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General introduction and summary
Subsurface exploration in the Netherlands started 100 years ago in the south-eastern
Netherlands with the exploration campaign for coal of the Dienst der Rijksopsporing van
Delfstoffen. One of the wells encountered here for the first time Permian and Triassic rocks in
the Netherlands (Helenaveen-5A, 1905). Moreover, it was discovered that outcropping rocks
near Winterswijk were actually Triassic Muschelkalk, and not Cretaceous Wealden as
previously assumed (Müller, 1902). The consequence of this was a potentially much
shallower position of the top of the Carboniferous coal resources than previously assumed,
establishing an expansion of the perspective exploration areas to the eastern Netherlands.
Several of the proceeding exploration wells did indeed prove these assumptions to be correct
(NITG, 1998). The first exploration campaign was successfully concluded with the discovery
of substantial resources of coal and rock salt as well and with the first oil discovery in the
Netherlands. The concluding documents with accompanying maps (Van Waterschoot van
der Gracht, 1918) still form a true geological masterpiece, from which mainly the coal and
salt industry benefited. The petroleum industry initiated the systematic subsurface
exploration of the Netherlands during the late 1930’s, when the Bataafsche Petroleum
Maatschappij acquired a gravity and magnetic survey over the eastern Netherlands. Twelve
stratigraphic tests without commercial success were subsequently drilled in 1937 and 1938,
but in retrospect these wells were too shallow to be conclusive for the prospectivity, since
they did not penetrate pre-Cretaceous deposits. The discovery of the Bentheim gas field in
NW Germany (1938) formed a major incentive, although the focus in exploration was still
very much on oil. The discovery of the Coevorden gas field in 1948, and other Zechstein
fields in the eastern Netherlands, was a successful follow-up of this pre-war gas discovery in
NW Germany. The big incentive to the gas exploration in the Netherlands and surrounding
areas, however, was the discovery of the huge Groningen field in 1959. Despite the fact that
its size was not immediately recognised, the discovery caused a fundamental change in the
exploration strategy. Post-Groningen, systematic gas exploration of the subsurface of the
Netherlands truly started, both onshore and in the offshore. Brouwer & Coenen (1968),
Glennie (2001) and De Jager & Geluk (in press) provide details on the exploration history.
Over 4000 wells in the Netherlands onshore and offshore area have penetrated
Permian and Triassic strata. Many kilometres of seismic data were acquired. Coverage with
3D seismic in the Netherlands (55% of the country) is one of the densest on a world-wide
scale (De Jager & Geluk, in press). These data will form a rich source for studies for many
years to come.
Understanding and description of the Permian and Triassic have always heavily relied
upon knowledge from Germany, where the subdivisions of Triassic rocks dates back to the
classic work of Von Alberti (1834). Close similarities in lithological development and in the
three-fold subdivision of the Triassic made it a logical step to adopt the German
nomenclature, as done by Van Waterschoot van der Gracht (1909, 1918). These names
were formally introduced in the lithostratigraphy by NAM & RGD (1980), and further modified
and refined by Van Adrichem Boogaert & Kouwe (1994a,b). Similar to the Netherlands,
German names have been introduced in most of the countries in NW Europe (Rhys, 1974;
Bertelsen, 1980; Cameron et al., 1992; Johnson et al., 1994; Marek & Pajchlowa, 1997),
giving the impression of a well-organised and structured stratigraphic framework. Terms as
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Rotliegend, Zechstein, Buntsandstein, Muschelkalk and Keuper form a common platform for
discussions on the geology across the international borders between the countries.
Geological research should not stop at borders. It is long realised, that geological
basins and provinces cross these borders (Van Waterschoot van der Gracht, 1918).
Landforms which were used as natural borders may have a geological origin, showing drastic
geological changes across them. This applies to parts of the Dutch-German border: in the
north-eastern Netherlands it is formed by the margins of the Ems embayment, which
coincides with Carboniferous, Permian and Triassic structures (Ems Senke; Boigk, 1961),
and in the south-eastern Netherlands it coincides with the Vierssen Fault, a major structure
of the Tertiary Lower Rhine Embayment with a long geological history (Hilden, 1988).
Different ways exist to compare and calibrate stratigraphic standards; correlations
based on fossil content or absolute ages are given the benefit, but here we immediately
encounter the first major problem: a large part of the succession comprises red beds with
little or no fossils.
This thesis addresses the stratigraphical and tectonic development of the Permian
and Triassic in the Netherlands within a regional-geological setting. The principal questions
addressed are how the development of the Permian and Triassic is related to that in the
surrounding countries, to place the deposits in a NW European stratigraphic framework, and
how the basin and its infill evolved through time. Especially to understand the Triassic, which
occurs at present in several isolated basins in the subsurface of the Netherlands (Geluk,
1999b), a holistic view of the geology of adjacent areas is a prerequisite. The regional area
investigated is the Southern Permian Basin, a large intracratonic basin stretching out from
the UK in the west to Lithuania in the east.
In Chapter 1 the correlation of the Permian and the Triassic in NW Europe is
reviewed, and the main discrepancies are discussed. A stratigraphic framework is proposed
for NW Europe, which could serve as the base for a formally accepted stratigraphy between
the individual countries. The limited number of wells published in the open literature,
however, still leaves some degree of uncertainty in the correlations. Recommendations for
modifications in the stratigraphic nomenclature of the Netherlands are made and included in
Appendix 1. In Chapter 2, a method is presented for correlating continental red beds on the
basis of their wire-line log character, exemplified by the Lower and Main Buntsandstein
(Early Triassic) in the Netherlands and NW Germany. In Chapter 3 a model for tectonics
during deposition of the Late Permian Zechstein is presented. Interaction of extensional
tectonics and the loading of rapidly deposited and relatively heavy anhydrite and rock salt
enhanced a horst-and-graben topography, which was subsequently filled and covered by
evaporites. Chapter 4 presents an overview of the Permian and Triassic deposits in the
Netherlands, focussing on the stratigraphy, tectonics and paleogeography. Chapter 5
presents the regional development of the NW European basin, illustrated with a large
number of new paleogeographic maps of several of the newly defined stratigraphical
intervals.
In this thesis, the stratigraphical nomenclature of the Netherlands (Van Adrichem
Boogaert & Kouwe, 1994a,b) will be used as a standard, unless stated otherwise. In
Appendix 1, proposals for improvements of this nomenclature are made. It is recommended
that a stratigraphic commission (with members of TNO-NITG and industry) decides whether
to incorporate these changes in the official nomenclature. Finally, the use of lower/upper and
early/late in this thesis follows the recommendations of Haile (1987).
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Chapter 1

Permian – Triassic stratigraphy: towards a NW European framework
Abstract
Reconstruction of basin development starts with a robust stratigraphical standard. When assessing
the stratigraphy used throughout the Southern Permian Basin in NW Europe, several stratigraphic
frameworks exist in different countries. They vary both in approach (lithostratigraphy versus event
stratigraphy) and amount of detail. A handicap is the lack of biostratigraphic data in parts of the
succession. A proposal for a basin-wide NW European stratigraphic framework is presented in this
chapter, which can be applied to calibrate and compare the stratigraphy of the different countries.
Furthermore, some refinements are suggested in the lithostratigraphical standard in the Netherlands.

1.1

Introduction

A prerequisite for the proper understanding of the basin development and tectonics is a
stratigraphic framework. At first glance, the lithostratigraphic framework of the PermianTriassic deposits in NW Europe appears well-defined. Terms such as Rotliegend, Zechstein,
Buntsandstein, Muschelkalk and Keuper are established in the stratigraphy of the
surrounding countries (Rhys, 1974; Bertelsen, 1980; NAM & RGD, 1980; Cameron et al.,
1992; Johnson et al., 1994; Van Adrichem Boogaert & Kouwe, 1994a,b; Plein, 1995; Marek
& Pajchlowa, 1997). The use of this terminology dates back to the early days of subsurface
exploration and was adopted in the Netherlands by Van Waterschoot van der Gracht (1909,
1918).
Apart from their lithostratigraphic connotation, Harland et al. (1990) used the terms in
chronostratigraphy. Permian = Rotliegend + Zechstein; thus the Early (Lower) Permian =
Rotliegend, the Late (Upper) Permian = Zechstein. Triassic = Buntsandstein + Muschelkalk +
Keuper, considered the equivalents of Early, Middle and Late Triassic. Thus, Zechstein =
Late Permian, Buntsandstein = Early Triassic (c.f. Cameron et al. 1992; Harland et al. 1990).
International correlation and comparison of stratigraphic units are mainly defined on
the base of their fossil contents. In the Permo-Triassic succession in NW Europe, fossils can
account only for part of this succession, since most of it is deposited in a red-bed facies and
fossils are scarce. An additional complication is presented by the fact that the Permo-Triassic
succession in NW Europe is mainly found in the subsurface, which would require a great
number of fully cored boreholes throughout the basin together with detailed investigations.
In order to compare the various lithostratigrapical frameworks, the correlation of well
data remains the most suitable method. In the beginning of the 1900’s, no modern logging
tools were developed, and only on site descriptions of the samples were made. This
description, however, was strongly governed by the objective of the well. The early
exploration wells in the Netherlands aimed at Zechstein salts and Carboniferous coal
measures. These rocks were described in cm to dm detail, much in contrast to the rough
description of the overlying Triassic-Quaternary succession (200 m of red sandstones in the
well Helenaveen-5A; Van Waterschoot van der Gracht, 1909). For detailed stratigraphic
correlations, these wells have limited value. Despite the detailed description, one has to bear
in mind that no standard existed for describing lithologies, colours or sedimentary structures
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as presented by Reijers et al. (1993). Therefore, comparing two well sections described by
different persons is a risky enterprise, unless they used the same standards and terminology.
The introduction of well logging in the middle part of the 20th century meant a
breakthrough, because unbiased physical parameters of the rocks were recorded. However,
logging is still governed by the purpose of the well; the target horizon is logged with more
sophisticated tools than the overburden. At first uncalibrated Resistivity and Spontaneous
Potential logs were recorded, but the main step forward came in the 1960’s when calibrated
Gamma-Ray and Sonic logs became standard practice. These logs provide the means to
correlate the Permian and Triassic succession in NW Europe. Published log data enable an
individual interpretation of the geological succession in terms of lithostratigraphy or sequence
stratigraphy. Special correlation techniques for continental deposits are discussed in Chapter
2.
The log data used for stratigraphical correlation purposes are relatively limited in
number and stem from the public domain. No selection of the most optimal wells for these
correlations was possible, nor was it possible to assess the quality of the published logs. It
was noted for instance, when trying to merge log runs from the same well in Poland that
these sometimes fitted rather poorly. In these cases, it has not been attempted to solve this
issue, but the two log runs have been presented next to each other. Contacts have been
established with workers in the different countries and their feedback was used to fine-tune
the correlations. Also, local thickness variations may occur as a result of salt tectonics. This
applies to the middle and upper part of the Triassic succession. Without the availability of
seismic data or geological cross sections across all wells, their stratigraphic position cannot
be assessed properly, and ‘local’ tectonics (i.e. salt movement) may strongly overprint the
‘regional’ scale of the cross sections. Finally, also the orientation of the correlation panel may
induce some bias on the interpretation.

1.2

Data base and working method

The data base for the correlation panels mainly consists of published well logs and
correlation panels. There is a wide variety in quality and availability of data: for the UK
Southern North Sea individual type sections and correlation panels have been published for
all relevant intervals (Cameron et al., 1992; Johnson et al., 1994), for the Netherlands a
series of type sections have been published by Van Adrichem Boogaert & Kouwe (1994a,b),
whereas for Germany and Poland log data was acquired from various literature sources.
The lithostratigraphic definitions in the adjacent countries have been reviewed mainly
based upon wire line log signature and lithological data. The degrees of confidence on these
correlations are discussed in the sections on the different stratigraphical groups. These
correlations have not been made for all groups: the volcanic Lower Rotliegend will be
discussed on the basis of publications, and for the Zechstein the works of Johnson et al.
(1994), Kiersnowski et al. (1995), Lokhorst (1998) and Geluk (1999a) indicate that the
stratigraphical frameworks in the different countries, with some exception, is fairly well
aligned.
The approach towards the stratigraphic subdivisions between the different countries
varies strongly. Where the UK and Dutch stratigraphy relies on the lithostratigraphic
approach outlined by Salvador (1994), correlating lithological units irrespective of the
chronostratigraphy, the German stratigraphy adapts a cycle-based correlation along time-
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lines (Plein, 1995). The main criterion in this approach is that the formations are identified
based on well logs and lateral lithofacies transitions are acceptable within the formation. For
paleogeographic reconstructions this concept is preferred to the pure lithostratigraphic
approach (Salvador,1994); as an example, lateral transitions of lithologies contain valuable
paleogeographic information, which would not be captured and understood by subdividing
the lithologies into different formations. In this thesis, the concept outlined by Plein (1995)
has been used for the correlations in NW Europe. In various figures, the difference between
the approaches will be visualised (Figs 1.3 & 1.7).
For the main lithostratigraphic units, detailed correlations were made to compare
them. These will be discussed below. For the UK, the main reference source used was the
stratigraphical nomenclature published by Johnson et al (1994), and the works of Cameron
et al. (1992), Glennie (1998), Taylor (1998) and Fisher & Mudge (1998). For Denmark, the
work of Bertelsen (1980) and Michelsen & Claussen (2002) form the main reference,
together with data published by Röhling (1991) and Beutler & Schüler (1987). In Germany,
the only formal lithostratigraphical subdivision to date is published by Plein (1995) on the
Rotliegend, but numerous publications contain stratigraphical overviews of the Permian and
Triassic: Plein (1980), Röhling (1991), Beutler (1980, 1993, 1995 & 1998), Gaertner &
Röhling (1993). For Poland, reference is made to Dadlez (1976), Hoffman et al. (1997),
Karnkowski (1994, 1999), Raczynska (1987), Wagner (1995), Marek (1983), Marek &
Pajchlowa (1997), Szulc (1999, 2000), Kedzierski (2001) and Roman (2004).

1.3

Stratigraphy

1.3.1 Permian stratigraphy
The Permian (or Dyas) was traditionally subdivided into the Early and Late Permian following
the definition of Geinitz (1861, 1862 in: German Stratigraphic Commission, 2002). The
Illawarra magnetic reversal was taken as the boundary between these stages (Menning,
1995). Following the work of the Permian Stratigraphical Subcommission, recently an
updated three-fold subdivision of the Permian has been published (IUGS, 2001; ICS, 2003).
The absolute ages of Gradstein et al. (2004) are used in this thesis.
In NW Europe, Permian deposits have been divided into two major lithostratigraphic
units, being the Rotliegend and the Zechstein. The terms Zechstein and Rotliegend are
traditional mining terms used in the area of the Harz Mountains. In the Zechstein the miners
would construct the mine (The German word Zeche meaning mine gallery), and underlying
the copper seams at the base of the Zechstein lies the Rotliegend (literally red underlying
rocks). These terms found their way into regional stratigraphy; the Rotliegend was
synonymous for Lower Permian, the Zechstein for Upper Permian. Furthermore, Rotliegend
and Zechstein were sometimes used as an equivalent to the Early and Late Permian (i.e.
Geinitz, 1861, 1862, in: German Stratigraphic Commission, 2002; Harland et al., 1990).
Base Permian Unconformity
The contact between the Permian and the Carboniferous correlates with an important
unconformity in the Southern Permian Basin (Ziegler, 1990; Lokhorst, 1998). Since the
Middle to Late Permian Rotliegend may overlie Namurian to Stephanian deposits in the
Netherlands, this hiatus represents as much as 40 to 60 Ma (Geluk, 1999a). It should be
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Figure 1.1. Schematic stratigraphic correlation diagram of the Rotliegend and Zechstein deposits. It
shows the strong diachronous character of the base of the Rotliegend. In the Netherlands the various
unconformities as defined in Germany merge into a single mega-unconformity with a span of at least
30 Ma. Further, the subdivision of the Permian deposits into groups is shown, as well as the
subgroups of the Rotliegend Sediments Group. The Illawarra magnetic reversal, Plein (1995)
coincided with the former Early–Late Permian boundary, but falls now within the Middle Permian
according to the new ICS (2003) scheme. Modified after Plein (1995), Menning (1995) and Glennie
(1998).

