structure (eastern LSB). The structure
straddles the Aller lineament. The diapiric phase was reached in
Late Jurassic-Early Cretaceous times (secondary rim syncline SW
of the structure). During inversion salt was pressed out from the di-
apir to form a salt wedge to the SW into the Upper Buntsandstein
salt level and a large overhang (possible submarine salt glacier in
the Santonian sea). The salt structure rose further during Campan-
ian and Maastrichtian (Baldschuhn et al., 1998).
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Fig 14. Barenburg, Sulingen, Scholen (western L.SB). Inversion structures at the northern boundary of the LSB. Note the structural decolle-

ment in the Zechstein layer and in the Upper Buntsandstein salt level. The thrust plane is lubricated by Zechstein and Triassic salt (Bald-
schuhn et al., 1998).
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Fig. 15. Osning-Lineament — Nordwestfalen-Lippe-Schwelle (western LSB). Inverted southern margin of the LSB. No Zechstein salt is in-
volved, the listric “phaeno-normal” faults root directly in the pre-Permian basement. Note the “subsequent marginal trough” filled with 1000
m of Coniacian and Santonian sediments south of the most southern thrust (Baldschuhn & Kockel, 1998).

Harz Subherzyn Altmark

Harz northern boundary Haldensleben Gardelegen fault
SW fault fault

Two way travel time
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Fig. 16. Geological interpretation of a line drawing of the DEKORP section "Basin 96". Three inverted blocks, the Harz in the SW), the Sub-
Hercynian-Flechtingen block in the centre (limited by the Haldensleben fault) and the Calvérde block, limited by the Gardelegen fault are

thrusted towards the NE along listric “thrusts” (reflectors) which root in the deeper crust. The MOHO is intensely blocked underneath (after
Best & Zirngast, 1998).
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Features in the crust and mantle beneath the in-
verted basins

A seismic line with long registration times (Basin 96)
was acquired running from the Harz Mountains to
the north-east. It crosses the northern boundary fault
of the Harz and shows several fault blocks north of
the Harz (DEKORP Basin research group, 1999;
Best & Zirngast, 1998). Each fault block is inverted
and thrusted towards the NE along SW-dipping
listric fault planes. These fault planes root in the mid-
dle and lower crust, where duplex structures are de-
veloped (Fig. 16). In this section the Palaeozoic Harz
block is thrusted 4 km or more onto the Sub-Hercyn-
ian basin. These thrust planes have moved during the
Late Cretaceous inversion. The MOHO is strongly
displaced and subsides from 9 s in the NE down to 11
s beneath the Harz.

There has been an attempt to map the depth of the
MOHO in deep reflections seismic sections only
(Hoffmann et al., 1997). The results are not very sat-
isfying due to the lack of well-processed seismic sec-
tions with long registration time especially in West
Germany. Inverted areas like the LSB or the Gliick-
stadt graben in Schleswig-Holstein are characterised
by MOHO highs; the Prignitz inversion on the other
hand, is a MOHO low.

The inverted LSB is further characterised by a gen-
erally higher temperature gradient (50-55 de-
grees/1000 m; Hénel & Staroste, 1988), if the sedi-
mentary cover is still rather complete and no Triassic
or older rocks come to the surface. For the Mid-Pol-
ish trough see Karnkowski (1999, fig. 45).

Very rarely in the European inverted basins the in-
version phase is accompanied by plutonic intrusions
in the centre of the basin. There exist intrusions in the
centre of the LSB and they are characterised by mag-
netic and gravity as well as coalification anomalies
(Koch et al., 1997) and strong hydrothermal activity.
The emplacement time of these intrusions is not
quite clear (later than Aptian, earlier than Campan-
ian). The existence of these intrusions and their con-
nection with inversion has been debated recently by
Brink (2002) and Petmecky et al. (1999) but geo-
physical and geological evidence is still very strongly
in favour for their existence.

Discussion of theories to inversion

There is a long and not yet ended discussion of the
reasons of inversion (Ziegler, 1987a,b; Baldschuhn et
al., 1991; Buchanan & Buchanan, 1995; Dadlez et al.,
1995; Ziegler et al., 1995; 1998; Vejback & Andersen,
2001; Dadlez, 2001). The discussion concentrates on
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the question how it is possible that an intra-plate re-
gion of limited extension (graben, basin) subsides
over a long period in an dilatational stress field and
then suddenly, during a rather short time in a com-
pressional or transpressional stress field becomes up-
lifted, its sediment fill becomes squeezed out and the
former normal boundary faults become transformed
into reverse faults and thrusts.