taken into account that this hiatus inhibits an amalgamation of several unconformities into a
single mega-unconformity (Glennie, 1998). The name Saalian Unconformity, frequently used
in the Netherlands (Van Wijhe, 1987), is not comprehensive since it refers only to one of the
unconformities involved; in particular, the Saalian Unconformity separates the Lower
Permian from the Upper Permian in the eastern parts of Germany (Stille, 1920). Further
unconformities are the Franconian unconformity (Katzung, 1972), separating the
Carboniferous from the Lower Rotliegend, and the Altmark I–III unconformities in the
Rotliegend (Hoffmann et al., 1989). In Germany and Poland (Karnkowski, 1999) the
individual unconformities can be recognised in the sedimentary succession, but towards the
west, they merge into a single mega-unconformity at the base of the Permian, for which the
name Base Permian Unconformity is proposed (fig. 1.1).
Despite the large gap in time, the identification of the unconformity may prove to be
very difficult in some areas, because of a uniform red-bed lithology across the boundary and
the general absence of fossils. A combination of various methods may result in a proper
identification (e.g. sequence stratigraphy, core studies and chemostratigraphy; Schuurman,
1998).
Rotliegend volcanics (‘Lower’ Rotliegend)
Volcanoclastics of the Rotliegend have been encountered in the Southern Permian basin,
from Poland to the UK Southern North Sea (see Chapter 5). They form a number of
separated occurrences around volcanic centres (Ziegler, 1990; Lokhorst, 1998). In the
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eastern part of Germany and western Poland, three subsequent stages of volcanism are
identified: a lower andesitic rhyolite, overlain by ignimbritic rhyolites and finally by alkaline
basalts, which can be recognised over the entire area. In eastern Germany the volcanics are
dated based on Zircon ages and insect remains, mainly as Stephanian to Asselian, with the
youngest basalts of Artinskian age (P. Hoth et al., 1993; Breitkreuz & Kennedy, 1999: 302–
297 Ma). A lithologically similar succession of volcanics described by Stemmerik et al. (2000)
from the Danish North Sea shows different ages. The first phase of volcanism is dated 300–
288 Ma and the second phase 281–276 Ma. They both show an andesitic and rhyolitic
composition and occurred in the western part of the Central and the Horn Graben. The
youngest, basaltic, pulse (269–261 Ma, Middle Permian) occurs in the Danish Central
Graben. The basaltic volcanoclastics in the Ems Low in the eastern Netherlands, directly
overlain by the Zechstein Group, revealed a K/Ar age of 258±6 Ma (Sissingh, 2004). No
older extrusives were dated in the Ems Low, but widespread intrusive volcanism occurred in
the time-span 290–295 Ma (Eigenfeld & Eigenfeld-Mende, 1986; Sissingh, 2004).
In the Horn Graben and the western Central Graben, tholeitic ocean floor basalts
have been encountered (Best et al., 1983; Martin et al., 2002; Heeremans et al., 2004).
These basalts are undated in the Horn Graben, but range in age from 299 to 320 Ma on the
western side of the Central Graben.
The Rotliegend Volcanics do not form a single unit or event, but display considerable
variations in their relative stratigraphical and absolute ages. The relative stratigraphical age
is controlled by the underlying and overlying sediment packages. The volcanics rest
unconformably on a wide variety of rock, ranging in age from Devonian in parts of Poland
and the Danish offshore, Dinantian, Namurian and Westphalian in eastern Germany and
Poland to Stephanian or possibly earliest Permian rocks in north-east Poland, north-west
Germany and the eastern Netherlands (Lokhorst, 1998). No relationship could be established
between the age of the volcanics and that of the underlying rocks.
There is a positive correlation between the age of the volcanics and the overlying
rocks. The beds overlying the volcanics range in age from the oldest deposits of the
Rotliegend sediments (Müritz Subgroup) in eastern Germany (Plein, 1995), to the youngest
Rotliegend sediments or even Zechstein in the eastern Netherlands (NITG, 1999). Younger
overlying rocks correlate with younger absolute ages of the Rotliegend Volcanics.
Heeremans et al. (2004) relate the volcanism in the central North Sea area to a single
phase, and ascribe the different ages to imprecision of the K/Ar method, which often yields
ages that are too young due to loss of argon over time. The imprecision of the K/Ar method
questions some of the datings, underlining the necessity for high-resolution (SHRIMP)
datings of the volcanics (e.g. Breitkreuz & Kennedy, 1999), but there is sufficient geological
evidence for several volcanic phases (Glennie et al., 2003; Martin et al., 2003).
The composition of the volcanics reflect, according to P. Hoth et al. (1993), a fivestage evolution of the extrusive volcanism, from andesitic, ignimbritic, explosive ignimbrite,
post-ignimbrite into a basalt stage. P. Hoth et al. (1993) correlate the different stages in
eastern and central Germany, and by extrapolation, Plein (1995) assumes similar ages for
the volcanics in the Ems Low and the German North Sea. In the western part of the UK
Central Graben older basalts were encountered (Martin et al., 2002), and in the Danish
Central Graben (Stemmerik et al., 2001) and the Dutch part of the Ems Low, much younger
volcanics have been recorded (288 to 258 Ma respectively) which do not support a direct
extrapolation between the different basins.
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The range of ages reflects the presence of several volcanic centres, which were
active at different times. In western parts of the basin, the volcanics are even
contemporaneous with the deposition of the ‘Upper’ Rotliegend in eastern Germany and
Poland. It is therefore recommended to rename the Lower Rotliegend into Rotliegend
Volcanics Group, and the Upper Rotliegend into the Rotliegend Sediments Group, to avoid
any suggestion of superposition in the form of lower and upper. Formation names could be
applied to related volcanoclastic rocks per basin or part thereof, such as the Emmen
Volcanic Formation for the Ems Low in the eastern Netherlands. The informal Karl formation
is proposed in Appendix 1 for the occurrences in the Dutch Central Graben.
Rotliegend Sediments (‘Upper’ Rotliegend)
‘Upper’ Rotliegend rocks occur in the entire Southern, as well as in parts of the Northern
Permian Basin. The principal subdivision of the German Rotliegend into subgroups, as
outlined by Plein (1995), is considered applicable to the entire Southern Permian Basin.
Three subgroups have been identified in the Rotliegend Sediments, the Müritz, Havel and
Elbe subgroups. The age of the Müritz Subgoup (also referred to as Oberrotliegend I) is,
based on conchostrachans, Early Permian (Sakmarian). The Havel and Elbe Subgroup
(Oberrotliegend II) are much younger, of Middle to early Late Permian age.
The work of Plein (1995), in combination with Van Wijhe et al. (1980), George & Berry
(1994), Glennie (1997, 1998) form the basis for the understanding of the Rotliegend in the
Netherlands. In contrast to earlier consensus that the Rotliegend was Early Permian in age,
Menning’s (1995) magneto-stratigraphic investigations, in conjunction with palynological and
biostratigraphic data (Schneider & Gebhardt, 1993) demonstrated that this applied only to the
lowermost part of the Rotliegend (Rotliegend Volcanics and Müritz Subgroup); the major part
is Middle to Late Permian in age. This is supported by conchostacans and palynological data
from the upper part of the Rotliegend in eastern Germany (Plein, 1995) and from the Auk
Formation in the Northern Permian Basin (Heward, 1991). The view on the age of the
Rotliegend sediments has been adopted in the stratigraphy of Germany (Plein, 1995) and
other counties (Van Adrichem Boogaert & Kouwe, 1994a; Glennie, 1998; Lokhorst, 1998;
Karnkowski, 1999).
The correlation panel for the Rotliegend (fig. 1.2) contains wireline logs from Gast
(1991), Plein (1995) and Karnkowski (1994) in the eastern part. Their stratigraphical relation
is documented by the work of Hoffmann et al. (1999) and Karnkowski (1999), who published
a proposed German–Polish scheme for the Rotliegend stratigraphy. Well logs for the Dutch
part have been adapted from Van Adrichem Boogaert & Kouwe (1994a), and expanded
westward into the UK sector with data from Johnson et al. (1994).
The correlations are anchored both on the salt cycles dominating the succession in
the western part of the basin, and on distinct conglomerate beds occurring in eastern
Germany and Poland which delineate the main formations. The salt beds are taken as the
best indications of time-constrained deposits in the Rotliegend, reflecting basin-wide dry
episodes (Glennie, 1998; Gast, 1991; Plein, 1995; Verdier, 1996).
Based on these detailed log correlations of the salt beds with the NW German
Rotliegend sequence stratigraphy (Trusheim, 1971a,b; Hedemann et al., 1984, Plein, 1995;
Lokhorst, 1998), the Rotliegend sediments in the Netherlands and the UK are equivalent to
the Dethlingen and Hannover formations (Elbe Subgroup) as defined by Plein (1995) in
Germany (fig. 1.2). The sediments are situated above the Illawarra magnetic reversal, and
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hence are Middle to Late Permian in age. The sequences of the Rotliegend as defined in
Germany (Plein 1995), which can be identified without any problem in the playa deposits of
the Silverpit Formation are, however, more difficult to recognize in the sandy eolian and
fluvial deposits near the margins of the basin. The implications of this new correlation is that
in the Southern North Sea area sedimentation resumed at 265 Ma or later, inferring a hiatus
between Carboniferous strata and the Rotliegend of at least 30 Ma.
A proposed adjustment of the stratigraphical framework is to rename the Upper
Rotliegend into Rotliegend Sediments, and to introduce the Elbe Subgroup both in the
Netherlands and the UK Southern North Sea to enhance the relation with the Rotliegend
sediments in the German and Polish parts of the basin (Appendix 1). In this subgroup, the
names Slochteren/Leman and Silverpit formations, widely known, can be maintained.

1.3.2 Zechstein stratigraphy and the Zechstein/Buntsandstein boundary
In most of NW Europe the stratigraphy of the Zechstein is adequately defined and wellaligned (Tab. 1.1). This was shown already by Richter-Bernburg (1955), Lotze (1957), Van
Adrichem Boogaert & Kouwe (1994a), Wagner (1994), Kiersnowski et al. (1995) and Taylor
(1998). At its base, the Zechstein contains one of the prime correlation markers in NW
Europe: the Kupferschiefer. This unit, which occurs in the area between Lithuania and the
onshore UK and from Central Germany to the Denmark (Kiersnowski et al., 1995), records a
period of basin-wide euxinic conditions, and can thus be considered an excellent timemarker. It is therefore of great importance that this unit has recently been dated in central
Germany at 257.3±1.6 Ma based on Re/Os isotopes (Brauns et al., 2003).
Two major differences have been identified in definition of the Zechstein between
different countries. The first is that a much wider definition is applied to Zechstein cycle 4
(PZ4) in Poland, where it includes correlatives of Zechstein 5 (Tab. 1.1). The second is the
definition of the Zechstein-Buntsandstein boundary. In Germany, Poland and the
Netherlands this boundary is placed approximately at the same level (Best, 1989; Van
Adrichem Boogaert & Kouwe, 1994a,b; Wagner, 1994; Geluk et al., 1996, 1997; Röhling,
1993; Lokhorst, 1998; Käding, 2000; Roman, 2004). The so-called Upper Bröckelschiefer, is
included in the Triassic in the Netherlands and in Poland, but belongs to the Zechstein in
Germany; it results in a difference up to 25 m. In the UK on the other hand the boundary of
the Bacton Group is placed significantly lower (Fisher & Mudge, 1998; Lokhorst, 1998); it
starts at the top of the uppermost evaporite, and comprises clastics which are uppermost
Zechstein according to the stratigraphic standards in Germany, Poland and the Netherlands.
Furthermore, the lithostratigraphical Zechstein-Bacton boundary cross-cuts the Zechstein
cyclicity. The difference may be as much as 75 m. The different definitions of the base of the
Bacton and the Lower Germanic Trias Group have a great impact on the position of the
Hewett Sandstone, which is included in the Bacton Group (Triassic) in the UK and in the
Zechstein Group (Permian) in the Netherlands (Fig. 1.3). It forms one of a series of
sandstone bodies in the offshore (Geluk et al., 1996). A Permian palynomorph association
has been encountered in claystone beds which are stratigraphically above the Hewett
Sandstone. In the proposed basin-wide nomenclature, which follows the definitions of Van
Adrichem Boogaert & Kouwe (1994b), the definition of the base of the Buntsandstein in the
Netherlands and Poland will be followed, since it represents a good log marker with typical
high gamma-readings.
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Table 1.1 Overview of the Zechstein nomenclature (including parts of the underlying and overlying
successions) in the UK, The Netherlands, Germany and Poland. Note the overall similarity in naming
convention, apart from the top of the Zechstein. The right-hand column contains the names proposed
in this thesis. Hiatuses in grey.

Another important issue is that, based on conchostrachans, paleomagnetic and
palynological data, the Zechstein-Buntsandstein boundary does not coincide with the
Permian-Triassic boundary, but is still Late Permian in age (Van Adrichem Boogaert &
Kouwe, 1994a,b; Wagner, 1994; Geluk & Röhling, 1997; Kozur, 1999; Szurlies et al., 2003).
Although for practical purposes these boundaries often are assumed to coincide (e.g.
Harland et al., 1990; Cameron et al., 1992), Megaspores, conchostracans and
magnetostratigraphy indicate that, the Permian-Triassic boundary is located some 30 m
above the base of the Buntsandstein (Kozur, 1999; Szurlies et al., 2003; Fig. 1.3) in the M2
cycle of the Lower Buntsandstein (see Chapter 2).

20

1.3.3 Triassic stratigraphy
Regarding the Triassic nomenclature in NW Europe, the congruence between the various
countries is not as good as for the Zechstein. In most of the countries the subdivision of the
Triassic is in some way related to the tripartite subdivision of Von Alberti (1834) into
Buntsandstein, Muschelkalk and Keuper. This review will not aim at the calibration to the
original definitions, but will focus on the identification of practical units on a regional scale
which visualize the unconformities in the succession: the Hardegsen, Early Kimmerian I and
II unconformities. The correlation of the main epicontinental units in north-west Europe with
the marine Triassic stages have been based on palynology, paleobotany, conchostracans,
ostracods, conodonts (Freudenthal, 1964; Visscher 1966; Geiger & Hopping, 1968; Visscher
& Commisaris, 1968; Kozur, 1999). The lower Triassic ‘Buntsandstein’ is an almost barren
red-bed succession, whereby correlation relies on wireline patterns and lithological
similarities (Chapters 2), the Röt Formation can be successfully identified in this succession
on the basis of its palynological assemblages. The age of the most marine succession in the
Triassic, the Muschelkalk Formation, is proven by conodonts and Ceratites, whereas
ostracods and palynomorph assemblages support the ages of the Keuper Formation.
Several detailed correlations have been constructed, of which two E-W trending
stratigraphical cross sections through the Southern Permian Basin are presented. Previous
work has been incorporated of Geiger & Hopping (1968), Beutler & Schüler (1987), Goggin &
Jacquin (1998), Kedzierski (2000), Michelsen & Clausen (2002) and Roman (2004). Well
logs and lithological data have been used after Cameron et al. (1992), Johnson et al. (1994),
Van Adrichem Boogaert & Kouwe (1994b), Geluk & Röhling (1997), Röhling (1991), Beutler
(1980, 1993, 1995), Dadlez (1976), Marek (1983), Gaertner & Röhling (1993). The first cross
section shows the ‘Buntsandstein’ equivalents, in practical terms the series of (epi)continental red-beds ranging in age from latest Permian to Early Anisian (Fig. 1.4). The
second cross section displays the correlation of the epicontinental to marine ‘Muschelkalk’
and ‘Keuper’, Late Anisian to Rhaetian in age (Fig. 1.5).
First the proposed regional units will be presented, after which their relation with the
classical units of the Triassic, such as Buntsandstein, Muschelkalk and Keuper will be
reviewed. In the Triassic, a total of 16 formations are proposed (Tab. 1.2). No new formations
were defined, but representative units of different origin were selected.
The Lower Buntsandstein Formation (sensu Van Adrichem Boogaert & Kouwe,
1994b) stands out on wire line and lithological logs, represented by a rather uniform 300 to
350-m-thick succession of silt and claystones, with 20 to 25 well-expressed fining upward
cycles (Geluk & Röhling, 1997; Chapter 2). In the upper part, regional correlatable oolite
beds occur. In terms of German stratigraphy, the Lower Buntsandstein defined here is the
Bernburg + Calvörde + Upper Bröckelschiefer (Tabs 1.1 & 1.2; Chapters 2 & 4). The unit is
equivalent to the Polish Baltyk Formation. At the top, a sharp boundary with the basal
sandstone of the Volpriehausen marks an minor unconformity. This boundary presents an
important, basin-wide marker for Buntsandstein correlations (Tab. 1.2; Fig. 1.3). The age of
the Lower Buntsandstein is latest Permian to Induan (Fig. 1.9; Kozur ,1999; Szurlies et al.,
2003).
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The Volpriehausen Formation (sensu Boigk, 1959; Röhling, 1991) comprises a basal
sandstone and an overlying sandy siltstone succession. The succession shows an overall
coarsening-upward trend in the gamma-ray. Near the basin margin and in the UK Southern
North Sea, the formation consists entirely of sandstones, and may include conglomerates
near the basin margins (Richter-Bernburg, 1974). The Volpriehausen thickens in the lows up
to 300 m, and is reduced in thickness on the swells (see Chapter 2). The Volpriehausen is
equivalent to the Pomorska Formation in Poland. It includes the Quickborn Formation
(Röhling, 1999), which cannot be distinguished adequately on a regional scale.
The Detfurth Formation (sensu Boigk, 1959; Röhling, 1991) comprises a basal
sandstone and overlying, blocky, claystone. The basal sandstone in Germany is often
present as a doublet, with intercalation of claystones. The claystone stands out by the blocky
nature on logs and can be applied as a regional correlation marker. Whereas the basal
sandstone and its boundary with the Volpriehausen cannot always be picked unambiguously,
the claystone part can be traced into the sandy realms of the basin (Richter Bernburg, 1974;
Van Adrichem Boogaert & Kouwe, 1994b). The Detfurth is the lower part of the Polczyn
Formation in Poland (Roman, 2004). It thickens up to 100 m in the lows, where it is overlain
by the Hardegsen Formation and generally is truncated by the base of the Solling on the
swells.
The overlying Hardegsen Formation (sensu Boigk, 1959; Röhling, 1991) displays a
rapid vertical alternation of sandstones and claystones, which results in a ratty character on
wireline logs. Whilst its base can be picked with confidence, the boundary with the overlying
Solling Formation presented a problem in the eastern, Polish, part of the basin. Here, the
subdivision proposed by Roman (2004) has been followed. The thickness of the Hardegsen
depends upon the amount of pre-Solling erosion and varies strongly. It may reach over 1 km
in grabens in NW Germany, but has not been penetrated by wells.
The Solling Formation (sensu Boigk, 1959; Röhling, 1991) represents a major break
with respect to the underlying formations. It is composed mainly of claystones, and rests,
separated by the Hardegsen unconformity, on the underlying successions (Fig. 1.4). Also
within the Solling at least one additional unconformity is present (Geluk, 1999b), In the northeastern parts of Poland the Solling appears to be absent owing to non-deposition (Marek &
Pajchlowa, 1997: tab. 13). The Solling formation is not defined in the Polish lithostratigraphy;
it forms part of the Polczyn Fm, which comprises equivalents of the Detfurth, Hardegsen and
Solling formations. Roman (2004) has shown that subdivision of this formation into
Volpriehausen, Detfurth and Hardegsen is feasible as far east as the Polish Trough. The
study further indicated that the Hardegsen Unconformity occurs within the Polczyn Fm, and
not at the top of this formation as suggested by Marek & Pajchlowa (1997). The northeastern part of Poland, east of the Polish Trough, has not been correlated yet in the same
detail as western Poland, which leaves the possibility open for reinterpretations including the
presence of the Solling.
In western parts of the basin the basal part of the overlying Röt Formation (sensu
Boigk, 1961; Wolburg, 1969) is characterized by evaporites. Eastwards in Poland, the lower
part of the Röt loses its evaporitic character and is characterized by the presence of tight,
cemented, sandstones. This is also the case in the northern Permian Basin (Bertelsen, 1980)
and the SW Netherlands (Geluk et al., 1996). The base of the Röt is marked by a sharp
boundary, which outside the area of evaporite deposition probably marks a hiatus. Two
regionally correlatable halite beds occur in the lower part of the formation; the upper part
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contains sandstones and carbonates (Figs 1.4 & 1.7). In the traditional sense, whereby the
Röt comprises red claystones and the Muschelkalk carbonates, this boundary is
diachronous. In Poland, carbonate sedimentation already started in the Röt (Myophoria beds;
Szulc, 2000; Kedzierski, 2000), whereas in Germany and the Netherlands these deposits are
still represented by red claystones. These carbonate beds stand out clearly on wireline logs
and by their fossil content. The introduction of the Röt Carbonate for the Myophoria beds is
proposed to allow correlations along time-lines. Together with the Muschelkalk, the formation
grades into the Dowsing Formation. As shown by Southworth (1987 in Cameron et al., 1992),
various Röt and Muschelkalk members can still be identified in the UK Southern North Sea.
The boundary Olenekian–Anisian lies in the basal part of the Röt Formation
(Backhaus, 1994, Kozur, 1999). In halites of the basal Röt in the eastern Netherlands, Early
Anisian sporomorphs have been encountered (Freudenthal, 1964; Visscher, 1966). Since the
Solling is usually barren, it leaves open the possibility that the Olenekian–Anisian boundary
is situated within the Solling Formation.
The Muschelkalk Formation (sensu Brückner-Röhling, 2000 and Gaertner, 1993)
comprises the most marine interval of the Triassic. In the Muschelkalk a regional, tripartite,
subdivision can be applied in a carbonate-rich Lower and Upper and an evaporitic Middle
Muschelkalk (Figs 1.5 & 1.6). In the German lithostratigraphy a much more detailed
subdivision exists, whereby the Muschelkalk (Group) is subdivided into seven formations
(Tab. 1.2). This subdivision is considered too detailed for regional correlation purposes.
The Lower Muschelkalk is subdivided into 12 cycles by Gaertner (1993) who
incorporated and upgraded previous subdivisions by Wolburg (1969). Four of these cycles (I,
IV, VI and X sensu Gaertner, 1993) have been identified as regional correlatable events in
Germany and the Southern North Sea area. These form regionally well-developed carbonate
horizons. They have been used in this study to correlate the basinal facies with the basin
fringe (Figs 1.7 & 1.9). Based on these correlations it can be observed that within the central
part of the basin the onset of carbonate sedimentation is rather synchronous, but starting
progressively later towards the southern margin of the basin (Borkhataria, 2004). The
thickness of the Lower Muschelkalk is very uniform, 90 to 120 m. Towards the west, the
carbonate content of the Lower Muschelkalk decreases, as is documented by the higher
gamma-rays and the lower sonic transit times. Compared to the reading of the sonic tool in
the halite succession, almost no pure carbonates (with lower transit time readings) can be
identified (see well 49/21-3), whereas further east lower readings are more abundant (Fig.
1.6).
The Middle Muschelkalk (Late Anisian) is subdivided into 8 cycles by BrücknerRöhling (2000). Previous subdivisions were published by Wolburg (1969) and Gaertner &
Röhling (1993). Cycles 3 and 4 display the most widespread sedimentation of halite
(Gaertner & Röhling, 1993; Fig 1.6).
The Upper Muschelkalk comprises 10 cycles, following Gaertner (1993) and
Brückner-Röhling (2000). The cycles are usually less well-expressed than in the Lower
Muschelkalk; only cycles I and V have good regional correlatability in the Southern North
Sea. Some variations in thickness can be observed, but not as strong as in the Middle
Muschelkalk. In Poland the member comprises mainly dolomites (Szulc, 2000).
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Figure 1.6. Detailed stratigraphic correlation of the Muschelkalk in Germany, the Netherlands and the
southern North Sea. The main cycles of the Lower, Middle and Upper Muschelkalk have been
indicated and can be followed in the entire area. Evaporitic cycles of the Middle Muschelkalk have
been highlighted with colour fill. Note the fact that the Lower, but especially the Upper Muschelkalk
grade towards the UK into a clay-dominated succession which is expressed by the higher gamma-ray
and sonic readings. After Geluk et al. (2000) with additional log data of Johnson et al. (1994).

The uppermost part of the Upper Muschelkalk is locally developed in a claystone facies
(Gaertner, 1993; Beutler, 1995), in which case it is placed in the Keuper/Dudgeon Formation
in the southern North Sea (Fig. 1.6). The Anisian-Ladinian boundary falls within the Upper
Muschelkalk, at the base of the Ceratite Beds (i.e. approximately at the base of cycle V;
Beutler, 1995).
The Lower Keuper Formation (Erfurt Formation/Lettenkeuper sensu Beutler, 1995)
is a clayey unit with a rather constant thickness. High gamma-ray reading characterizes it on
logs. The formation has a cyclic character, with thin sandstone and dolomite layers occurring
at the base of the cycles (Pöppelreiter, 1999). It rests with a mild unconformity on the
carbonates and claystones of the Upper Muschelkalk (Beutler, 1995). The top is placed at
the base of the so-called ‘Grenzdolomit’, which is lower than the top of Lower Keuper
Member in the Netherlands. The age is Early Ladinian (Beutler, 1995).
The Lower Gipskeuper Formation (Grabfeld Formation/Lower Gipskeuper sensu
Beutler, 1995) is a unit which shows great variation in thickness and lateral lithological
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Figure 1.7. Detailed correlation of the Solling, Röt, Muschelkalk and Keuper in the West Netherlands
Basin (Gamma Ray and Sonic logs). Note the overall thinning of the succession towards the Southwest. It is caused by thinning of the sequences and an increasing number of hiatuses, in combination
with a progressive truncation below the base the ‘Steinmergelkeuper’. Note the grading of the
lithostratigraphic Muschelkalk (colour shading) into the Röt Formation. This is explained by the lateral
grading of carbonates into red claystones. Solid lines delineate the cycles. Modified after Geluk et al.
(1996). UM: Upper Muschelkalk, MM: Middle Muschelkalk, LM: Lower Muschelkalk.

composition. It contains up to five halite layers (A–F, Fig. 1.8), which occur in the lows such
as in NW Germany, the Central North Sea Graben and the Silverpit Basin. Towards the east
the amount of evaporites decreases, and in the Polish Trough no halites occur. Wolburg
(1969) and Beutler (1995) identified an unconformable contact with the overlying
Schilfsandstein; locally, the Lower Gipskeuper has been removed completely. The age is
Late Ladinian to Early Carnian (Beutler, 1995).
The Schilfsandstein Formation (sensu Beutler, 1995, Wolburg, 1969) has a rather
constant thickness of 50–75 m throughout the basin. Despite its high gamma-readings, it is
composed of both sandstones and claystones. In NE Germany and Poland sandstones are
more abundant than in the southern North Sea area and form part of the classical
Schilfsandstein fluvio-deltaic as depicted by Wurster (1964, 1968). An unconformity is
present at the base of the Schilfsandstein, but it cuts into deeper parts of the Keuper only on
local swells. The unit is of Middle Carnian age (Beutler, 1995).
The Upper Gipskeuper Formation (Weser Formation sensu Beutler, 1995)
comprises mainly claystones and some anhydrite beds. In NW Germany this unit reaches a
thickness of over 400 m or more, while in the Southern North Sea area and in Poland its
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Table 1.2 Overview of the Triassic nomenclature in the UK, The Netherlands, NW Germany, Denmark
and Poland, and the nomenclature proposed in this paper. Main hiatuses in grey; intra-formational
hiatuses do not extend over the entire width of the column, whereas hiatuses marking formation/group
boundaries extend across the whole column.

Stille (1925) based the naming on cursory observations of the age of the
unconformities in the eastern Netherlands and the Crimea. In his view, both unconformities
were the result of one single geodynamic process. Based on our current knowledge, there
are important differences in origin of the unconformities in both areas. The unconformity in
the Crimea separates Middle Jurassic from Triassic strata, and was caused by
compressional tectonics related to the closure of the paleo-Tethys (Sengör, 1984). The
unconformity in the eastern Netherlands is older and separates Rhaetian (or Norian) from
older Triassic rocks, related to the interaction of compressional stress induced by the
Cimmerian Orogeny and extensional tectonics accompanying the disintegration of Pangea.
Stille (1925) linked separate tectonic events by giving different unconformities identical
names. Although the names are not correctly defined, they are widely known and referred to
(Sengör, 1984; Ziegler, 1990), and should therefore be retained. In this thesis, the different
spelling, proposed by Sengör (1984) is maintained: Cimmerian for the unconformity in the
Black Sea area, and Kimmerian for the unconformities in the Northwest European Triassic
basin.
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thickness is limited to several 10’s of metres (Chapter 5). Two distinct halite beds (G and H)
occur in the unit in Germany and locally in the Central North Sea Graben. Trusheim, 1971b;
Wolburg, 1969). In the Southern North Sea area, the Upper Gipskeuper is represented by a
distinct anhydrite, which is the equivalent of the Red Rock gypsum of the UK onshore area.
The Upper Gipskeuper is of Late Carnian age.
The Steinmergelkeuper Formation (Arnstadt Formation sensu Beutler, 1995) was
deposited after a major structural reorganisation in the Triassic basin. Separated by the Early
Kimmerian I Unconformity the unit rests upon various Triassic and older units (Wolburg,
1969; Ziegler, 1990; Geluk, 1999b). It comprises at its base red to green coloured
claystones, overlain by an interval of grey claystones and white dolomites. In the
Netherlands, locally anhydrites occur. Towards the top, red coloured claystones and
dolomites appear. It forms, together with the Rhätkeuper, the only grey intercalation in the
upper Triassic in Germany (Seeling & Kellner, 2002). The unit has its thickest and most
complete development in NW Germany. In Poland the unit is difficult to identify on logs,
because of the sandy character of the upper part of the Triassic and the fact that this unit
was not differentiated in Polish stratigraphy until a few years ago. It has a Middle Norian age
(Beutler, 1995).
The Rhaetic Keuper Formation (Rhätkeuper/Exter Formation sensu Beutler, 1995)
comprises a transgressive unit of grey claystones and sandstones. It rests, separated by the
Early Kimmerian II unconformity, upon older sediments (Wolburg, 1969; Beutler, 1995;
Geluk, 1999b). In the Southern North Sea area the unit is rather condensed, comprising
mainly of claystones with high gamma ray readings, whereas in Northern Germany and
Poland a thick succession of sandstones is present. The succession in the Southern North
Sea is equivalent to only the middle and upper part of the Rhätkeuper; the lower part (UnterRhät; youngest Norian), as identified in Germany, is absent. Towards the east, correlations
become more difficult and uncertain owing to the occurrence of sandstones and the absence
of log data in eastern parts of Germany. The age of the Rhaetic Keuper is youngest Norian to
Rhaetian.

1.3.4 Triassic unconformities
In the Triassic three prominent, regional, unconformities occur: the Hardegsen, the Early
Kimmerian I and II unconformities (Figs 1.4, 1.5, 1.7 & 1.9; Tab. 1.2).
The Hardegsen Unconformity at the base of the Solling was introduced by Boigk
(1961). During the time of introduction of this unconformity, the Solling had not been defined
as a formation, and the unconformity was perceived to be situated within the Hardegsen
Formation.
The Early Kimmerian Unconformity (Altkimmerische Diskordanz) was introduced on
the basis of similarities between the Triassic-Jurassic unconformities in the Crimea and the
Dutch-German border area by Stille (1925 in: Wolburg, 1969). Subsequently, this name was
used by many authors (Haanstra, 1963; Wolburg, 1969). Ziegler (1990) proposed a practical,
twofold, subdivision of this unconformity into Early Kimmerian I, at the base of the
Steinmergelkeuper, and Early Kimmerian II, at the base of the Rhaetic Keuper, following the
concept of the ‘Altkimmerische Hauptdiskordanz’ of Beutler & Schüler (1978).
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Figure 1.8. Stratigraphic Correlation of the Keuper in wells L2-1 and K14-1 in the Netherlands
(Gamma Ray and Sonic logs). The proposed stratigraphic framework is compare with the stratigraphic
standard in the Netherlands (Van Adrichem Boogaert & Kouwe 1994b). Note that the Middle Keuper
Claystones comprises sandstones in its lower part. The reference level is the Early Kimmerian I
Unconformity.

1.4

Discussion

Figure 1.9 shows a stratigraphic table for the Netherlands with the chronostratigraphic
relations of the newly defined regional units (Fig. 1.9). For this table, the nomenclature and
absolute ages of the International Commission on Stratigraphy (ICS, 2003; Gradstein et al.,
2004) were used. When this table is compared with previous charts (Harland et al., 1990;
Menning, 1995; IUGS, 2000; German Stratigraphic Commission, 2002) there is only
agreement on the names of the stages, but both the duration of the individual stages and of
the Permian and Triassic show strong variation. It should be noted that only some of the
Permian stages have a ‘golden spike’ status, but none of the Triassic stages. The Triassic
absolute ages therefore should be considered tentative.
Despite the uncertainty regarding the absolute ages of the various stages, the
stratigraphic table shows that sedimentation in the Netherlands was interrupted only by minor
hiatuses from late Middle Permian to earliest Carnian. From this stage onwards, deposition
was interrupted by long hiatuses. Owing to the imprecise datings of both the standard and
the rocks themselves, it is impossible to quantify the duration of the hiatuses. Their duration

30

Figure 1.9 Stratigraphic diagram of the Permian and Triassic deposits in the Netherlands. Stage
names and ages after ICS (2003). ‘Golden spikes’ are indicated. Note: Induan and Olenekian replace
the Scythian.

should therefore be considered as tentative.
In the Permian, the Rotliegend Volcanic and Rotliegend Sediment groups are partly
contemporaneous (Fig. 1.1). The Rotliegend Volcanics vary in age throughout the Southern
Permian Basin, from latest Carboniferous to Middle Permian (Chapter 5). The base of the
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Rotliegend Sediments shows similar marked variations in age, whereby the most complete
successions are present in Poland and east Germany. Only the upper, youngest, part of the
Rotliegend sediments (Elbe Subgroup) is present in the Netherlands and the UK Southern
North Sea area (Plein, 1995; Glennie, 1997; Figs 1.1 & 1.2). Introduction of the Elbe
Subgroup of the German stratigraphy (Plein, 1995) in the stratigraphy of the UK and the
Netherlands would emphasize that the deposits in the southern North Sea are much younger
than Rotliegend sediments in eastern Germany. The Slochteren and Leman formations could
be retained as well-known formations in the Elbe Subgroup.
Triassic subdivisions vary in detail in different countries (Tab. 1.2). In the UK southern
North Sea and Denmark a relatively simple subdivision exists, whereas in Germany the
deposits are subdivided in great detail, based on the thick and complete succession. A
regional stratigraphic framework is proposed here which honours the ‘classical’ Triassic units
and unconformities. It should be said, however, that there is in Germany a tendency to move
away from these ‘classical’ units (see proposed nomenclature in Tab. 1.2). The advantage of
retaining the classical units, however, is that they have been used in many publications, and
can be related easily to Buntsandstein, Muschelkalk and Keuper.
The ‘Buntsandstein’ comprises 6 units the Lower Buntsandstein, Volpriehausen,
Detfurth, Hardegsen, Solling and Röt. These units are tectono-stratigraphic, being bounded
by unconformities (Geluk & Röhling, 1997, 1999).
The Buntsandstein is traditionally subdivided into a Lower, Middle or Main and Upper
Buntsandstein. The definitions, although widely used in literature (e.g. Ziegler, 1990), are
applied in different ways in the various countries. The Lower Buntsandstein is well-defined,
but the Middle Buntsandstein, as used in Germany and Poland comprises the Volpriehausen,
Detfurth, Hardegsen and Solling. In the Netherlands, a slightly different definition is used, the
Main Buntsandstein (Van Adrichem Boogaert & Kouwe, 1994b) comprises the
Volpriehausen, Detfurth and Hardegsen, but not the Solling. The main difference of these
definitions is the position of the Hardegsen unconformity, which is situated within the Middle
Buntsandstein, but at the top of the Main Buntsandstein. In view of this unconformity the use
of Main Buntsandstein is recommended in the proposed regional framework.
The ‘Muschelkalk’ forms a well-constrained marine interval. The main difference is
that the base of the Muschelkalk in Poland is placed at the base of the Myophoria beds
(Kedzierski, 1999; Tab. 1.2), and that in Germany these beds are included in the Röt
(Kedzierski, 2000). The base of the Muschelkalk Formation in the Netherlands is picked at
the base of the lowermost carbonate bed, which grades in the eastern and southern
Netherlands into red claystones (Fig. 1.7). Hence, this boundary is slightly diachronous. A
further discrepancy occurs between the boundary Lower–Middle Muschelkalk: in the
Netherlands this boundary is picked above an interval of dolomitic claystone beds (based on
Wolburg, 1969), whereas in Germany these beds form the basal part of the Middle
Muschelkalk (Tab. 1.2; Figs 1.5–1.7). A further difference occurs in the picking of the top of
the formation (Fig. 1.6), which is placed in Germany upon sequence-stratigraphical criteria,
i.e. at the base of a distinct dolomite bed, and in the Netherlands, at the base of a series of
claystones with low sonic velocity. It differs by approximately 20 m (Fig. 1.5), but sometimes
up to 100 m.
The term ‘Keuper’ is widely used, but a major difference in definition occurs at both its
base and top. The base of the Keuper Formation in the Netherlands and the Dudgeon
Formation in the UK Southern North Sea is formed by the base of a series of low velocity
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claystones, i.e. the lithological transition from marls to claystones. Part of the Keuper as
defined in the Netherlands is still included in the Upper Muschelkalk in Germany.
Furthermore, in Germany and Poland the Rhaetian deposits form part of the Keuper,
whereas in the Netherlands they belong to the (mainly Jurassic) Altena Group (Tab. 1.2).
This difference in definition may be up to 100 m, the thickness of the Rhaetian deposits
(Geluk, 1999b). The name Keuper Formation as used in the Netherlands therefore is
misleading, since it differs from the definition applied in Germany and Poland. It is
recommended to rename the Keuper Formation in the Netherlands (see Appendix 1).
Even more differences occur within the Keuper itself. The Lower Keuper in Germany
and Poland comprises the Lettenkeuper, whereas the Lower Keuper Claystone in the
Netherlands comprises not only the Lettenkeuper, but also the basal part of the Lower
Gipskeuper. The difference in thickness of this unit amounts up to some 70 m in the
reference well L2-1, but since this difference is not constant, no comparable isopach maps
can be made of the Lower Keuper in the Netherlands. As a consequence, the Main Keuper
Evaporite cannot be compared directly with the Lower Gipskeuper. Fortunately the top of the
Main Keuper Evaporite and the Lower Gipskeuper coincide, so that the total thickness of the
two intervals can be compared.
Analysis of the wireline logs revealed that the Middle Keuper Claystone
(Schilfsandstein) in the Netherlands may in some areas (southern Dutch Central Graben)
comprise sandy deposits at its base. Probably owing to the high gamma-ray readings, the
sandstone has been misinterpreted for claystone. It is recommended to rename the unit to
Middle Keuper Clastic Member (Figs 1.6 & 1.7; Appendix 1).
It is further proposed to combine the Red Keuper Claystone, Dolomitic Keuper and
Upper Keuper Claystone into one single new member, since they belong genetically
together; the name Steinmergelkeuper Member is proposed.
Finally, the names Lower and Upper Germanic Trias Groups (NAM & RGD, 1980;
Van Adrichem Boogaert & Kouwe, 1994b) cannot be maintained for two reasons: first
because the definition of the base and the top of these groups is not identical to the
Germanic Trias, and second, because the Germanic Trias has a threefold subdivision but in
the Netherlands only a twofold subdivision is applied.

1.5

Conclusions and recommendations

Despite the fact that identical or semi-identical names are in use in many countries, the
definitions of these units is not straightforward and comparable. A new stratigraphic
framework for the Permian and Triassic deposits in NW Europe is proposed here, which is
made up of practical units to allow a quick comparison of various names in use in the
different countries. In this context the following modifications are proposed to the
lithostratigraphy of the Netherlands:
1.
To abolish the names ‘Lower’ and ‘Upper’ for the Rotliegend groups, since these
names suggest a superposition. Rather a Rotliegend Volcanics and Rotliegend
Sediment group is to be used. Further, the introduction of the Elbe Subgroup is
recommended in the Netherlands to document the relations with the German
Rotliegend.
2.
To avoid the use of Rotliegend, Zechstein, Buntsandstein, Muschelkalk and Keuper in
a chronostratigraphical way (see Harland et al., 1990). These names should only be

33

Chapter 1

3.

4.
5.

used for rock units and not for chronostratigrahical stages. There is no direct match
between these rocks and the stages: Upper Rotliegend is Middle to Late Permian,
Zechstein Late Permian in age; the Buntsandstein extends from the latest Permian
into the Middle Triassic and the age of the Muschelkalk is partly Late Triassic.
To abolish the use of Lower and Upper Germanic Trias Groups and Keuper
Formation in the Netherlands, because their definition excludes the Rhaetian
deposits.
To rename the Middle Keuper Claystone Member to Middle Keuper Clastics Member;
in places this member contains up to 5 m thick sandstones.
To rename the Lower Keuper Claystone to Keuper Lower Claystone in order to avoid
confusion with the German definition of the Lower Keuper.

The proposals are presented in Appendix 1. Apart from the changes mentioned above, a
refinement will be presented for the Solling Formation and reinterpretations of two reference
wells of Van Adrichem Boogaert & Kouwe (1994b).
Based on the international correlation, in conjunction with data from the Netherlands,
it can be concluded that the sediments only represent specific parts of the Permian and
Triassic (fig. 1.9). The Early and Middle Permian are in most of the Netherlands represented
by a hiatus; only locally do volcanic rocks occur (Chapter 4). A more or less continuous
sedimentary record of Late Permian to Ladinian times is present, while the period of Carnian
to Rhaetian times is only partly represented by sediments.
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High resolution sequence stratigraphy of the Lower Triassic
Buntsandstein; a new tool in basin analysis
Based on M.C. Geluk & H.G. Röhling (1999) in: Bachmann, G.H. & I. Lerche (eds) The Epicontinental
Triassic, Halle, Zentralblatt für Geologie und Paläontology 1998 Heft 7-8, p.545–570.
Abstract
The Buntsandstein does not form one stratigraphic entity, but is made up of a hierarchical system of
high-resolution sequences of different magnitude. The whole succession is composed of up to seven
unconformity-bounded tectono-stratigraphic sequences. The most important unconformities occur at
the bases of the Volpriehausen, Detfurth, Solling formations and the Upper Röt. This tectonostratigraphic cyclicity is mainly induced by distinct rift pulses associated with uplift, erosion and
hiatuses, which caused the unconformities at the base of these sequences.
Between the rift pulses thermal subsidence prevailed, as is indicated by the uniform thickness
development of the small-scale cycles. These cycles consist of fining-upwards sequences of different
rank. Cycles with a thickness of up to several tens of metres are the most prominent ones. These
para-sequences are laterally persistent and have a characteristic expression on gamma-ray and sonic
logs. In the Lower Buntsandstein they display a uniform character throughout the distribution area,
with only minor differences in thickness or lithology.
NNE-oriented lows and swells developed during short-lived rift pulses during the Main
Buntsandstein (base Volpriehausen, Detfurth and Solling formations). Uplift prior to the Solling
transgression caused deep erosion on the swells in the basin and minor erosion in the lows. These
rift-tectonic movements during deposition of the Main Buntsandstein in the Netherlands caused a
northward shift of the subsidence maximum from the southern onshore area into the Central North
Sea Graben.
The high-resolution sequences reflect alternating relatively wet and dry climatic periods, with a
periodicity of 100,000 years. Detailed analysis of the sequences indicates that their reduced thickness
on the swells is mainly the effect of erosion.