Several theoretical explanation of inversion
processes have been offered, the best known and
widely accepted one is the theory of P.A. Ziegler
(Ziegler, 1987a,b; Ziegler et al., 1995): dilatation dur-
ing the Jurassic and Early Cretaceous in northern Eu-
rope was steered by the gradual opening of the At-
lantic. The compressional phase and crustal shorten-
ing on the contrary, was caused by the continent-con-
tinent collision of the African with the Eurasian plate
at the northern margin of the Alps and Carpathians.
The differences in inversion time for the different
basins in central and western Europe are due to the
different times of collision in the Carpathians in the
east (Late Cretaceous) and in the Swiss and French
Alps (Tertiary) in the west.

Whittaker (1985) saw the driving forces of inver-
sion of the southern English basins in the reactivation
of the Variscan thrust front beneath these basins. This
is obviously not true for the Irish-Celtic Sea sector of
the front (Dyment et al., 1990) and cannot explain
inversion neither in Germany nor in Poland nor in the
Netherlands. Late Cretaceous inversion structures
straddling the Variscan front are known (Darfeld in-
version on the Miinsterland block; Gerling et al.,
1999) but are exceptions.

Recently Vejbaek & Andersen (2001) concluded
that the inversion of the Danish part of the Central
Graben resulted from a NNE-SSW-compression or
transpression caused by ridge-push forces transmitted
from sea-floor spreading south of the Charlie-Gibbs
fracture zone, particularly from the Goban Spur SW
of Ireland, acting in conjunction with Alpine orogenic
stresses.

In order to find a comprehensive theory of inver-
sion of the Central and Western European inverted
sedimentary basins it seems necessary to collect more
and more reliable data and informations on various
topics in all the mentioned basins and in the Alpine
realm as: timing of the inversion act, timing of the
Alpine compressional pulses, geometry and orienta-
tion of the inverted basins or individual inversion
structures, the mode of stress transfer over long dis-
tances, structure of the MOHO, present day and
palaeo-temperature field, nature and intrusion time of
the intrusive bodies beneath the basins, orientation of
the stress field during the dilatational and compres-

Netherlands Journal of Geosciences / Geologie en Mijnbouw 82(4) 2003


https://doi.org/10.1017/S0016774600020187

Table 2. Timing of the development of some German and adjacent inverted basins.

(Symbols see Table 1 and Fig. 2).

ruptual inversion

late updoming

tensional

Basin rifting phase phase phase reactivation phase according to
Lower Saxony Basin ju - krp kree - krea - krmao tpao-tpl Baldschuhn et al., 1991
Prignitz Basin, Altmark ju? — krp? krcc - krea - krma tpao — q? unpublished
Lusatian Block ?—jo? krtu - krca? ? ? Voigt, 1997
Gliickstadt Graben ro-k,ju tpao - tmi unpublished
Mid Polish Trough z-kru krce - tpa - tol Dadlez, 2001

Lesczynski & Dadlez, 1999

West Netherlands Basin sm - kru krcc - krmau tpao — teo tolo - q Gras & Geluk, 1998
Landshut-Neuétting High  ?j, kru? krce - krea - teoo/tol tol, tmi Bachmann et al., 1987

sional phases, nature and origin of the marginal
troughs.

The time of inversion

The timing of different phases of inversion of some of
the Central European inverted basins is given in Table
2.

The main collision of the African plate with the
Middle Penninian ridge and thus the disappearance
of the Penninian ocean in the Alps took place in the

Austro-Alpine (Hauterivian to Barremian), the Aus-
trian (Albian and Cenomanian) and in the Mediter-
ranean phase (Turonian; Table 3). The Sub-Hercyn-
ian phase, (Ilsede and Wernigerode phase), the main
inversion time in Central Europe, has been observed
only on the consolidated eastern Alpine nappes but
not in the Rheno-Danubian and Carpathian Magura
ocean north of it. The Laramide phase at the begin-
ning of the Tertiary, often described as another pulse
of inversion, was not felt in the Alps at all. In northern
Europe the Laramide unconformity is not the result

Table 3. Comparison of tectonic events in the Eastern Alps and in the LSB. Modified after Tollmann (1986). For more recent data see
Trautwein et al. (2001). Heavy shading = compressional stress field, light shading = dilatational stress field.