2.1

Introduction

The Buntsandstein forms the lower, mainly clastic, part of the Germanic Triassic. It was
deposited during Induan to Early Anisian times in a large intracratonic basin in a fluviolacustrine environment, with marine influences in the upper part (Ziegler 1990, Aigner &
Bachmann, 1992; Van Adrichem Boogaert & Kouwe, 1994b). The thickness of the complete
succession typically lies between 500 and 1000 m, but locally reaches up to 4000 m in the
Glückstadt Graben in northwest Germany (Röhling, 1991).
The Buntsandstein can be subdivided into the fine-grained Lower Buntsandstein,
comprising several characteristic oolite beds, the Main Buntsandstein in which sheet
sandstones (partly oolitic) alternate with claystones, and the Upper Buntsandstein (Solling
and Röt) composed of evaporites and claystones (Tab. 2.1). The tripartite subdivision has
not only been used lithostratigraphically, but also chronostratigraphically, since it has been
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maintained in sand-prone areas near the basin margin. The succession contains few fossils,
and typically shows extensive soft-sediment deformation, burrows and mud cracks.
Secondary reddening and reduction are common phenomena. Sediments deposited in NW
Germany and the Netherlands were mainly supplied from the south (Schröder, 1982; Geluk
et al., 1996; Röhling, 1991); to a minor extent sediments came from the northeast.
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*1: Regional subdivisions (see Röhling 1991)
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Table 2.1: Lithostratigraphic nomenclature of the Lower Triassic Buntsandstein in the Netherlands and
Germany (Van Adrichem Boogaert & Kouwe, 1994b; Röhling, 1991, 1993; Kozur, 1999), together with
the sequences proposed in this paper and their ages. V, D and H mark the sequence boundaries of
the Volpriehausen, Detfurth and Solling Formations respectively. Fm.: Formation.
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This paper aims to demonstrate that the Buntsandstein forms a complex hierarchy of highresolution cycles of different origin, and is not one single stratigraphical unit. The importance
of this detailed approach for basin analysis will be demonstrated on selected examples from
the Netherlands (Tab. 2.1).

2.2

Data-base and working method

The database for this study comprised of over 80 released wells in the Netherlands onshore
and offshore area, which were selected on the basis of a complete Lower Buntsandstein
Formation and/or Main Buntsandstein Subgroup. These wells are situated in the central and
northern part of the onshore and offshore area, and do not comprise the entirely sandy
succession in the southern part of the country discussed in Chapter 4. Of the Solling and
Röt, only the lower part was studied. Furthermore, some released Danish wells, situated on
the southern flank of the Ringkøbing-Fyn High, have been analysed (R-1, Grindstedt-1,
Løgumkloster-1) as well as published UK and German wells.
The sequences as defined by Brüning (1986) and Röhling (1991) have been coded in
order to avoid confusion between lithostratigraphy and sequence stratigraphy (Tab. 2.1). For
identification of the cyclicity of the Buntsandstein, gamma-ray and sonic logs were used for
preference, although in some instances also spontaneous-potential, induction and resistivity
logs were used successfully. A 1:1000 log-scale supplied enough detail to establish the
correlations. The method implies the recognition on well logs of patterns such as breaks,
peaks and trends. The Buntsandstein succession is composed of a stacking of these
patterns, which can be correlated from well to well. The extensive lateral distribution of these
patterns and their independence of lithofacies form in our view the proof that these patterns
represent sequences with an extrabasinal origin. Some of these patterns are the base of the
M3 sequence, characterised by a double peak on the sonic log and the R5 to R8 sequences,
characterised by thick oolite beds with high acoustic velocities (Figs 2.1 & 2.2). For
correlation purposes, four reference wells for the various structural settings were used:
Blijham-1 for the eastern onshore area, Rustenburg-1 for the central onshore area, L2-1 for
the Off Holland Low, and Strijen-West-1 for the basin-fringe area.
To approach this question from a different viewpoint, it was attempted to establish the
actual time in the sedimentary succession. Climate-related cycles in the sedimentary rock
succession are related to lithofacies changes and will be recorded in facies-sensitive
geophysical logs. Any cyclic pattern within log data can then be analysed by a spectral
analysis. For this purpose the computer program CycloLog® was used.
One of the important features of the computer program is that it produces log
transforms. Log transforms are logs whose original patterns have been modified by
processing, such as mathematical calculations or spectral analysis. The log transforms are
displayed in the depth domain as well as in the depth-wave number domain. Maximum
Entropy Spectral Analysis (MESA) of any facies-sensitive log containing a periodic repetition
of data, will result in a spectrum which shows a transformation from the depth domain into
the depth-wave number domain. MESA shows the clear and consistent appearance of cycles
with different wave numbers (wave number = 1/λ), and the hierarchical relationship of the
different cycles. This offers a possibility to relate these with the Milankovitch cycles.
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2.3

Buntsandstein cyclicity

Sequence stratigraphy was originally defined in a passive margin setting and has been
successfully applied over the last decade to deposits in continental basins (e.g. Clemmensen
et al., 1991; Yang & Baumfalk, 1994). Cyclicity in continental basins may be independent of
sea-level fluctuations; cyclicity patterns are considered to be related to ‘Milankovitch’ climate
cycles (Perlmutter & Matthews, 1990).
In recent decades several studies have been published concerning the cyclicity of the
Buntsandstein (Wolburg, 1968; Brennand, 1975; Brüning, 1986; Intergeos, 1989; Röhling,
1991; Aigner & Bachmann, 1992; Van der Zwan & Spaak, 1992; Geluk & Röhling, 1997).
Various models have been proposed in the literature:
• Brennand (1975) explained the cyclicity with intermittent tectonic activity in the
hinterland;
• Aigner & Bachmann (1992) proposed a model in which the sequences of the Lower
and Main Buntsandstein show a retrograding and prograding pattern (i.e. system tracts)
and are separated by unconformities (sequence boundaries) and assume changes in
base-level or climate;
• Intergeos (1989) and Van der Zwan & Spaak (1992) proposed ‘Milankovitch’ climate
cycles and the shifting of the monsoonal belt as the controlling factor of the cyclic pattern
of the Buntsandstein;
• Geluk & Röhling (1997) proposed the sequences to be of tectono-stratigraphic origin,
bounded by unconformities. Within these sequences, the deposits are composed of a
hierarchical system of varying magnitude, bearing a distinct ‘Milankovitch’ signature.
There are some differences in the sequence-stratigraphical terminology between
Geluk & Röhling (1997) and this paper; the most important ones are:
Geluk & Röhling (1997)
1st order sequence
3rd order sequence

2.4

This paper
sequences
parasequence

Buntsandstein high-resolution sequence stratigraphy

In the Buntsandstein, a close relation exists between the lithostratigraphic and sequence
stratigraphic (=chronostratigraphic) framework (Tab. 2.1, Geluk & Röhling, 1997).

2.4.1 Lower Buntsandstein Formation (Late Permian-Induan)
The lowermost subgroup of the Triassic is composed of a cyclic alternation of fluviolacustrine fine-grained sandstones and clayey siltstones (Geluk & Röhling, 1997). The
thickness, seismic character and organisation of the high-resolution sequences indicate a
very uniform basin subsidence. Sedimentation of the Lower Buntsandstein Formation was
controlled by cyclic, climatic variations in humidity (Geluk & Röhling, 1997). The Lower
Buntsandstein comprises two sequences, the Main Claystone (= Upper Bröckelschiefer +
Calvörde-Formation) and the Rogenstein Sequence e.g. Bernburg-Formation (Tab. 2.1).
Within these sequences, a total of 25 parasequences can be identified (Br, M1–M10, R1–
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Figure 2.1. Detailed correlation of sonic logs of the Main Claystone Sequence between wells in the
Netherlands (K17-1), northwest Germany (Esterwegen Z2) and Denmark (Løgumkloster-1). Note the
comparability of the sequences over this distance.

R14). Detailed correlation revealed, that these parasequences were deposited throughout
the area. On the swells, post-depositional erosion accounted for a reduction in the number of
parasequences. The parasequences can be correlated over large distances of up to several
100’s of km (Figs 2.1, 2.2 & 4.22; Brüning, 1986; Best, 1989; Geluk & Röhling, 1997;
Röhling, 1991). During deposition of the Rogenstein sequence, a relief of subtle lows and
swells was active, influencing mainly thickness and distribution of the oolite layers (Röhling,
1991; Geluk & Röhling, 1997). Especially around these swells thick oolite beds were formed,
whereas in the lows between these swells, oolite beds are rather thin. On the EichsfeldAltmark Swell, the so-called ‘Rogensteine’ (Roestones) became dominant, forming massive
carbonate beds about 10 m thick in which oolites of over 1 cm occur.

2.4.2 Main Buntsandstein Subgroup (Olenekian)
The boundary between the Lower and Main Buntsandstein, i.e. the base of the
Volpriehausen Formation, is marked by a hiatus; only in tectonic grabens and half-grabens
formed during the Volpriehausen rift-pulse, can a more gradual transition be observed. Here,
an additional sandstone unit occurs between the Lower Buntsandstein and the
Volpriehausen Formation. This sandstone unit, bounded at the base as at the top by
unconformities, in the Netherlands has been incorporated into the Volpriehausen Sandstone,
whereas in Germany it has been recently defined as an independent lithostratigraphic unit
(Tab. 1.2). The unconformity at the base of the so-called Quickborn Sandstone forms the
boundary between the Lower and Main Buntsandstein in the central parts of the basin. The
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Figure 2.2. West-East section L2-1 – Blijham-1 across the Netherlands Swell. The development of the
M1-10 and R1-14 Sequences do not show any influence by this swell. Note the thinning of the VS
sequence from west to east; M1-10: Main Claystone Sequences; R1-14: Rogenstein Sequences;
VVS: Quickborn Sequence; VS, VW1-7, VA1-5: high-resolution sequences in the Volpriehausen
Sequence; DS, DC high-resolution sequences of the Detfurth Sequence. The datum level is the base
of the Röt Sequence. After Geluk & Röhling (1997).

Quickborn Formation, defined in Germany, represents an additional tectono-stratigraphic unit
(Röhling, 1999); in the Netherlands, this unit is included in the Volpriehausen Formation.
The deposition of the Main Buntsandstein Subgroup reflects a major break in the
development of the Mid European Basin, marking a reorganisation of the subsidence
patterns in response to rift tectonics (Geluk & Röhling, 1997). The phase is composed of
three individual pulses, of which the strongest pulse occurred prior to the deposition of the
Solling Formation (Geluk & Röhling, 1997). The subgroup is composed of the Volpriehausen,
Detfurth and Hardegsen Formations (Tab. 2.1), representing tectono-stratigraphic units.
Each formation represents a large-scale fining-upward sequence, with sandstones in the
basal part, grading into claystones and siltstones towards the top. In the southern
Netherlands and the UK offshore area, the formations are developed entirely in a sandy
facies (Cameron et al., 1992; Geluk et al., 1996). Within these formations, a hierarchical
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system of parasequences occurs, which is well-correlatable over large distances, and is
assigned to Milankovitch climatic cycles (Geluk & Röhling, 1997).
An important characteristic of the deposits of this subgroup are the tectonically
induced unconformities at the bases of the Volpriehausen, the Detfurth and the Solling
Formations (‘V’, ‘D’ and ‘H’ unconformities; Trusheim, 1961, 1963) (Tab. 2.1). Erosion at the
‘V’ unconformity is limited to several 10’s of m, and is not confined to the swells (Geluk &
Röhling 1997). In Germany, the ‘V’ unconformity cuts locally deeply into the Rogenstein on
the Hunte and Eichsfeld-Altmark Swell and can also be observed in the centre of the North
German Basin, clearly indicating the pre-Volpriehausen uplift and accompanied erosion. The
‘D’ unconformity is the more significant in the Netherlands than in Germany, resulting in
truncation of the Volpriehausen Formation on the flanks of the swells.
From the isopachs maps of this subgroup (Geluk, 1999b), a general picture of highs
and lows can be obtained. The subsidence patterns during deposition of the various units of
this subgroup, however, were rather spasmodic in time and place. Considering this unit as
one entity, as is the case in the UK and in Denmark (Bunter Sandstone), these differences
will not be identified. For the prediction of the sand content of any specific formation, detailed
analysis forms a prerequisite. The differences will be illustrated for the various formations
and members of the Main Buntsandstein.
Volpriehausen Formation
The Volpriehausen Formation comprises a basal sandstone, followed by an alternation of
clay-siltstone and thin sandstones.
The Lower Volpriehausen Sandstone displays a marked difference in thickness. In
the Ems Low it reaches a thickness of over 20 m, thinning towards the Netherlands Swell to
less than 5 m. West of this swell the thickness rapidly increases to up to 100 m in the
western P quadrant. Two depocentres occur in the Central North Sea Graben, where over 60
m of sandstones were deposited (Fig. 2.3). Towards the North the unit shows a marked
thinning to 10 m. The great thickness in the western and northern offshore is demonstrated
to be caused by a combination of:
• the presence of an older sandstone unit, known in Germany as the QuickbornSandstone (Röhling, 1999), taking a transitional position between the Lower
Buntsandstein subgroup and the Volpriehausen Formation (VVS sequence of Geluk &
Röhling, 1997);
• the syndepositional thickening of the Lower Volpriehausen Sandstone s.s.;
• a facies transition of the lower part of the Volpriehausen Clay-Siltstone into sandstones
The Lower Volpriehausen Sandstone was deposited during the first two of a series of
four rifting pulses, which created significant accommodation space, especially in the southern
and western offshore area. Here, sandstones were deposited, containing abundant
intraclasts and carbonate material. This difference in accommodation space in the basin
caused a diversion of the main fluvial channels through the Roer Valley Graben, West
Netherlands Basin into the Broad Fourteens Basin. Some clastic material was shed into the
basin from the London-Brabant Massif (Geluk et al., 1996). Thickening of this member
towards this massif suggests the presence of growth faults at the southern margin of the
Broad Fourteens Basin and West Netherlands Basin.
The Volpriehausen Clay-Siltstone forms a succession of predominantly lacustrine siltand claystones, with subordinate, partly oolitic sandstones. It comprises 15
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Figure 2.3. Isopach map of the Lower
Volpriehausen
Sandstone
in
the
Netherlands and adjacent areas. Note the
great thickness of up to 100 m in the
western offshore area.

Parasequences (VW1–VW7, VA1–
VA8).
Correlation
of
the
parasequences is very good, with only
small variations in thickness in the
individual
small-scale
sequences
(Geluk & Röhling, 1997). The
Volpriehausen Clay-Siltstone was
deposited in the entire basin, with a
slightly reduced thickness on the
swells. In northwest Germany and the
Netherlands
the
parasequences
decrease up to 15% in thickness from
the lows towards the swells, but they
never pinch out (Röhling, 1991; Geluk
& Röhling, 1997). After its deposition,
the Volpriehausen Formation became
subject to two phases of uplift and
erosion, the first prior to deposition of
the
Detfurth
and
Hardegsen
Formations (‘D’ unconformity) and the
second
prior
to
the
Solling
transgression
(‘H’
unconformity).
These phases resulted in the
differentiated picture of the formation thickness.
Detfurth Formation
The Detfurth Formation is made up of a basal sandstone, followed by a succession
dominated by claystones. The unconformity at the base of this formation is the most
prominent unconformity in the southern and western offshore areas of the Netherlands
(Geluk et al., 1996). In contrast to the Germany, it is more important than the base Solling
unconformity.
The isopachs map of the Lower Detfurth Sandstone shows that the subsidence
pattern in the basin underwent a reorganisation (compare Figs 2.3 & 2.4). This was caused
by rifting prior to deposition of the Detfurth Formation (Geluk & Röhling, 1997). Previous
areas of subsidence became inactive, or only of minor importance. Compared to the
Volpriehausen Formation, the main area of subsidence had shifted to the Ems Low (Geluk et
al., 1996) and the Central North Sea Graben. In northwest Germany, deposition of the
Detfurth Sandstone was not confined to the lows, but occurred sheet-like in the lows and on
the swells. Two parasequences are identified in this member (Geluk & Röhling, 1997).
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Figure 2.4. Isopach map of the Lower
Detfurth Sandstone in the Netherlands
and adjacent areas. Note the two hatched
areas where the sandstone is missing
below the Detfurth Claystone Member.

In the Dutch Central Graben,
up to 60 m of sandstones were
deposited (Fig. 2.4). The sandstones
show strong variations between the
different lows, indicating that these
were rather isolated from each other.
In the area between, only thin
sandstones are present. In the Ems
Low, the Lower Detfurth Sandstone
includes a claystone bed up to 15 m
thick, whereas in the western areas,
the
sandstone
has
a
blocky
appearance on the logs without
claystone intervals (Fig. 2.5). Towards
the swells, the sandstone thins, and is
missing below the Detfurth Claystone
(Fig. 2.3). On the Netherlands Swell
and the Cleaver Bank High (CBH), no
sandstone was deposited; these
elements were covered only by the
Detfurth Claystone.
The
Detfurth
Claystone
represents the expansion of lacustrine
deposition over the area during a more humid period. It covered the swells, and the thickness
trend is similar to that of the Detfurth Sandstone; during its deposition, the differential
subsidence continued especially in the Central North Sea Graben.
Hardegsen Formation
The Hardegsen Formation is composed of an alternation of sandstones and siltstones. In
contrast to north-western Germany (Röhling, 1991) there are minor amounts of sandstones.
The formation comprises five fining-upward cycles, (Hardegsen 1 to 5), each comprising four
parasequences (see Röhling, 1991: Pl. 7). Significant amounts of sandstones occur only in
the basin fringe area in the Southern Netherlands and the UK Southern North Sea area. The
present-day thickness of the formation is strongly influenced by the pre-Solling erosion and
shows strong variations. As a result, only isolated occurrences of the formation remain,
which do, however, show a very good correlation of the individual high-resolution cycles
(Röhling, 1991; Geluk & Röhling, 1997).
During deposition the strongest subsidence occurred in the Central North Sea
Graben, the Horn Graben and the Glückstadt Graben. In these lows, the parasequences in
the formation show a thickening, which indicates syn-rift deposition. In previous depocentres
such as the West Netherlands Basin, Roer Valley Graben and Broad Fourteens Basin,
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Figure 2.5. Detailed correlation of the Detfurth, Hardegsen and Solling Formations in the western
offshore area of the Netherlands. Note the strong thinning of the Detfurth Sandstone in the area
between the Broad Fourteens Basin and the Central North Sea Graben. Modified after Geluk &
Röhling (1999).

Differential subsidence ceased. Minor truncation of the top of the Detfurth Claystone is
observed here (Fig. 2.5) and on the East Brandenburg swell. In contrast to the other
formations of the Main Buntsandstein the Hardegsen Formation does not form an
independent sequence, but rather the upper part of the Detfurth–Hardegsen Sequence.

2.4.3 Solling Formation (latest Olenekian)
Within the Solling Formation two tectonostratigraphic sequences can be distinguished,
separated by a minor unconformity. The lower part, of variable thickness, is characterised by
high, spiky gamma-ray readings. Its distribution is limited to the northern half of the
Netherlands. The upper part has a more sheet-like character, with limited thickness
variations, covering the entire distribution area of the Solling Formation in the southern half of
the Netherlands. Based on detailed correlation, a much better definition of the boundaries of
the Solling was obtained and a reinterpretation was made of two reference wells of the
stratigraphical nomenclature (Van Adrichem Boogaert & Kouwe, 1994b). These are included
in Appendix 1.
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Figure 2.6. Geological map of the Hardegsen or base Solling Unconformity, showing the structural
elements discussed in the text. The map is based on released seismic and well data, with
complementary literature (Bertelsen, 1980; Cameron et al., 1992). WNB: West Netherlands Basin.

This intra-Solling unconformity is marked by a sandstone interval, which can locally
attain a thickness of up to 125 m in the southern F and the northern L blocks. The sands
were deposited locally in halfgrabens (De Jager & Geluk, in press). Based on the occurrence
of a prominent sandstone within the Solling, a revised subdivision of this formation is
proposed (Appendix 1).
Uplift and erosion after deposition of the Hardegsen Formation accentuated the
swells which had already developed prior to the deposition of the Detfurth Formation (Figs
2.6 & 2.7). The movements were apparently stronger in Germany and the UK Sole Pit Basin,
where the Solling Formation locally rests upon the Zechstein, than in the Netherlands, where
erosion on the swells only very locally cut into the Rogenstein Sequence. The erosion
amounts to several hundreds of metres on the swells. The question of where the
erodedmaterial has been deposited remains unanswered; the most likely locations are
graben systems like the Horn Graben and the Glückstadt Graben, both with a seismically
thick, but to date undrilled, Buntsandstein succession.
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2.4.4 Röt Formation (Early Anisian)
In the Röt Formation (Upper Buntsandstein), an additional two tectonostratigraphic
sequences have been identified, the Lower Röt and Upper Röt. More details can be read
from Geluk & Röhling (1997).

2.5

Origin of the cyclicity

The sequences of the Buntsandstein are primarily of tectonic origin, being bounded by
unconformities. Truncation below these unconformities points to the development of a
system of highs and grabens, with strong differences in the amount of uplift or subsidence. A
second factor which controlled the boundaries were flucatiations in base level.
Correlatable cyclicity occurs within these Buntsandstein sequences (Lower
Buntsandstein, Volpriehausen, Detfurth–Hardegsen, Solling) in a large area, at least 500 000
km2, of the northwest European Triassic basin. Furthermore, this cyclicity is faciesindependent, as it occurs both in the fine-grained basinal facies and in the sandy facies at
the margin of the basin in the south-western Netherlands (Geluk & Röhling, 1997). As
described in this paper, cycles occur in a distinct hierarchial pattern. Extra-basinal factors
are, for instance, tectonics or climatic variations (rainfall). Given the hierarchial pattern in
which the cycles occur tectonics are ruled out.
Three types of orbital-induced climatic cycles exist, namely precession, obliquity and
eccentricity (Berger et al., 1989), of which the eccentricity cycle, with a periodicity of 400 ka
and 100 ka, has been shown to be the most prominent in continental deposits (e.g. Yang &
Baumfalk, 1994). Obliquity and precession cycles for the Early Triassic are estimated at 36
and 21 ka (Berger et al., 1992).
Based upon the duration of the Induan + Olenekian (Scythian) of 10 Ma (Menning,
1995) and the number of 70 parasequences, Geluk & Röhling (1997, 1999) calculated a
duration of 100 ka for the parasequences. The remaining time was thought to be represented
by the various unconformities. No variations in duration of the Scythian were taken in
consideration by the authors, despite the overview in Menning (1995).
As stated in Chapter 1, none of the Triassic stages has a golden spike, and their
duration is uncertain. The current views on the duration of the Induan + Olenekian is 6 Ma
(ICS, 2003), 40% shorter than the 10 Ma of Menning (1995). The implications of these views
are that the parasequences are shorter than 100 ka, possibly even 50 ka if all unconformities
are taken into account. It can even be questioned whether all the identified cycles have the
same duration, or that in parts of the Buntsandstein a higher-order frequency is recorded.
Gamma-ray and sonic log data analysis with CycloLog® from three wells in the
eastern Netherlands focussed on the Lower Buntsandstein (Main Claystone & Rogenstein)
where sedimentation was shown to be most continuous. In this up to 300 m-thick succession,
a consistent pattern of sequences was found. Throughout the succession, cycles with a
thickness of between 7 and 15 m (average 10 m) are dominant. They are grouped together
in larger cycles, with an average thickness of 44 m, and are themselves made up of 2 sets of
smaller cycles of 3 and 5 m thickness. Comparison with the Milankovitch cycles for the
Triassic matched with the 400, 100, 40 and 20 ka cycles. This proves the assumptions that
the dominant cyclicity is 100 ka in the Lower Buntsandstein sediments.
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Figure 2.7. Schematic development of the structural
elements during the Lower Triassic along a section
through the northern onshore area of the
Netherlands. Not to scale; total length of the section
approximately 250 km.

The Lower Buntsandstein has a Late
Permian to Induan age. The lower two parasequences are Permian in age, whilst the
overlying Volpriehausen is Olenekian (Tab. 2.1;
Kozur, 1999; Szurlies et al., 2003). If the
duration of the Lower Buntsandstein can be
estimated, this could be regarded as a proxy
for the duration of the Induan. Based on the
observed hierarchical pattern in the parasequences,
the
time
in
the
Lower
Buntsandstein can be estimated at 3.0 Ma. Of
this time, 2.8 Ma can be regarded as Induan,
0.2 Ma is still latest Permian. Based on these
data, 1.3 Ma for the Induan (ICS, 2003) is
concluded too short.

2.6

Conclusions

1.

The Buntsandstein of the Mid-European Basin comprises up to seven tectonostratigraphic units; these coincide with the formations as defined in Germany and the
Netherlands. These units can be identified in large parts of the Mid-European Basin;
These tectono-stratigraphic units themselves are made up of para-sequences,
bearing a distinct hierarchical Milankovitch signature. The development and thickness
of these sequences point to a regional basin subsidence. The estimated duration of
these para-sequences is 100 ka;
Based on these estimated durations, the duration of the Olenekian stage should be
2.8 Ma rather than the 1.3 Ma of ICS (2003);
Detailed subdivision of the Lower and Main Buntsandstein is a prerequisite for the
understanding of the basin dynamics;
During deposition of the Main Buntsandstein in the Netherlands, rifting shifted from
the southern and western Netherlands northwards into the Central North Sea Graben.
This understanding is essential for the prediction of sandy sediments in the Main
Buntsandstein.

2.

3.
4.
5.

47

Chapter 2

Sequence

Duration (Ma)
Menning
(1995)

Solling

1.0

hiatus

Geluk& Röhling
(1999)

(2002)

1.0
1.0

Hardegsen

2.0

2.0

Detfurth

1.0

0.5?

hiatus
Volpriehausen

German Strat. Comm. This thesis

4.5**

0.5
1.6

hiatus

2.3
0.5

Rogenstein

1.6

1.4

1.0

Main Claystone

1.6

1.2*

1.0
st

3.0***

Table 2.2. Estimated minimum duration (in Ma) of the 1 -order sequences of Scythian (Induan +
Olenekian) age in the Netherlands. *Total duration 1.2 Ma; partly Late Permian of age. **estimated
duration of combined Volpriehausen-Solling interval.*** Rogenstein + Main Claystone sequences.
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Late Permian (Zechstein) tectonics in the Netherlands - models and
implications for petroleum geology
Based on M.C. Geluk 1999, Petroleum Geoscience 5, p.189–199 (with a contribution of Jan-Diederik
van Wees).
Abstract
Multidisciplinary studies in the Netherlands have revealed two new phases of late Variscan faulting
during the Late Permian. The names Tubantian I and II are proposed in this paper.
Tubantian I movements were triggered by rapid deposition and loading of anhydrite upon a
differentiated basement, in combination with mild E–W extension. A series of small pull-apart basins
and tilted fault blocks formed and cross-cut the Variscan Front. The relief was subsequently filled with
evaporites of the Z1 (Werra) Formation. Fault movements stopped prior to deposition of the Z2
(Stassfurt) Formation.
Tubantian II movements caused uplift and erosion, especially in the southern onshore
Netherlands. Contemporaneous sandy erosion products were deposited in the south-western offshore
area of the Netherlands and the adjacent UK sector and playa-type halites and claystones
accumulated in the central parts of the basin. These movement bear more signs of compressional
tectonics than of extensional tectonics.
Three features have implications for hydrocarbon exploration: the early formation of fault/dip
closed structures shortly after deposition of the Upper Rotliegend; the reorganization of the fluid-flow
system and the deposition of contemporaneous sandy deposits.

3.1

Introduction

Numerous publications deal with the Upper Permian Zechstein Group since the first overview
publication of Richter-Bernburg (1955). The main topics of these papers are, however,
stratigraphy, paleogeography, fossil content or sedimentology. The main objective of this
paper is to outline the tectonic events during deposition of the Zechstein. The fact that
tectonic events played a role during the Late Permian is accepted by Ziegler (1990), Taylor
(1998) and others, but publications discussing these events are limited. Apart from some
regional publications from Germany (i.e. Weinlich, 1991; Wolf, 1985), the only overview
publications is that of M.A. Ziegler (1989), addressing the style and origin of the tectonic
movements during deposition of the lower Zechstein. These sparse observations do,
however, underline the regional importance of Zechstein tectonic events.
The study area is situated in the western part of the Southern Permian Basin, a large
intracratonic basin stretching from the UK in the west to Poland and Lithuania in the east
(Fig. 3.1). This basin was bordered to the south by the London-Brabant Massif and the
Rhenish Massif, and to the north by the Mid North Sea and Ringkøbing-Fyn High. Much of
the Netherlands onshore area was occupied by a carbonate-anhydrite platform. The
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Figure 3.1. Sketch map of the Late Permian basin (after Lokhorst, 1998; Taylor, 1998). The solid black
line represents the location of the Variscan Front. ADB: Anglo-Dutch Basin; LBM: London-Brabant
Massif; MNSH: Mid North Sea High; NGB: North German Basin; PT: Polish Trough; RFH: RingkøbingFyn High; RM: Rhenish Massif. The area bordered by the Mid North Sea High and Ringkøbing-Fyn
High in the North and the London-Brabant Massif and Rhenish Massif in the south is referred to as the
Southern Permian Basin. The box outlines the studied area.

observations described in this paper refer mainly to this platform area but may be
representative for other platform areas, including the Northern Permian Basin.
Insight into Late Permian tectonic events in the Netherlands was obtained during
various projects, e.g. the onshore subsurface mapping project (RGD, 1991, 1993; Geluk et
al., 1997; NITG, 1998) and the revision of the stratigraphical nomenclature of the
Netherlands (Van Adrichem Boogaert & Kouwe, 1994a). Two distinct tectonic phases were
recognized in the Zechstein, acting during deposition of the Z1 (Werra) Formation and during
deposition of the Upper Zechstein prior to Upper Claystone Formation. The names Tubantian
I and II are proposed for these pulses in this paper. This name is derived from Tubantia, the
Latin name for the Dutch province of Twente, the region in the eastern Netherlands where
these movements are well-expressed.

3.2

Lithostratigraphic definition and age of the Zechstein

The name Zechstein for the Upper Permian deposits is widely used across NW Europe, but
there is some difference in the definition, especially of the top of the Zechstein, between
different countries (see Tab. 1.1 and Section 1.3.2 for discussion). The ZechsteinBuntsandstein boundary in Germany, Poland and the Netherlands is approximately at the
same level (Van Adrichem Boogaert & Kouwe, 1994a; Wagner, 1994; Geluk et al., 1996,
1997; Lokhorst,1998). In the UK and Denmark, on the other hand, this boundary is taken
significantly lower (Fisher & Mudge, 1998; Lokhorst, 1998). Rocks considered uppermost
Zechstein in Germany, Poland and the Netherlands are considered lowermost Triassic in the
UK. This applies for instance to the Hewett Sandstone (Geluk et al., 1996), and the
Bröckelschiefer Member (Tab. 1.1).
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Figure 3.2. Location of the Variscan Front
(VF) (solid line according to Lokhorst, 1998l
dashed line according to Drozdzewski &
Wrede, 1994). The locations of the seismic
profiles (Figure 3.5, 3.6) and the section of
the Groet field (Figure 3.11) are shown.

The result of these differences in
definition is that Late Permian tectonic
activity as described in this paper is
described in the UK as earliest Triassic
activity (Cameron et al., 1992). This may
apply to other areas of NW Europe, e.g. the Early Triassic tectonic activity in the Viking
Graben (Fisher & Mudge, 1998).
The dates of the tectonic events can be summarized as follows. Tectonic events
during the deposition of the Z1 (Werra) Formation took place around 256 Ma, and the Upper,
Zechstein tectonics occurred between 251 and 252 Ma, i.e. respectively 0.5 to 1 Ma and 5 to
6 Ma after Upper Rotliegend deposition.

3.3

Tectonic events

3.3.1 Variscan deformation
During the Variscan Orogeny the Upper Carboniferous foreland basin was strongly deformed
during a number of discrete phases. The northernmost occurrence of Variscan thrusts, the
so-called Variscan Front (Figs 3.1 & 3.2), is just situated in the SE Netherlands (see Chapter
5 for further details).

3.3.2 Early–early Late Permian (Rotliegend) basin development and infilling
Permian times started with a period of intense volcanic activity. The main centres of
volcanism were situated in eastern Germany and Poland, and in NE-trending depocentres up
to 2500 m of alkaline volcanic rocks and associated clastics were deposited (see section
1.3.1, Chapters 4 & 5).
Clastic sedimentation resumed towards the end of the Early Permian in depressions
in eastern Germany and Poland, gradually spreading out towards the south and west (Plein,
1995; Glennie, 1998; Chapter 5). Only intra-Variscan basins, south of the Variscan Front,
show continuous sedimentation across the Carboniferous-Permian boundary (Ziegler, 1990).
In Middle and Late Permian times, a marked expansion of the basin occurred in a
westward and southward direction (Plein, 1995). A number of minor tectonic pulses
accompanied this expansion (Gast, 1988; Plein, 1995). This rifting breached the Variscan
Front in Germany (Gast, 1988). The central part of the Rotliegend basin was occupied by a
large playa lake, while contemporaneous fluvial and eolian sands were being deposited to
the south (Ziegler, 1990). Initially, some relief was present in the Netherlands area and there
is evidence for faulting around the Texel-IJsselmeer High (Geluk et al., 1996; RGD, 1991,
1993; NITG, 1998) and in the Cleaverbank High area (Crugnola et al., 1996).

51

Chapter 3

Figure 3.3. Isopach maps (in m) of (A) the
Upper Rotliegend Group and (B) the Z1
(Werra) Formation in the Netherlands. During
sedimentation of the Upper Rotliegend, the
main sediment accumulation occurred in the
central part of the basin. Note the overall
regular isopach pattern. During deposition of
the Z1 (Werra) Formation, a highly
differentiated
pattern
of
sediment
accumulation occurred mainly in the marginal
parts of the basin and on previous Upper
Rotliegend highs. TIJH: Texel-IJsselmeer
High; CNB: Central Netherlands Basin.

These tectonic movements are likely to
coincide with the Altmark II and III pulses
as recognized in Germany (Plein, 1995).
The Upper Rotliegend infill of the
Southern Permian Basin (Elbe Subgroup)
comprises up to 700 m of playa-type
sediments in the northern offshore area
(Fig 3.3a). In the eastern Netherlands
non-deposition prevailed in areas of
Lower Rotliegend volcanism (Fig. 4.5).
Further south, the Variscan Front more or
less delineated the sedimentation area;
NW of the front sedimentation was more
or less continuous with a thickness
increase towards the west, while to the
SE of the Front only scattered
occurrences of Rotliegend sediments
have been recorded (Fig. 3.4).

3.3.3 Tubantian I: Z1 tectonics
At the onset of the Zechstein, the
sediment accumulation pattern displayed
a marked change. Instead of the central
part of the Southern Permian Basin, the
bulk of the sediments now accumulated in
marginal parts of the basin. Furthermore,
the accumulation pattern of the Z1 (Werra) Formation displays a highly diversified pattern
(Fig. 3.3b). Low accumulation rates in central parts of the basin can be explained by
sediment starvation. To reconstruct the subsidence pattern here, we have to take into
account the water-depth of around 200 m at the end of deposition of the Z1 (Werra)
Formation (Taylor, 1998).
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Figure 3.4. Isopach maps (in m) of the Upper Rotliegend Group, the Z1 (Werra) and the Z2 (Stassfurt)
formations in the eastern Netherlands. For location see Figure 3.3 The depositional area of the Upper
Rotliegend Group was limited to the south by the Variscan Front. Strong, differential, fault-controlled
subsidence occurred during the Z1 (Werra) Formation. The Z2 (Stassfurt) Formation covered this
relief blanket-like.

In the eastern Netherlands, Z1 tectonics were studied in more detail. This area was
selected in view of the shallow depth of the Zechstein Group and the great number of
boreholes which penetrated the strata. Isopach maps of the Upper Rotliegend Group, the Z1
(Werra) Formation and the Z2 (Stassfurt) Formation are presented in Figure 3.4. The Upper
Rotliegend shows a gradual thickness increase towards the west. In the southern part of the
area there is limited evidence for fault control. The eastern part of the area is occupied by a
high and the depositional area is delineated to the SE by the Variscan Front. The Z1 (Werra)
Formation shows a completely different pattern. Three depocentres have been identified,
containing over 300 m of rock-salt and anhydrite. The northernmost depocenter was studied
in detail and a close relation with fault activity could be established here (Grönloh, 1995;
Geluk et al., 1997). Both normal faulting and strike-slip faulting occurred, and the structure is
interpreted as a small pull-apart basin. Figure 3.5 shows a well-defined half-graben, filled
with deposits of the Z1 (Werra) Formation, presumably anhydrite and rock-salt. Beds of the
overlying Zechstein formations are not influenced by the faulting. Not all structures are as
well-defined as this example, but in most cases the integration of detailed seismic
interpretation and well log correlations provides a clue to the structures. The types of the
structures identified include:
• halfgrabens filled with Z1 Anhydrite south of the Texel-IJsselmeer High
• halfgrabens filled with Z1 Anhydrite and Z1 Salt in the Central Netherlands Basin
• grabens filled with Z1 Salt
• graben shoulders where the Z1 Anhydrite rests directly upon Rotliegend or Carboniferous.
The paleotopography of the Z1 Carbonate indicates, that the movements influenced
the topography; the basinal areas include previous highs (c.f. Figs 4.8 and 4.12).
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Figure 3.5. Seismic section 706021 from the eastern Netherlands, showing a well-defined half-graben
filled with deposits of the Z1 (Werra) Formation. Younger deposits of the Zechstein have not been
affected by the differential fault movements. The location is shown on Figure 3.2.

Figure 3.6. Seismic section (inline 187) from the P2 block in the western offshore. The Upper
Zechstein faulting resulted in significant structuring of the Upper Rotliegend and Z3 Carbonate
reservoirs. The location is shown on Figure 3.2.
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Figure 3.7. Subcrop map below the base
of the Zechstein Upper Claystone
Formation (after Geluk et al., 1997; Best,
1989). The figure shows the present-day
distribution of this formation. Note the
uplifted area in the SW onshore part, the
future West Netherlands Basin, where
Upper Rotliegend deposits subcrop. RO:
Upper Rotliegend Group; Z1 (Werra) Fm,
Z2: Z2 (Stassfurt) Fm, Z3: Z3 (Leine) Fm,
Z4: Z4 (Aller) Fm, Z5: Z5 (Ohre) Fm. Z6–
Z7 represent the youngest evaporite
cycles of the Zechstein Group identified in
Germany (Best, 1989). GH: Groningen
High; TIJH: Texel-IJsselmeer High. Other
abbreviations as in Fig. 3.1.

3.3.4 Tubantian II: Upper
Zechstein faulting
Evidence for faulting during deposition
of the Upper Zechstein has been
identified on seismic data (Fig. 3.6)
and in wells, and fits with the following
observations:
• the Zechstein Upper Claystone
Formation rests upon a variety of
older Zechstein formations, or even
the Upper Rotliegend Group (Figs 1.3
& 3.7),
• the localized occurrence of Z3 Salt
and Z4 Salt in halfgrabens (Fig. 3.6),
interpreted as erosional remnants,
• thick halite deposits in the Upper Zechstein (Z6–Z8) in the North German Basin (Best,
1989),
• contemporaneous sandy deposits in the SW offshore area of the Netherlands (Z4
Sandstone/Hewett Sandstone; Geluk et al., 1996; Fig. 1.3).
Strong uplift and erosion occurred on the Southern Netherlands platform (Fig. 3.7). In
the western offshore area, a local high formed where the Zechstein Upper Claystone
Formation rests on Z1 (Werra) Formation (Fig. 1.3; compare P15-1 with P12-1). Also, on
other highs erosion occurred, for example on and around the Texel-IJsselmeer High, where
the Zechstein Upper Claystone Formation overlies the Z3 (Leine) Formation or locally a thick
succession of Z1 Werra Anhydrite in previous Z1 halfgrabens. In the NE of the country, the
Groningen High, the area of the Slochteren gas field, was uplifted.
Contemporaneous subsidence during the Tubantian II tectonic pulse occurred in the
North German Basin, where a succession of over 200 m of playa-type halites and clays were
deposited (Best, 1989), in the Polish Trough (Wagner, 1994) and the Silverpit Basin. It is
suggested that in these depocentres resedimentation may have occurred of older Zechstein
evaporites eroded from the surrounding areas. Uplift of the southern margin of the basin
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Figure 3.8. Areas of contemporaneous
deposition during Tubantian II faulting.
Potential clastic reservoir rocks were
deposited in the SW offshore area (Z4
Sandstone/Hewett Sandstone). SHF: South
Hewett Fault Zone.