Eastern Alps (from TOLLMANN, 1986) NW Germany
orogenic age Ma important events age Ma events
Phase
latest alpine Pliocene, disconformities, tilting of the alpine tilting of mega-blocks
cycles Pannon- forland towards the E
ian,Sarmatian
Moldavian Sarmatian / 14 non-sequencies in the Badenian Miocene B8
Badenian
Sturian intra-Miocene 17 last Flysch nappe movements dilatational and transtensional
Savian L. Miocene - 23,8 Flysch nappes, gliding in to movements at
U. Oligocene Molasse trough several basement
Helvetian | U /M. Oligocene | 27 no record in Eastern Alps block boundaries
U. Palaeocene of low intensity
Pyrenean U. Eocene 40 beginning of thrust movements in the 61
Flysch and Helvetian zones, post-
Gosauan thrusts in the Ostalpine
Laramide Palaeogene — 65 local gaps in Gosau basin, in the Maastrichtian 65 several sea-level low-stands,
Maastrichtian Eastern Alps of minor importance / uplift and
Palaeocene erosion of inversion structures
Ressen U/L 77,3 | uplift of Central Zone, unconformities || Campanian | 77,3 | end of ruptural inversion and
Campanian in Gosau basin compression
Wernigerode Campanian / 83,5 moderate movements Santonian 83,5 inversion in LLSB and on
Santonian to - Pompeckj block, compression,
Ilsede U /M Santonian | 84,3 no record in Eastern Alps Coniacian 89 transpression, thrusting
Mediterranean| U.Turonian 89 main nappe formation in the
Calcareous Alps, Gosau unconformity
Austrian Cenomanian/ | 98,9 continued nappe gliding, thrust of
Albian Tauern
Austroalpine Barrémian / 127 start of nappe gliding in the Aptian — 112 | transtensional and dilatational
Hauterivian Central Zone Valanginian | -137 rifting in the LSB
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of a tectonic pulse but that of a couple of sea-level
movements (Vinken, 1988). The continent-continent
collision in the Alps and Carpathians and with it the
closing of the Rheno-Danubian and Magura ocean
took place in the Pyrenean phase in the Late
Eocene/Early Oligocene and continued in the Savian
and Sturian phases in the Miocene (for modern dat-
ing see Trautwein et al., 2001). During the Eocene to
Miocene we observe feeble inversion of the Gliick-
stadt Graben in Germany, late uplift in the Mid-Pol-
ish Trough and during the Miocene in the West
Netherland Basin but none in the LSB or
Prignitz/Altmark Basin.

The exact dating of tectonic movements — ruptural
deformation or uplift — of inversion structures is es-
sential and has not been done with the necessary care
in many areas. In large areas marked by Ziegler et al.
(1995; Figs. 12-13) to have suffered Tertiary com-
pressional deformation (Franconia, Thuringia, Lusa-
tia, southern part of the LSB) sediments younger
than Late Cretaceous are entirely missing. The today
apparent morphological differentiation of the Central
German Middle mountains by the great fault zones
like the Frankonian line, the Osning or the Harz
northern boundary fault is very probably the result of
reactivation of Cretaceous inverted thrusts in a ten-
sional stress field during the Pliocene and Early Pleis-
tocene connected with differential block uplift (Mey-
er & Stets, 1998, Garetsky et al., 2001). Other former
thrusts, the movements on which can be dated by
syn-sedimentary Palaeocene sediments, show clear
signs of relaxation or delatation. All Tertiary move-
ments along faults in North Germany have been
closely investigated and dated by Briickner-Réhling et
al., 2002.

It should also been stressed that in every case a
clears distinction has to be made between erosion and
transgression caused by tectonic pulses and those
caused by regional sea-level changes. This, de-
plorably, has not always been done and then may lead
to wrong conclusions.