(Cameron et al. 1992) caused sandy
material to be shed into the basin,
deposited in an area close to the basin
margin as the Z4 Sandstone/Hewett
Sandstone. During this phase, movement
occurred along the South Hewett Fault
Zone (Fig. 3.8).
Following the Late Permian
faulting there was a period of tectonic
quiescence of some 4 Ma. During this
period, the Lower Buntsandstein was
deposited. Tectonic activity resumed
during the so-called Hardegsen phase in
Olenekian times (Geluk & Röhling, 1997; Chapters 2 & 5).

3.4

Models for Zechstein tectonics

3.4.1 Tubantian I faulting
These movements have been identified positively only in the basin fringe area, on the Z1
anhydrite platform. The tectonic component of the basement subsidence was analyzed for
several wells in the Netherlands (Geluk et al., 1997). Details of the procedures and
techniques of backstripping are given by Steckler & Watts (1978), Bond & Kominz (1984)
and Kooi et al. (1989). In the analysis, the water-loaded tectonic subsidence was calculated
from the stratigraphical record by making porosity-depth and isostatic corrections on the
basis of the observed lithologies, using standard mean exponential relations and material
parameters (cf. Sclater & Christie 1980).
In the selected wells, a large number of stratigraphical horizons can be correlated and
these are marked by high-resolution relative age data (Menning, 1995). Glacio-eustatic sealevel fluctuations, estimated at up to 200 m during Z1 sedimentation, have not been
incorporated in the analysis because of the difficulties in quantifying their amplitude and
because they may be controlled by tectonic vertical motions (e.g. Cloetingh et al., 1985;
Embry 1989). The main conclusion that can be drawn from these curves is that despite the
considerable lateral variation in basement subsidence, there was only limited variation in
tectonic subsidence during Z1 deposition. Enhanced tectonic subsidence is, however,
observed along a transect in the western offshore, where it controlled the topography of the
Z1 Carbonate Member (Fig. 3.9). It is only observed in the part of the basin where shallowwater conditions prevailed during deposition of this member.
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Figure 3.9. Tectonic and basement
subsidence along a well transect in the
western offshore area and for a single well
in the eastern Netherlands. Note the
enhanced Z1 subsidence in the southern
part of the transect (wells P12-1, P9-1, P61). The effect of anhydrite loading on
basement subsidence was observed in well
Tubbergen-Mander-1. After Geluk et al.,
(1997).

In the eastern Netherlands
analyzed wells (Fig. 3.9) do not show
any signs of increased subsidence
during deposition of the Z1 Carbonate
Member, but this may be obscured by
lower sedimentation rates and the
deeper-water setting of the carbonate.
The ideas concerning the subsidence
along the section suggests that:
• an inclined topography developed at
an early stage of the Zechstein
transgression;
• this initial topography controlled the
Zechstein facies distribution;
• the loading effect of evaporites
enhanced the differences in subsidence;
• this topography was essentially faultcontrolled.
The
differential
basement
subsidence in the eastern Netherlands
can be explained almost exclusively by
the loading of anhydrite upon a brokenup basement. The occurrence of these
structures is limited to the shallow parts
of the basin where rapid accumulation
of anhydrite can occur, as is the case on
the platform area south of the TexelIJsselmeer High. North of this high, in
the main Zechstein basin, no indications
of faulting have been found. They were,
however, probably obscured by low sedimentation rates. The ideas concerning the
subsidence of this basin are that of a general downwarping caused by thermal contraction of
the lithosphere in combination with loading of the water-filled depression (Ziegler, 1990).
The main conclusion is that extensional tectonics during the early Zechstein in the
western offshore caused an inclined topography, which controlled the facies distribution of
the Z1 Carbonate. It was filled up with thick deposits of the Z1 (Werra) Formation. In the
eastern part of the Netherlands and adjacent parts of Germany, these movements caused a
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Figure 3.10. Models for Late Permian (Zechstein)
tectonics. The main differences are that during Tubantian I
faulting rapid deposition and loading of anhydrite amplified
initial fault relief, while during the Tubantian II faulting
post-dates deposition of the Z4 (Aller) Formation.

dissection of the Variscan Front along a series of
NW trending faults. The location of the breaching
occurred between the London-Brabant Massif and
the Rhenish Massif, which formed rigid blocks that
prevented faults propagating southwards. This
breaching essentially formed the onset of the
opening of the Trier Embayment, which would
connect the NW European Basin with the Paris
Basin and finally with Tethys from the Middle
Triassic onwards (Ziegler 1990; Chapter 5). In a
north-western direction, the fault system is linked
with the salt-filled channel in UK Quadrant 37
(Jenyon et al., 1984), which dissects the Mid North
Sea High.

3.4.2 Tubantian II faulting
The model applicable for the Tubantian II faulting is
less obvious, and is thought to involve
compressional forces, causing uplift of onshore
areas of the Netherlands on one hand nad
downwarping of the North German and the Silverpit
Basin on the other hand. The most pronounced uplift
occurred on the Southern Netherlands platform,
where the entire Zechstein was removed and the
Upper Rotliegend Group is overlain directly by the Zechstein Upper Claystone Formation
(Fig. 3.7). No detailed subsidence analysis has been carried out for this phase.
The Z3 (Leine), the Z4 (Aller) and the Z5 (Ohre) Formations were deposited in halitebearing facies in much of the Netherlands onshore and offshore areas. Subsequent uplift and
erosion resulted in the removal of part of these successions, leaving only erosional remnants
in the area south of the main basin (Fig. 3.10b). It is assumed that these erosional deposits
were contemporaneously deposited as the higher Zechstein successions in the North
German Basin, as described by Best (1989). Uplift of the southern margin of the basin
(Cameron et al., 1992) caused sandy material to be shed into the basin, deposited in an area
close to the basin margin as the Z4 Sandstone/Hewett Sandstone. Movements along the
South Hewett Fault zone played a role in the location of this area.
No indications have been found that these tectonic movements played an important
role in the development of salt structures in the Netherlands. The very uniform thickness of
the Lower Triassic sediments (Geluk & Röhling, 1997) is evidence of the lack of salt
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Figure 3.11. Example of the Groet field; this
field is composed of several tilted fault blocks
of Zechstein age (after Van Lith 1983). Fault
movement occurred during both Tubantian I
and II phases. Groet 1, 3, 3a and 5 are wells.
Zeuc: Zechstein Upper Claystone Formation.
The location is shown on Figure 3.2.

movement. Salt structures present in the
subsurface of the Netherlands developed
mainly during Middle Triassic to Late
Jurassic times (Remmelts, 1996).
The structural style of the Late
Permian (Zechstein) faulting suggests it
represents the aftermath of the Variscan
orogeny and not the first of the Kimmerian extensional pulses. The E–W orientation of the
faults is similar to the Variscan faults and these faults show hardly any sign of reactivation
during Triassic-Jurassic extension (Figs 3.5 & 3.6).

3.5

Implications for petroleum geology

Structuration of the Upper Rotliegend and Zechstein carbonate reservoir rocks started shortly
after deposition and not in Mesozoic times. The relevance for exploration is shown by the
example of the Groet gas field, north of Amsterdam (Fig. 3.11), which is a Zechstein faultdip-closed structure (Van Lith, 1983), modified structurally during the Late Cretaceous
Subhercynian inversion phase. The understanding of the mechanism of the Tubantian I pulse
makes it possible to predict the area where structuration of the Upper Rotliegend occurred,
namely the Z1 anhydrite platform area (Fig. 3.12). The Tubantian II faulting is not constrained
to a particular paleogeographic setting, but occurred throughout the basin. These
movements caused structuration of both
the Upper Rotliegend clastic and the
Zechstein carbonate reservoirs.
The Late Permian (Zechstein)
faulting caused a major reorganization of
the fluid flow system. The Tubantian I
faulting occurred 0.5–1 Ma after
deposition of the Rotliegend. It caused
Rotliegend reservoirs, buried up to 100 m,
to
become
juxtaposed
against
Carboniferous rocks as well as Zechstein
Figure 3.12. The area of Z1 faulting versus the
isopachs (in m) of the Upper Rotliegend
Group. The occurrence of this faulting is
limited to the extent of the Z1 anhydrite
platform area (shaded area).
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Figure 3.13. Summary of possible diagenetic
effects (after Gaupp et al., 1993) where Upper
Rotliegend sandstones are juxtaposed against
Upper Carboniferous coal measures and
Zechstein
evaporites.
Different
shading
indicates the zones where these effects occur.

evaporites. The Tubantian II faulting
occurred somewhat later, 5–6 Ma after
deposition of the Rotliegend. By this time,
the top of the Upper Rotliegend sediments
was situated at depths of 50 m in the southern onshore to 900 m in the central and northern
offshore. The average depth for the southern part of the Rotliegend fairway would be 500–
600 m. Following the studies of Gaupp et al. (1993) in NW Germany (Fig. 3.13), this change
in the fluid flow system had the following effect on Rotliegend diagenesis. Acidic waters,
introduced from the Carboniferous, resulted in feldspar leaching, followed by kaolinite and
illite cementation. Juxtaposition against the Zechstein and exchange of formation water with
evaporitic fluids led to cementation with various evaporite minerals. These diagenetic
processes may offer an explanation for the strong variations in Upper Rotliegend porosities
and permeabilities in the basin fringe area (RGD, 1993).
Sandy sediments were deposited only during Tubantian II faulting (Fig. 3.8). They
form good reservoir rocks in the UK Southern North Sea Hewett gas field (Cameron et al.,
1992), and in the Netherlands these rocks have reservoir potential in the SW offshore area
(Geluk et al., 1996).

Figure 3.14 Large-scale model of the Tubantian I faulting, and the relation between the connection in
Quadrant 37 (Q 37) and the Trier Embayment. For other abbreviations see Fig. 3.1.
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Permian and Triassic basins in the Netherlands: stratigraphy,
tectonics and paleogeography
Based on M.C. Geluk (2005) Permian and M.C. Geluk (2005) Triassic, in: Wong, Th.E., Batjes, D.A.J.
& De Jager, J. (eds): Geology and Mineral Resources of the Netherlands, Royal Dutch Academy of
Science and Arts (Amsterdam), in press.
Abstract
Permian and Triassic basins and their infill have a prominent place in the subsurface of the
Netherlands. Permian deposits in the Netherlands are represented by the Lower and Upper
Rotliegend and Zechstein groups, Triassic by the Lower and Upper Germanic Trias groups and the
Sleen Formation of the Altena Group.
A hiatus spans the Early to Middle Permian. The Lower Rotliegend Group (Middle Permian), of
volcanic origin, is present only locally. Middle to Late Permian subsidence was dominated by an E–W
trending sag basin, the Southern Permian Basin. The Upper Rotliegend and Zechstein groups,
deposited under warm and arid climatic conditions are present throughout most of the Netherlands.
The Upper Rotliegend Group represents fluvial, eolian and playa lake deposits, with the lake situated
in the northern offshore area. The Zechstein Group comprises a series of marine evaporites and
carbonates, which show a gradual retreat of the sea during its deposition.
Triassic deposits rest conformably upon the Zechstein. The Lower Germanic Trias Group
(latest Permian–Olenekian) is made up mainly of fine-grained siliciclastic deposits with cyclic
sandstone and oolite intercalations. The fines represent lacustrine sediments; the sandstones are of
fluvial and eolian origin. The source area of these clastics was the Variscan Mountains to the south.
The distribution and thickness of the sandy sediments were controlled by rift tectonics (Hardegsen
phase). The Upper Germanic Trias Group (Olenekian–Norian) comprises lacustrine, brackish-water
and marine, fine-grained siliciclastics, carbonates and evaporites. Sandstones are rare.
Triassic extensional tectonics strongly influenced the thickness and distribution of these
sediments. Initially, the Permian basin configuration was maintained during the earliest Triassic, but
became progressively modified by Middle and Late Triassic rifting. In Middle Triassic times a
connection was established between the Permo-Triassic basin and the Tethys Ocean, resulting in the
deposition of shallow-marine carbonates and evaporites.

4.1

Introduction

Permian and Triassic rocks occur in a large part of the subsurface of the Netherlands and
form the lower part of the post-Variscan sedimentary succession. Permian deposits are
present throughout almost the entire country, but a complete succession of Triassic deposits
is found only within the boundaries of the Late Jurassic basins in the Netherlands. Permian
and Triassic deposits are described in various papers in the Netherlands (Brueren, 1959;
Harsveldt, 1973, 1980; Van Adrichem Boogaert, 1976; Van Wijhe et al., 1980; Gdula, 1983;
Roos & Smits, 1983; Van Lith, 1983; Van Adrichem Boogaert & Burgers, 1983; Fontaine et
al., 1993; Winstanley, 1993; Ames & Farfan, 1996; Bruijn, 1996; Geluk et al., 1996; Geluk &
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Figure 4.1. Structural elements in the
Netherlands during the Late Jurassic to
Early Cretaceous (after Van Adrichem
Boogaert & Kouwe, 1993). Basins are
shown in light grey and the areas of
pronounced uplift in darker shadings. On
highs, with the darkest shading, the
entire Permian and Triassic succession
was removed.

Röhling, 1997, 1999; Geluk, 2000),
the focus of these papers is on
deposits with economic interest such
as the gas-bearing Rotliegend,
Zechstein and Lower Triassic.
Regional overviews (Ziegler, 1990;
Glennie, 1998; Taylor, 1998; Fisher
& Mudge, 1998) do not show much
detail for the Netherlands.
This chapter presents new
insights to the paleogeographical
development of the Permian and
Triassic
in
the
Netherlands,
illustrated with facies and thickness
maps. In this paper the Permian and
Triassic basin development is
compared to the Late Jurassic
structural framework (Fig. 4.1).
Furthermore, it will be assessed to
which extent the present-day
distribution of Permian and Triassic rocks is of depositional origin, or of later date. The
stratigraphic units as outlined by Van Adrichem Boogaert & Kouwe (1994a,b) form the
reference for this chapter.
The chapter is based on well data, with regional seismic data (1983 NOPEC survey,
DG survey; Appendix 2) and literature data.The present-day depth map of the base of the
Zechstein Group (Fig. 4.2) shows average depths of around 3 km in much of the onshore
and offshore area, and the deepest burial in the Dutch Central Graben (7 km). On the TexelIJsselmeer High, and other highs in the southern Netherlands, the Permian was removed by
post-depositional erosion. Triassic rocks are absent in large areas in both the onshore and
offshore parts of the Netherlands and locally owing to piercement by Zechstein salt (Fig. 4.3).
Average depths of the base of the Triassic are 2 to 3 km in the onshore area and up to 7 km
in the Dutch Central Graben.

4.2

Stratigraphy

The Permian and Triassic succession is divided into the following units (Van Adrichem
Boogaert & Kouwe, 1994a,b; Fig. 1.2, Tabs 1.2, 1.3 & 4.1):
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Figure 4.2. Depth map of the base of the
Zechstein Group (in km). This map has
been compiled from the geological atlas
of the Netherlands (unpublished NITG
compilation), with additional data from
Day et al. (1980), Bailey et al. (1993),
Vejbæk & Britze (1994), Kockel (1995)
and Baldschuhn et al. (1996). TIJH:
Texel-IJsselmeer High; MNSH: Mid North
Sea High; RFH: Ringkøbing-Fyn High.

1. the Lower Rotliegend Group
(Middle Permian), a succession of
volcanic and clastic rocks with a
geographically limited distribution;
2. the Upper Rotliegend Group
(Middle
to
Late
Permian),
comprising fine-grained clastics
and evaporites in the northern
offshore
and
predominantly
sandstones in the onshore and
western offshore area;
3. the
Zechstein
Group
(Late
Permian), a series of evaporites,
carbonates
and
subordinate
clastics;
4. the Lower Germanic Trias Group
(latest
Permian–Olenekian),
comprising mainly fine-grained
clastic deposits with sandstone
and oolite intercalations, and
consisting at the southern basin margin predominantly of sandstones;
5. the Upper Germanic Trias Group (Olenekian–Norian) comprising an alternation of finegrained clastics, carbonates and evaporites with subordinate sandstones;
6. the Sleen Formation of the Altena Group (Rhaetian), comprising fine-grained deltaic
deposits.
Permian rocks are separated by the Base Permian Unconformity from mildly
deformed Namurian to Stephanian sedimentary rocks. The contact between the Lower
Rotliegend Group and the overlying Upper Rotliegend or Zechstein groups is unconformable,
whereas the contact between the Upper Rotliegend and the Zechstein Group is conformable
(Fig. 1.2). The Lower Germanic Trias Group conformably overlies the Zechstein Group.
The regional Hardegsen or Base Solling Unconformity forms the boundary between
the Lower and Upper Germanic Trias Groups (Ziegler, 1990; Geluk & Röhling, 1997, 1999).
Within the Keuper Formation of the Upper Germanic Trias Group is the Early Kimmerian I
Unconformity (see Chapter 1). The Early Kimmerian II unconformity at the top of the Upper
Germanic Trias Group (base of the Sleen Formation) forms an excellent marker on both
seismic data and well logs (Van Adrichem Boogaert & Kouwe, 1994b).
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Figure 4.3. Depth map of the base of the
Triassic (in km). This map has been
compiled from the geological atlas of the
Netherlands
(unpublished
NITG
compilation), with additional data from
Day et al. (1980), Kockel (1995),
Baldschuhn et al. (1996) and Johnson et
al. (1999). White spots in the northern half
of the Netherlands represent Zechstein
salt piercements.

4.3
Tectonic
events

setting

and

The tectonic history of the Permian
and Triassic in the Netherlands is
dominated by the formation and
progressive fragmentation of the
Southern Permian Basin. This large
E–W trending sag basin overlies Early
to Middle Permian rifts and volcanic
centres (Ziegler, 1990; Plein, 1995).
On a regional scale, this basin is
made up of three NNW–ESE trending,
rather independent, elements (see
Chapter 5). In the Netherlands the
main depocentre lies in the northern
offshore area (Fig. 4.7).
Several minor rift pulses
characterized the Middle and Late
Permian (Gast, 1988; Plein, 1995; Glennie, 1998). The pulses occurred prior to and during
deposition of the Upper Rotliegend Group (the Saalian and Altmark I to III pulses; Plein,
1995) and the Zechstein (Tubantian I and II; Geluk, 1999a; Chapter 3). In the Netherlands,
minor faulting during deposition of the Upper Rotliegend Group is observed in the Central
and West Netherlands basins (NITG, 1998). Considerable differential fault movement
occurred on the anhydrite platforms at the margins of the Zechstein basin during the
deposition of the Z1 (Werra) Formation (Wolf, 1985; M.A. Ziegler, 1989; Geluk, 1999a), in the
Tubantian I phase. Loading of rapidly deposited anhydrite on a differentiated substrate is
thought to have amplified these movements (Geluk, 1999a). A series of fault-bounded basins
and halfgrabens, with fault offsets of up to 250 m, developed in the Central Netherlands
Basin (see Chapter 3). The Tubantian II movements during deposition of the upper Zechstein
are more difficult to identify. These movements resulted in a regional unconformable contact
between the Zechstein Upper Claystone Formation and older Zechstein rocks (Fig. 3.7).
Source areas south of the basin were uplifted, and sands were shed into the basin in the
western offshore area and the UK sector (Z4 or Hewett Sandstone; Fig. 3.8).
Contemporaneously, in central parts of the main basin the youngest series of Zechstein
halites were laid down (Z6–Z7; Best, 1989). The movements bear more signs of
compressional tectonics which are possibly linked to the Uralian Orogeny.
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Table 4.1. Stratigraphic subdivision of the Triassic in the Netherlands and adjacent countries (after
Van Adrichem Boogaert & Kouwe, 1994b; Johnson et al., 1994; Geluk, 1999b; Kozur, 1999). Ages
after Menning (1995). Sequences after Gianolla & Jacquin (1998); transgressive sequences in black,
regressive sequences in grey. EK I: Early Kimmerian I Unconformity; H: Hardegsen unconformity. *
informal Middle Muschelkalk comprising the Muschelkalk Evaporite and Middle Muschelkalk Marl.

Extensional tectonics during the Triassic accompanied the disintegration of Pangea
(Wolburg, 1969; Ziegler, 1990; Röhling, 1991; Kockel, 1995). The tectonics caused highly
differentiated subsidence, and they triggered wide-spread mobilisation of Zechstein salt (De
Jager, in press). In literature they are often treated as two different phases (Hardegsen and
Early Kimmerian), but they belong to a single process of extensional tectonics which
continued into the Cretaceous and resulted in the opening of the Northern Atlantic. These
tectonic movements resulted in several pronounced unconformities in the Triassic:
•
the Hardegsen unconformity at the base of the Solling Formation;
•
the Early Kimmerian I and II unconformities at the base of the Red Keuper Claystone
and the base of the Sleen Formation respectively.
The extensional tectonics resulted in a progressive structural modification of the
Southern Permian Basin, which became dissected by rifts, and split up into a number of
smaller units. During the Early Triassic, the main rifts were the Glückstadt and Horn grabens
in north-west Germany (Best et al., 1983; Geluk & Röhling, 1999; Chapter 5). Apart from N–
S trending faults, a system of WNW–ESE trending faults was active. These faults,
exemplified by the Mid Netherlands, Gronau and the North Dogger Fault Zones, are
characterized now by locally preserved Upper Triassic sediments in their hanging-wall block
(Fig. 4.29). They are interpreted here as transcurrent faults.
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Figure 4.4. Structural styles of the Triassic in the Netherlands. A. SNST 8306 Narrow, 1 km wide,
graben embedded within a succession of Lower Buntsandstein to Muschelkalk, and filled with Röt,
Muschelkalk and Keuper deposits, Schill Grund High. B. SNST 8320 Primary rim synclines with a thick
Keuper succession, Dutch Central Graben. C. SNST 8305 Complex, faulted, Triassic depocenter,
Dutch Central Graben. Intrusion of Zechstein salt is observed in the Röt, Muschelkalk and Keuper
evaporite layers. D. SNST 8308 Rift-raft zone along a Triassic growth fault, western margin of the
Dutch Central Graben.

Triassic tectonics displays a marked difference in style. In Figure 4.4a, the Triassic,
was affected by pre-Cretaceous erosion and occurs as a unit of continuous reflectors with
constant thickness. This situation is typical for many of the Late Jurassic highs. Small
grabens, filled with Röt to Keuper sediments, developed here in response to Late Triassic
extension. Their development has been described by Penge et al. (1993, 1999). The grabens
may be from a few hundred metres to 1 km wide and are typical for a setting of a rigid unit
interbedded between ductile evaporites. Some of these grabens were already active earlier,
during deposition of the Solling Formation (De Jager & Geluk, in press; Chapter 2).
The Dutch Central Graben shows both symmetrical (Fig. 4.4b) and asymmetrical (Fig.
4.4c) Triassic depocentres related to Zechstein salt withdrawal. Figure 4.4b is a classical
example of a turtle-back anticline (Trusheim, 1960), which was bordered during the Triassic
by two growing salt pillows. In Figure 4.3c the salt structure to the west entered the diapiric
stage during the Keuper. Intrusion of Zechstein salt in the structure on the east is of later
date and related to the Late Cretaceous compressional tectonics. Triassic growth faults are
present at the western margin of the Dutch Central Graben (Fig. 4.4d), but similar faults
occur at the margins of the Ems Low and on the Schill Grund High. The growth faults postdate the Hardegsen unconformity.

4.4

Permian

In the Netherlands, a hiatus represents the entire Early Permian. In Middle and Late Permian
times, the Netherlands became included in the Southern Permian Basin, stretching from the
UK into Poland (Ziegler, 1990; Glennie 1997, 1998; Lokhorst, 1998; Chapter 5). The
sedimentation area gradually expanded until during the Late Permian the London-Brabant
Massif and the Rhenish Massif formed its southern, and the Mid North Sea High and
Ringkøbing-Fyn High its northern margin. The Central Graben formed an area of volcanic
activity during the Early and Middle Permian (Stemmerik et al., 2000), and a topographic low
in late Middle and Late Permian times. It connected the Southern and the Northern Permian
Basins. The Ems Low, characterized by Middle Permian volcanic activity, formed a positive
area until Late Permian times. During the late Middle Permian the differential subsidence of
the Broad Fourteens and Central Netherlands basins started.
Permian sediments were deposited in eolian, fluvial, lacustrine and marine
environments. Their depositional thickness increases northwards from less than 50 m in the
southern Netherlands to almost 2000 m in the northern offshore area. Post-Permian erosion
removed Permian strata from the Texel-IJsselmeer and other, smaller highs. Sediment
supply was mainly from the Variscan Mountains in the south and to a minor extent from the
highs north of the basin.
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Figure 4.5. Distribution of the Lower Rotliegend
Group (after Lokhorst, 1998). Volcanic activity
occurred in the Ems Low and the Dutch Central
Graben. The eastern distribution of the group in
the Dutch Central Graben is not well-established.

4.4.1 Lower Rotliegend Group
This group occurs in distinct areas, namely
the Ems Low, the Central Graben (Fig. 4.5)
and the Horn Graben.
The volcanoclastics in the Ems Low
represent the westernmost part of a large area
of volcanics in Germany (Plein, 1995). They
consist of red-brown to green spilitic, basaltic
volcanics, mudstones and tephra layers.
Several stacked lava flows occur in the
succession. Their thickness reaches a
maximum of 80 m (NITG, 2000). K/Ar ages for
the Lower Rotliegend Group in the eastern
Netherlands (well Drouwenermond-1) record a
minimum age of 258±6 Ma (Sissingh, 2004),
which is in line with the stratigraphic position
of the volcanics directly below the Zechstein
or the youngest deposits of the Upper
Rotliegend Group (Ten Boer Member; NITG, 2000).
In the Dutch Central Graben, the Lower Rotliegend Group reaches a thickness of
around 150 m (Geluk, 1997), increasing to over 400 m further north in the German and
Danish sector (Glennie et al., 2003; Heeremans et al., 2004). The distribution of the group is
well-delineated towards the west, north and south by well data but remains uncertain to the
east. Based on the model of Stemmerik et al. (2000), the group possibly extends up to the
eastern margin of the graben. It consists of tephra and up to several tens of metres of thick
basaltic lava flows interbedded with claystones and subordinate sandstones. In the Danish
North Sea Stemmerik et al. (2000) identified three distinct volcanic pulses in the Permian, the
first (300–288 Ma) and second phases (281–276 Ma), both of andesitic and rhyolitic
composition and affecting the western part of the Central and the Horn Graben, followed by a
younger, basaltic, pulse (269–261 Ma, Middle Permian) in the Danish Central Graben.
Although dates from the Dutch Central Graben are not present, intercalation of tephra layers
in the overlying Silverpit Formation make it likely that the volcaniclastics originate from this
youngest, Middle Permian, volcanic pulse.
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4.4.2 Upper Rotliegend Group
The Rotliegend Sediments Group consists of two formations, namely the Slochteren
Formation comprising mainly sandstones and conglomerates, and the Silverpit Formation
composed of claystones, siltstones and evaporites. The formations are each other’s lateral
equivalents; their transition occurs in a relatively narrow zone in the north of the country (Fig.
4.6). The Upper Rotliegend reaches its greatest thickness, over 700 m, in the northern
offshore, thinning rapidly both to the south and north (Fig. 4.7). The oldest sediments of the
group occur in the depocenter, from where the sedimentation area gradually expanded to the
south (Verdier, 1996). The local absence of the group is due to post-depositional erosion on
the Texel-IJsselmeer High and nearby smaller highs (Van Wijhe et al., 1980; RGD, 1991a,b,
1993; Rijkers & Geluk, 1996), and to non-deposition in most other areas (NITG, 1998; Geluk,
1999a).
There is strong evidence for syndepositional fault movements within the Upper
Rotliegend Group based on well data. In western parts of the Central Netherlands Basin, the
thickness varies across major faults (RGD, 1993). It is also likely that the northern part of the
West Netherlands Basin formed a fault-bounded depression, where up to 100 m thick eolian
sandstones occur, although the thickness on the Zandvoort Ridge remains uncertain (see
discussion in Geluk et al., 1996: p. 61–62). Other areas include the eastern Netherlands
(NITG, 1998), the area north of the Texel-IJsselmeer High (RGD, 1991a,b) and the
Lauwerszee Trough (RGD, 1995). Thickness variations across faults are up to 25 m.
The Silverpit Formation comprises siltstones, claystones and evaporites. In the Dutch
Central Graben, occasionally tephra layers occur in the lower part of the formation. It reaches
a thickness of over 700 m in the northern offshore area and was deposited in a playa lake.
The formation is subdivided into three members, the Lower and Upper Silverpit Claystone
and the Silverpit Evaporite Member. The evaporites comprise mainly rock salt and
subordinate anhydrite, interbedded with clay-siltstones. The individual rock-salt layers form
good correlation horizons throughout the Southern Permian Basin (Chapter 1). Their
thicknesses reach up to 50 m. In the northern Netherlands offshore area, these salt layers
have been mobilized into salt pillows and in Germany they form the core of many salt diapirs
(Frisch & Kockel, 2003). The salt layers are composed of an interbedded halite and thin
claystone beds. The formation interfingers southward with the Slochteren Formation; several
tongues of the Silverpit Formation, marking lacustrine floods, reach far south (Ameland and
Ten Boer members).
The Slochteren Formation comprises conglomerates and sandstones of fluvial and
eolian origin. These facies can be distinguished in cores and on dipmeter logs. Areas with
predominantly eolian or fluvial deposits can be identified (Fig. 4.8). Two fluvial systems were
orientated in a S–N direction, at right angles to the basin axis. Minor clastics were shed from
the Mid North Sea High. One fluvial area is situated in the western offshore, the other in the
eastern onshore area. Eolian deposits occur between these fluvial systems and to the west.
Detailed studies indicate that these facies are interbedded in a complex way, and shifted
during deposition (George & Berry, 1994; Verdier, 1996); rapid vertical and lateral facies
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Figure 4.7. Isopach map of the Upper
Rotliegend Group (after Lokhorst, 1998).
Contour interval is 100 m. Abbreviations
as in Figure 4.2.

alternations occur even on a metrescale. Eolian sandstones dominate
the middle part of the formation
(NITG, 2000). Within the eolian
deposits a further distinction can be
made between dune sands, which
occur predominantly in the southern
areas, and damp sand flats near the
playa lake (Glennie, 1998).
The paleotopography of the
Base Permian Unconformity affected
the sediment dispersal of the basal
sandstones
of
the
Slochteren
Formation. This topographic relief
developed in response to resistance
to weathering of the subcropping units
(sand-prone Carboniferous deposits
forming ridges and coal-bearing finegrained units forming lows) and in
relation to faults (Geluk & Mijnlieff,
2001; Geluk et al., 2002; Fig. 4.9). In
areas with sufficient sand thickness,
the effects of this topography will
hardly be noticed, but it plays a critical
role in areas near the limit of Upper Rotliegend sandstone distribution. Preferentially, these
sands will be deposited at the leeward side of fault escarpments.
In the zone where the Slochteren and Silverpit formations interfinger, the former splits
up into two main sandstone members, the Lower and Upper Slochteren, separated by clayand siltstones of the Ameland and Ten Boer members. Eventually, both Slochteren members
grade northward into siltstones and claystones of the Silverpit Formation. There is strong
variation in the stratigraphic position of the northernmost sandstone member along this
margin; due north of both fluvial systems in the Dutch offshore, sands of the Lower
Slochteren Member have the furthest distribution, whereas in the area in-between the
northernmost sandstone is the Upper Slochteren Member (Ameland area). Some isolated
feather-edge sandstones and conglomerates have been encountered at the base of the
Upper Rotliegend Group in the playa lake. Locally in Friesland and in the UK southern North
Sea (Cameron et al., 1992) sandstone (Akkrum sandstone) occurs between the Ten Boer
Member and the transgressive base of the Zechstein (Kupferschiefer).
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Figure 4.8. Map showing the overall
facies distribution at the onset of
deposition of the Upper Slochteren
Member (after Lokhorst, 1998). Arrows
indicate locations of main fluvial feeder
systems. Abbreviations as in Figure 4.2.

Figure 4.9. Model of the relationship
between the subcrop at the Base
Permian Unconformity and the Upper
Rotliegend sandstone distribution in the
north-west offshore area (Geluk &
Mijnlieff, 2001; Geluk et al., 2002). Sandprone Carboniferous units formed
topographic ridges on which only thin
Lower Slochteren sandstones were
deposited. Fine-grained coal-bearing
Carboniferous
successions
formed
topographic
lows,
where
thicker
sandstones accumulated.

4.4.3 Zechstein Group
The Zechstein Group comprises five evaporite cycles (Z1-Z5), each of formation rank (Van
Adrichem Boogaert & Kouwe, 1994a). The Zechstein Upper Claystone Formation covers
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Figure 4.10. Stratigraphic diagram of the Zechstein Group (Late Permian). In the Netherlands this
group comprises five evaporite cycles (Z1–Z5) of formation rank. The Zechstein Upper Claystone
Formation (ZEUC) covers these deposits. The subdivision of the formations into members reflects
their dominant lithology: Z1 Carbonate, Z1 Salt etc. (after Van Adrichem Boogaert & Kouwe, 1994a).

these cycles unconformably (Fig. 4.10). The lithostratigraphy of the Zechstein closely
approaches the concepts of genetic sequence stratigraphy (Galloway, 1989); three formation
boundaries are picked on maximum flooding surfaces (base Z1: Coppershale Member; base
Z3: Grey Salt Clay Member; base Z4: Red Salt Clay Member), and carbonates represent the
high-stand system tracks (see Strohmenger et al., 1996 for details). These units form
important correlation markers between the basin and basin-fringe deposits and within the
southern Permian Basin (Geluk et al., 1996, 1997; Taylor, 1998; Chapter 1). With respect to
the distribution of the Upper Rotliegend, minor overstepping of the basin margins took place
during the Zechstein (Geluk et al., 1996). The depositional thickness of the Zechstein Group
increases from less than 50 m in the southern Netherlands, to over 1200 m in the northern
offshore area.
Deposition of the Z1 (Werra) Formation started with the Coppershale or
Kupferschiefer, a 0.5-m-thick, finely laminated claystone which in Germany has a total
organic-carbon content of up to 5% (Frisch & Kockel, 2003). It was deposited in most of the
Netherlands, with the exception of the southern onshore area (Fig. 4.11). The formation
further comprises the Z1 Carbonate, Z1 Anhydrite and Z1 Salt. In the main basin it has a
constant thickness of some 50 m. The thickest occurrence, up to 500 m, is on the anhydrite
platform to the south of the main basin. The formation onlaps onto the London-Brabant
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Figure 4.11. Facies and isopach map
(metres) of the Z1 (Werra) Formation. The
greatest thickness, over 400 m, occurs in
the anhydrite platform in the east of the
Netherlands
in
conjunction
with
synsedimentary
faulting.
Rock-salt
deposition occurred in the area of the
Central Netherlands Basin; sandstones
were shed into the basin in the western
offshore. In the main basin a condensed
succession of carbonates and evaporites
was deposited under starved conditions
(after Geluk et al., 1996, 1997; Johnson et
al., 1994). Abbreviations as in Figure 4.2.

Massif. The north-south orientation of
the anhydrite platform in the eastern
Netherlands,
parallel
to
the
distribution of the Lower Rotliegend
volcanics, points to a structural control
on the paleogeography (c.f. Figs 4.5 &
4.11).
The Z1 Carbonate platform
and slope deposits consists of up to
200 m of marls and carbonates, in
contrast to the 8 to 10 m of carbonate
in the sediment-starved basinal
setting (Fig. 4.12; Geluk, 2000). A
carbonate platform was also present
along the Mid North Sea and
Ringkøbing-Fyn High (Taylor, 1998).
Small carbonate build-ups have been
encountered in the southern part of the country and adjacent parts of Germany (Visser,
1955; Teichmüller, 1957; Füchtbauer, 1980). On the anhydrite platform a series of faultbounded depressions formed where locally up to 300 m of rock salt was deposited (Fig. 3.5).
Potassium-magnesium salts in the Z1 occur only in the eastern Netherlands (NITG, 1998). In
the southern onshore area, the formation is composed mainly of claystones; in the offshore
area fine to medium-grained fluvial sandstones occur (Fig. 4.11; Geluk et al., 1996, 1997).
From the Texel-IJsselmeer High local sourcing of fine-grained siliciclastic material took place
(Van Adrichem Boogaert & Burgers, 1983).
The Z2 (Stassfurt) Formation comprises a basal carbonate unit, the Z2 Carbonate,
followed by the Z2 Basal Anhydrite and Z2 Salt. In the southern onshore areas anhydritebearing claystones represent this formation, and sandstones in the western offshore (Fig.
4.13; Geluk et al., 1996). The formation is less than 50 m thick in the southern Netherlands
and more than 700 m in the northern offshore. The southern limit of the Z2 Carbonate (or
Main Dolomite) is considerably more to the north compared to the Z1 Carbonate (c.f. Figs
4.12 & 4.14). Within the Z2 Carbonate three facies realms can be identified: platform, slope
and basin (Van de Sande et al., 1996; Geluk, 2000). The basinal deposits comprise 8 to 12m-thick dark-coloured, bituminous, finely laminated carbonates, known as the Stinkkalk
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Figure 4.12. Facies map of the Z1
Carbonate Member. Carbonate platforms
fringed the basin both to the north and to
the south. Reefs have been identified at
the southern margin in Germany and the
Netherlands (after Johnson et al., 1994;
Geluk, 2000). Abbreviations as in Figure
4.2.