Orientation of the inverted basins in respect to
the Alpine collision front

In Northern Europe a number of inversion structures
have a rather unfavourable strike direction in respect
to the E-W-running Alpine or Carpathian front: the
NNE-running inverted the Renne graben and its
southern prolongation, the Brunswick-Githorn frac-
ture zone, the NNW-striking Egge inversion zone and
the Dutch North Sea graben. It is difficult to under-
stand how they inverted by Alpine collision. This
point is also stressed by Vejbzk & Andersen (2001)
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for the inverted Danish part of the Central North Sea
graben. Some of these inversion structures cross each
other at a nearly 90 degree angle, but became invert-
ed simultaneously in Coniacian-Santonian times (the
WNW-running Osning and the NNW-running Egge,
Baldschuhn & Kockel (1999) the WNW-running
Aller lineament, the NNE-running Brunswick-
Gifhorn zone and the NNE-running Emtinghausen
lineament (Fig. 1) Renne graben and Scandinavian
border zone). Along these inverted fault zones no ma-
jor strike-slip movements have been observed, which
should be expressed by displacement of structures,
displacement of pre-inversion palaeogeography or by
meso-tectonic features along the exposed faults (Harz
northern boundary fault, Thuringian faults; Biewald
& Franzke, 2000).

Mode of stress transfer over long distances:

The most intense inversion should occur near the
Alpine front beneath the Bavarian or Austrian Mo-
lasse basin. There is some inversion on the SW Ger-
man block (Carlé, 1955) and in Thuringia (Biewald &
Franzke, 2000), but it is very feeble. Only 600 km far-
ther north we see shortening of the crust of several
km and alpine-type thrusting of more than 8 km dis-
tance. This is not in accordance with the assumptions
of Ziegler et al. (1995).

Orientation and age of inversion structures near
the Alpine and Carpathian front

Southern German inversion structures like the Land-
shut-Neuoétting high (Bachmann et al.,, 1987) and
several more in Austria (Nachtmann & Wagner, 1987)
generally strike NW-SE and at their south-eastern
end have been covered by the Alpine nappes. These
inversion structures existed prior to the emplacement
of the Flysch, Helvetic and Upper Eastern Alpine
nappes and have nothing to do with them. The south-
eastern prolongation of the inverted Holy Cross
mountains near Rzeszéw and Przemysl in SE Poland,
which is part of the Mid-Polish inverted trough also
strikes obliquely beneath the W-E-running Carpathi-
an front (Znosko, 1998).

The occurrence of the magmatic bodies in the
centre of the LSB

It seems difficult to imagine how a collision event 600
km to the south may trigger magmatic activities in the
LSB. These magmatic intrusions are assumed to be
related with the inversion process (consider also
Brink, 2001).
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Pre-disposition of inversion structures as syn-
forms

Only the former synforms, basins, grabens and alike,
are affected by inversion, never the platform areas be-
tween the synforms. There is a close relationship be-
tween the amount of early subsidence and later inver-
sion-related uplift. The shailow Prignitz Basin was up-
lifted only 400 to 600 m, the deepest parts of the LSB
several thousands of meters.

The origin of the subsequent marginal troughs
contemporaneously with inversion

The phenomenon of the formation of subsequent
marginal troughs has often been neglected in litera-
ture but is an integrated part of the inversion process.
The subsequent marginal troughs, filled with Upper
Cretaceous or Tertiary sediments, which are charac-
teristic not only for the individual inversion structures
(Figs 4 & 5) but also for entirely inverted basins as a
whole. As an example may serve the “Vor-Osning”
trough on the northern margin of the Minsterland
block immediately south of the Osning lineament,
which forms the southern boundary of the LSB. This
trough contains up to 2500 m of Upper Cretaceous
sediments, partly as olisthostromes, derived from the
rising L.SB (Fig. 15). Other examples of marginal
troughs are shown in Fig. 5 (Donsdorfer Mulde) and
Fig. 8 (marginal trough infront of the northern
boundary of the inverted LLSB). Similar troughs have
been listed from several European inverted basins al-
ready by Voigt (1962a). Up to now there is no com-
prehensive theory, which would include and may ex-
plain all these features observed in connection with
intra-cratonic inversion.

What brings us closer to an understanding of in-
version processes?

Most of the inverted basins are very well explored and

in the future many new geophysical or geological data

— deep bore-holes, deep reflection seismic lines - can-

not be expected. So we have to rely mainly on the old

data, but still several fields of further research exist,
which have been unsatisfactorily dealt with in many
basins in the past:

* Better regional investigations of the present day and
paleo-temperature field and heat flow, considering
also geological and structural data and including ap-
atite fisson track analyses.

* Reconstruction of present day and palaeo-stress
field.

* Detailed and quantitative investigations of local and
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regional uplift during inversion (sonic log analysis
and coalification studies).

* Detailed regional coalification and maturity studies.

* 2D- and 3D-modelling of balanced sections and en-
tire basins to estimate the horizontal crustal short-
ening during inversion and for better understanding
HC-genesis and migration.

*» Regional seismic velocity studies, considering struc-
tural and palaeo-geographical data.

» Isotope geochemical and organic geochemical stud-
ies of oil and gas deposits as well as source-rock in-
vestigations in inverted basins.

* Better reconstruction of fluid movements.

* Better seismic mapping of MOHO depth and depth
of top crystalline basement.

« Better back-stripping of gravity and magnetic maps.

A good example of such a multi-disciplinary ap-
proach to an inverted basin, is given by Karnkowski

(1999). For other basins this integration of different

methods of geophysics and structural geology, organ-

ic geochemistry and isotope geochemistry is still lack-
ing or not sufficiently developed.

The impact of inversion on the hydrocarbon po-
tential of inverted basins

Inversion is of great importance to hydrocarbon
prospectivity. The principles of oil generation in an in-
verted basin like the LSB are as follows: In the course
of Jurassic/LLower Cretaceous subsidence oil was gen-
erated from the Jurassic or Lower Cretaceous source
rocks in the centre of the basin and filled old, existing
traps. In the very centre of the basin source rocks be-
came over-mature as a consequence of deep burial. In
the marginal parts of the basin, nevertheless, the
source rocks remained immature. During the inver-
sion the central intrusions enforced this process of
over-maturation. As a consequence of the restructura-
tion by inversion the old structural traps are de-
stroyed. The marginal parts of the former basin sub-
side as parts of the marginal troughs and hydrocar-
bons which started then to generate here migrated in-
to traps, newly formed by inversion. 90 % of the oil-
filled structural traps in the L.SB west of the Weser
River originated in Coniacian and Santonian times
and the oil in them is younger than Santonian in age.
In Tertiary times we observe a general tilting of the
LSB to the north and additional source-rocks in mar-
ginal parts of the northern basin fringe entered the oil
kitchen. East of the Glickstadt graben Jurassic
source-rocks became mature only by deep burial be-
neath the Eocene-filled marginal trough.

It is clear that only a tiny fraction of the original hy-
drocarbon potential of such an inverted basin is saved
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and can be produced. It was calculated that only 6%
of the entire potential in the LSB is left and can be
produced (Binot et al., 1993, Kockel et al., 1994).

About 60 % of the German gas deposits are situat-
ed in basement structures which have been affected
by Late Cretaceous inversion, re-structuring and up-
lift. Some of these structures had been uplifted sever-
al thousands of meters and were completely re-
shaped. From modelling we know that the bulk of gas
generated from the Westphalian source rock in Trias-
sic and Early Jurassic times. It seems improbable that
during inversion the Zechstein salt seal covering the
gas-filled palaeo-traps could remain intact. It is more
likely that all the old gas, generated in pre-Coniacian
times, escaped during inversion. The source rocks al-
so became uplifted and thus transported into cooler
levels out of the gas kitchen and expulsion of gas
came to a halt. The question remains how it is possi-
ble that gas filled these structures which formed only
in post-Campanian times? Has the gas, now pro-
duced, generated after the inversion directly from the
source rock? Or has the gas originated earlier during
subsidence and had been trapped by adsorption to
the coal or dissolved in the pore fluids and now, by di-
minished temperature and pressure conditions, is re-
leased to migrate into the post-Santonian traps? This
latter process may explain the puzzling distribution of
C and O isotope patterns in deposits with Carbonif-
erous, Zechstein and Lower Triassic reservoirs
(Lokhorst et al., 1998).

Conclusions

Although inverted basins and individual inversion
structures have been well studied in many parts of
Europe, basic questions to the driving mechanisms of
the inversion process remain unsolved. The funda-
mental question is why a long-lasting tensional envi-
ronment suddenly and for only a short period of time,
changes into a compressional environment and after
that back again into a tensional one. Also the process
and timing of gas generation prior, during and after
inversion is not well understood. More combined and
interdisciplinary research - structural geology, geo-
physics, geothermics, geochemistry, isotope geochem-
istry and numeric modelling is required to approach
this fundamental and for hydrocarbon prospectivity
estimation important process of inversion.
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