(fetid limestone). These rocks have
source-rock potential, with a total
organic-carbon content of up to 1.2%
(Lokhorst, 1998). In the vicinity of the
carbonate platforms, slumps and
turbidites of displaced shelf deposits
have been identified (Amiri-Garoussi
& Taylor, 1992; Van de Sande et al.,
1996). The slope facies consists of
light-coloured calcitic and dolomitic
mudstones, and redeposited platform
sediments by mass flows. In the
eastern Netherlands this facies
reaches a thickness of over 200 m
(Van de Sande et al., 1996). The
platform facies comprises a complex
of oolitic, pelletoidal, bioclastic and
pisolitic pack- and grainstones, finely
laminated wackestones (Clark, 1986;
Van der Baan, 1990; Strohmenger et
al., 1996). There is a wide range of
depositional settings: sabkha, tidal flats, algal shoals, oolite shoals, lagoons and ooid bars
(Strohmenger, 1996). 3D-seismic interpretation revealed here a complex outline of the
platform, including isolated off-platform highs (Van de Sande et al., 1996). The shape of the
Z1 Anhydrite platform controlled to a great extent the facies distribution of the Z2 Carbonate
(c.f. Figs 4.11 & 4.13). The carbonates grade southward into anhydritic clay-siltstones, and in
the eastern Netherlands, rock salt (NITG, 2000). In the eastern Netherlands, the Z2
Carbonate platform complex measures some 50–70 km wide in a N–S direction, whereas in
the western offshore area this is much less, between 10–30 km.
The topography of the Z2 Carbonate controlled the thickness and distribution of the
overlying units; the thickest rock salts were deposited in the carbonate basin, and thin salt in
platform areas. The Z2 Salt is over 600 m thick in the basin and is mainly composed of halite
(> 95%). Three stages of deposition can be identified within this salt (Geluk, 1995; Geluk et
al., 2000). During the first two stages the initial topography still persisted, and platform halites
graded northward into deeper-water salt complexes (intercalated halite, polyhalite and
carnallite), whereas the third stage of salt deposition filled most of the remaining relief of the
basin. At the top, a regionally well-developed potassium-magnesium salt unit occurs (Fig.
4.15). The Z2 Salt forms the main regional top seal for the Upper Rotliegend gas reservoirs,
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Figure 4.13. Facies map of the Z2
(Stassfurt) Formation. A thick succession
of rock salt, over 600 m, was deposited in
the centre of the Southern Permian Basin.
In the southern onshore extensive
sabkha-mudflats developed. Sandstones
were shed into the basin in the western
offshore (after Johnson et al., 1994;
Geluk et al., 1996, 1997; Baldschuhn et
al., 2001). Abbreviations as in Figure 4.2.
UHM-1: Uithuizermeeden-1.

and is also the main diapiric salt.
Because of extensive salt movement,
the units overlying the Z2 Salt have
been strongly deformed, which
complicates the reconstruction of their
primary thickness and composition.
The Z3 (Leine) Formation
(Figs 4.16 & 4.17) comprises the Grey
Salt Clay, Z3 Carbonate, Z3 Main
Anhydrite and Z3 Salt. In the western
offshore area, the carbonate grades
southwards into fluvial sandstones
(Fig. 4.16; Geluk et al., 1997). The
basal member of the formation, the
Grey Salt Clay, forms an important
regional marker within the Zechstein.
Its thickness varies from 5 to 10 m.
The facies pattern of the Z3
Carbonate is not as well-developed
as in the Z2 Carbonate (Geluk, 2000), reflecting the levelling out of the topography by the Z2
Salt. In the basin, the carbonate comprises a dark-coloured limestone which is only a few
metres thick. The slope facies comprises laminated and bioturbated carbonate mudstones
and silty dolomites, with a thickness of up to 40 m. The platform facies consists dominantly of
grey microcristalline dolomites and algal boundstones. These are considered by Taylor
(1998) to represent predominantly shallow, quiet-water, possibly lagoonal deposits. Oolitic
and bioclastic grainstones locally occur in the area adjacent to the slope (Van Adrichem
Boogaert & Burgers, 1983; Baird, 1993) and on the landward margin of the platform. An offplatform shoal has been encountered on the Groningen High (Fig. 4.17).
The Z3 Main Anhydrite was deposited only on the northern part of the Z3 carbonate
platform, slope and basin. The thickness of this anhydrite amounts to up to 100 m, showing
complex and rapid changes (NITG, 2000). Movement of the underlying Z2 Salt caused the
breaking-up of this unit into large slabs, known as rafts or floaters, which present major
drilling hazards, potentially causing losses of drilling fluids or influx of high-pressured brines
or gas. The Z3 Salt is composed of a basal part consisting of halite, and an upper part
comprising two thick potassium-magnesium salt layers. The salts encountered include beds
up to 10 m thick of the rare bischofite (MgCl2.6H2O), one of the most soluble salts on earth,
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Figure 4.14. Facies map of the Z2
Carbonate
Member.
Well-developed
platform facies, including off-platform
highs, were situated in the eastern
Netherlands and to the north of the basin.
The basinal deposits comprise organicrich carbonates. Turbidites were shed
from the platforms into the basin (after
Johnson et al., 1994; Geluk 2000).
Abbreviations as in Figure 4.2.

besides kieserite, carnallite and sylvite
(Coelewij et al., 1978). These salts
are present only in the north-eastern
onshore and north-western offshore
area. The thickness of the Z3 Salt
reaches 300 to 400 m.
The Z4 (Aller) Formation is
composed of a basal claystone, the
Red Salt Clay, followed by the thin Z4
Pegmatite Anhydrite and the Z4 Salt.
The lower two members have a wide
distribution, whereas the Z4 Salt is
found only in the depocentres or as
isolated occurrences in halfgrabens
(Geluk, 1999a). The thickness of the
salt reaches 150 m. Potassiummagnesium salts occur in the middle
part of the salt; the upper part of the
salt is composed of an alternation of
halite and claystone. Along the
southern basin margin, the formation comprises anhydritic claystones, deposited in sabkhas,
and medium to coarse-grained fluvial sandstones in the western offshore area (Fig. 4.18).
These sandstones are known in the UK Southern North Sea as the Hewett Sandstone
(Geluk et al., 1996).
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Figure 4.15. Correlation of the Z2 Salt Member, and a 2D model for the Z2 Salt sedimentation in the
lower part. The well Uithuizermeeden-1 reflects a platform setting, whereas the K1-2 well was situated
in the central part of the basin (location on Fig. 4.13). The lower Z2 Salt grades from shallow-water
halites into a deeper-water salt complex. Arrows in the middle Z2 Salt indicate cycles of increasing
potassium content. The upper Z2 Salt filled the remaining relief in the basin. At the top of this unit
potassium-magnesium salts occur (after Geluk et al., 1997).

The occurrence of the Z5 (Ohre) Formation is limited to the northeast of the country
and to the north-western offshore, outlining the depocentres towards the end of Zechstein
sedimentation (Fig. 3.7). It comprises a basal claystone with a thickness of several metres
followed by up to 15 m of halite. Younger Zechstein salts (Z6 and Z7) have been reported
from north-west Germany (Best, 1989). They are absent in the Netherlands, possibly as a
result of non-deposition (see Chapter 3).
The Zechstein Upper Claystone Formation occurs throughout the country and
accumulated disconformably upon older rocks of the Zechstein and even the Upper
Rotliegend Group (Fig. 3.7). Based upon its palynological content, the formation has been
included in the Zechstein (Van Adrichem Boogaert & Kouwe, 1994a). It is composed of red
and grey anhydritic claystones and sandstones, deposited in a lacustrine to mudflat setting.
Its thickness varies from 10 to 50 m.
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Figure 4.16. Facies and isopach map of
the Z3 (Leine) Formation. This formation
records
the
most
widespread
transgression,
with
carbonate
development extending towards the
margins of the basin. Simultaneously,
clastic deposition continued in the
western offshore. The depositional salt
thickness in the central part of the
Southern Permian Basin is uncertain
(after Johnson et al., 1994; Geluk et al.,
1997). Abbreviations as in Figure 4.2.

Figure 4.19. Depositional model of the Z2
Carbonate. In the basin, fine-grained,
organic-rich lime muds were deposited,
with, in the vicinity of the carbonate
slope, distal turbidites. On the slope,
these fine-grained sediments intermix
with coarser redeposited platform
deposits. The platform itself covers a
wide range of depositional environments,
ranging from oolite shoals on the
basinward side, via lagoonal deposits to
algal mats on the landward side.
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Figure 4.17. Facies map of the Z3
Carbonate Member. This member has the
greatest southward extension of all
Zechstein
carbonates.
The
paleogeography represents a more
simple, ramp-type development than the
Z2 Carbonate (fig. 4.12). A shoal was
situated above the Groningen High (after
Geluk, 2000). Abbreviations as in Figure
4.2.
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Figure 4.18. Facies and isopach map of
the Z4 (Aller) Formation. In most of the
Netherlands the formation is represented
by thin sabkha-mudflat deposits. The
sandstone influx into the basin shifted to
the west (cf. Fig. 4.16). In UK stratigraphy
this sandstone is known as the Hewett
Sandstone, and considered as Lower
Triassic (Johnson et al., 1994). The
depositional salt thickness in the central
part of the Southern Permian Basin is
uncertain. Abbreviations as in Figure 4.2.

4.5

Triassic

Triassic rocks in the Netherlands rest
conformably upon the Zechstein
Group. Locally, at the southern
margin of the basin, they overstep
onto the Carboniferous. Triassic rocks
are of epicontinental character and
were deposited in eolian, fluvial,
lacustrine, paralic and shallow-marine
environments. The thickness of the
complete
Triassic
succession
increases from 500 m in the southwestern onshore to 2500 m in the
Dutch Central Graben.
Until Middle Triassic times the
source areas for the clastics were the
Variscan Mountains to the south, whereas during Late Triassic times the Fennoscandian
Shield formed the main sediment source.
Sedimentation continued in an area essentially similar to the Southern Permian
Basin, but under continental conditions. In Late Triassic times this connection again became
interrupted (Chapter 5).

4.5.1 Lower Germanic Trias Group
The Lower Germanic Trias Group is divided into the Lower Buntsandstein, Volpriehausen,
Detfurth and Hardegsen formations. The last three formations together form the Main
Buntsandstein Subgroup (Table 4.1).

81

Chapter 4

Figure 4.20. Isopachs (m) of the Lower
Buntsandstein
Formation.
Data
in
Belgium after Demyttenaere (1989), UK
part after Cameron et al. (1992), Johnson
et al. (1999), Germany after Kockel
(1995), Baldschuhn et al. (1996) and
Boigk (1961). CBH: Cleaver Bank High;
MNSH: Mid North Sea High; RFH:
Ringkøbing-Fyn High; RVG: Roer Valley
Graben. After Geluk (1999b).
Lower Buntsandstein Formation
This formation is composed of a cyclic
alternation of fine-grained lacustrine
sandstones and clay-siltstones, which
form
stacked
fining-upward
sequences. These sequences, 20 to
40 m thick, can be correlated over
distances of several 100 km (Chapter
2). The development and thickness of
the formation indicate a very uniform
subsidence (Fig. 4.20). The formation
is of youngest Permian to Induan age
(Kozur, 1999; Szurlies et al., 2003).
The strongest subsidence
continued in the northern and western
offshore areas, where the formation is
up to 400 m thick. A topographically
slightly more elevated area, the
Netherlands Swell, was present in the
central onshore area. At the eastern
side of this swell several, up to 5-m-thick limestone oolite beds are present (Rogenstein
Member); elsewhere in the basin these beds are much thinner. The fine-grained character of
the Lower Buntsandstein is also recorded north of the Mid North Sea High, in the lower part
of the British Smith Bank Formation (Goldsmith et al., 1995). The absence of sandy deposits
around this high indicates that originally it was entirely covered by Lower Buntsandstein
sediments.
At the southern margin of the basin in the southern Netherlands and the adjacent
German area (Wolburg, 1961), up to 200 m of massive sandstones are present.
Conglomerates occur in the extreme south-east of the Netherlands (Geluk, 1999b).
Main Buntsandstein Subgroup
The Main Buntsandstein Subgroup displays a cyclic alternation of (sub) arkosic sandstones
and clayey siltstones organized in large-scale fining-upward sequences. Its deposition marks
a fundamental reorganisation of the subsidence and uplift patterns in response to the
Hardegsen phase (Fig. 4.21). This phase of extensional tectonics, related to the
disintegration of Pangea, comprises of up to four individual pulses, the strongest of which
occurred prior to deposition of the Solling Formation. The formations of the subgroup, the
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Figure 4.21. Isopach map of the Main
Buntsandstein Subgroup (in m). UK part
after Cameron et al. (1992), Germany
after Boigk (1961), Kockel (1995) and
Baldschuhn et al. (1996). In the Danish
and German North Sea sectors, the
subgroup reaches a thickness of over
3000 m in the Horn Graben (HG). BFB:
Broad Fourteens Basin; DCG: Dutch
Central Graben; EL: Ems Low; WNB:
West
Netherlands
Basin;
other
abbreviations as in Figure 4.21. After
Geluk (1999).

Volpriehausen,
Detfurth
and
Hardegsen, are tectono-stratigraphic
units (Tab. 4.1; Fig. 4.22). Each
consists of a first-order fining-upward
cycle of basal sandstone, followed by
clay-siltstones. Superimposed on this
large-scale cycle is a hierarchical
pattern of small-scale cycles (Geluk &
Röhling, 1997, 1999; Chapter 2).
In the southern Netherlands
and the UK southern North Sea area,
the subgroup is entirely sandy
(Cameron et al., 1992; Johnson et al.,
1994; Geluk et al., 1996). The
sandstones are mainly fluvial in the
south and grade northward into
predominantly
eolian
deposits
(Fontaine et al., 1993; Ames & Farfan, 1996). The subsurface development in the
Netherlands is similar to that in outcrops near Trier in the west of Germany (Mader, 1983).
The clay-siltstones represent playa-lake deposits.
Subsidence was strongest in the Dutch Central Graben, where locally over 500 m of
sediments were deposited. The structure of this graben is complex as a result of extensive
salt flow. In the Sole Pit Basin and western Netherlands offshore the thickness reaches 350
m, about as much as in the Roer Valley Graben and Ems Low.
Volpriehausen Formation
The Volpriehausen Formation displays its greatest thickness, over 200 m, in the Dutch
Central Graben and the Broad Fourteens Basin. It reaches 100 m in the Ems Low and 150 m
in the Roer Valley Graben. The Volpriehausen Unconformity at the base of the formation
locally cuts up to several tens of metres into the Lower Buntsandstein Formation.
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Figure 4.22. Log correlation of the Lower Germanic Trias Group. The Solling Formation overlies this
group unconformably. The high-resolution sequences in the group are highly correlatable. On the
Netherlands Swell, erosion occurred into the Volpriehausen Formation during the Hardegsen tectonic
phase (after Geluk & Röhling, 1997, 1999). Unconformities: V: Volpriehausen, D: Detfurth, H:
Hardegsen. See Tables 1.2 & 4.1 for stratigraphic nomenclature.

The Lower Volpriehausen Sandstone displays marked differences in thickness (Fig.
2.3). The sandstone is arkosic, with a quartz content of slightly below 50%. It is cemented by
high percentages of calcite and dolomite, especially in its lower part. In the Dutch Central
Graben, salt plugging of the pores in the sandstone is common (Fontaine et al., 1993;
Dronkert & Remmelts, 1996; Purvis & Okkerman, 1996). In the Ems Low the member
reaches a thickness of over 20 m, thinning towards the Netherlands Swell to less than 5 m.
West of this swell its thickness rapidly increases to up to 100 m in the Broad Fourteens
Basin. This can be explained in part by a westward facies transition from clay-siltstones into
sandstones, and by the presence of an older sandstone unit which is absent on the swell
(Geluk & Röhling, 1999; Chapter 2). Two depocentres were situated in the Dutch Central
Graben, with over 60 m of sandstones deposited. North of the Dutch offshore, the sands thin
to 10 m. In southern areas, sands were deposited in a fluvial setting, whereas in the northern
areas, predominantly eolian sands occur (Fontaine et al., 1993; Ames & Farfan, 1996).
The Volpriehausen Clay-Siltstone forms a succession of predominantly lacustrine
siltstones and marls, with subordinate sandstones. A number of thin carbonate oolite beds
occur. In the southern offshore of the Netherlands the siltstones grade into fluvial and eolian
sandstones (Ames & Farfan, 1996). The sandstones are more fine-grained than the Lower
Volpriehausen Sandstone and cemented by dolomite, calcite and ankerite (Geluk et al.,
1996). The member displays considerable variations in thickness, which have been attributed
to erosion prior to deposition of the Detfurth Formation.
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Detfurth Formation
The occurrence of the Detfurth Formation is restricted to the Early Triassic lows as a result of
uplift and erosion prior to deposition of the Solling Formation. The depositional thickness of
the formation displays considerable variation: 60–100 m in the Dutch Central Graben, 50–80
m in the Ems Low and 20–40 m in the West Netherlands Basin, Roer Valley Graben and
Broad Fourteens Basin. In the West Netherlands Basin and Roer Valley Graben the
formation consists entirely of sandstones. At its base the Detfurth Unconformity cuts into the
Volpriehausen Formation. In the southern and western offshore areas of the Netherlands this
unconformity is the most prominent one in the Buntsandstein (Geluk et al., 1996; Geluk &
Röhling, 1999).
The isopach map of the Lower Detfurth Sandstone indicates a further reorganisation
of the subsidence pattern by the third rift pulse of the Hardegsen phase (Fig. 2.4). Previous
areas of strong subsidence during deposition of the Volpriehausen Formation, e.g. the Broad
Fourteens Basin, became inactive, and depocentres shifted north and eastwards to the Ems
Low and the Dutch Central Graben, where up to 60 m of sandstones accumulated. The
different lows were clearly separated from each other. On the flanks of the Cleaverbank High
and the Netherlands Swell, the Lower Detfurth Sandstone is locally absent due to nondeposition, or to erosion before the deposition of the Detfurth Claystone (Geluk & Röhling,
1999).
The Detfurth Claystone follows the thickness trend of the Lower Detfurth Sandstone.
It thins towards the Netherlands Swell and Cleaver Bank High, but probably once covered
both swells. It is composed of claystones, with thin intercalations of siltstone. In the southern
offshore and onshore, the claystones grade laterally into eolian sandstones (Ames & Farfan,
1996).
Hardegsen Formation
The Hardegsen Formation consists predominantly of siltstones, with subordinate, thin
sandstone beds. Significant amounts of sandstone occur only in the basin-margin area. The
present-day thickness of the formation was strongly influenced by the pre-Solling erosion and
displays strong variations. Only erosional remnants remain; in the Ems Low and in the Dutch
Central Graben (well F9-3) up to 200 m occur, while in the Horn Graben (Danish well S-1)
over 500 m have been encountered. In the Broad Fourteens Basin, the West Netherlands
Basin and the Roer Valley Graben, the thickness reaches up to 70 m. During deposition of
the formation, syn-rift subsidence occurred in the Dutch Central Graben, as is evident from
the thickening of individual sequences. In other earlier depocentres, such as the Broad
Fourteens Basin, the West Netherlands Basin and the Roer Valley Graben, differential
subsidence had ceased (Geluk & Röhling, 1999).

4.5.2 Upper Germanic Trias Group
The Upper Germanic Trias Group comprises the Solling, Röt, Muschelkalk and Keuper
formations (Tab. 4.1; Fig. 4.23). The Base Solling or Hardegsen Unconformity forms the
base of the group; its top is the Early Kimmerian II unconformity at the base of the Sleen
Formation. The group is present in most of the Late Jurassic basins (Figs 4.24–4.29).
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Figure 4.23. Stratigraphic correlation profile of the Upper Germanic Trias Group, eastern Netherlands.
This profile illustrates the layer-cake character of this group over large areas. Reference level is the
base of the Sleen Formation. After NITG (2000).

Solling Formation
The Solling Formation rests on various older deposits, from which it is separated by the Base
Solling or Hardegsen Unconformity (Fig. 2.6). It comprises a basal sandstone, overlain by
fine-grained deposits. The base of the formation becomes progressively younger to the west,
accompanied by a marked decrease in thickness from 125 to 10 m (Fig. 4.24). The main
subsidence occurred in the Dutch Central Graben and the Ems Low. A stable platform area
with less than 25 m of Solling deposits occupied the major part of the western offshore and
southern onshore. Only the youngest part of the formation is present here.
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Figure 4.24. Isopach map of the Solling
Formation (m). UK part based on
Cameron et al. (1992), German part after
Boigk (1961), Beutler et al. (1992) and
Baldschuhn et al. (1996). Abbreviations
as in Figure 4.20 and 4.21. After Geluk
(1999b).

The Basal Solling Sandstone
occurs in the northern half of the
Netherlands, but only locally exceeds
10 m in thickness (Fig. 4.24). In the
eastern Netherlands, the position of
the sandstones relative to salt
structures points to a relation with salt
flow. Eolian sands filled the
depressions created by salt migration
(NITG, 2000).
The Solling Claystone is a
succession
of
siltstones
and
claystones, more than 100 m thick, in
the Ems Low and the Horn and Dutch
Central grabens. Within this member
at least two sequences can be
distinguished, separated by an
unconformity (Geluk & Röhling, 1999).
The lower part has a variable
thickness, and is limited to the
northern half of the Netherlands. The
upper part has a more sheet-like
character and covers the entire Dutch area. In the southern Dutch Central Graben, intraSolling sandstone of eolian origin is present, up to 100 m thick; it forms the main producing
unit in the L9-FF field (De Jager & Geluk, in press). Similar, thinner, sandstone has been
encountered in several other wells in this area (Fig. 4.24).
Röt Formation
The Röt Formation comprises a lower evaporitic part, and an upper part dominated by clay
and siltstones. The strongest subsidence occurred in the Dutch Central Graben, where over
300 m of Röt Formation accumulated, and in the Ems Low and Roer Valley Graben. In the
south-western offshore the formation is less than 50 m thick, and only represented by the
upper part (Fig. 4.25).
The Main Röt Evaporite has a wide distribution. Halite was deposited in a wide area,
including the former Netherlands Swell and Cleaverbank High, both of which are areas with a
reduced Main Buntsandstein succession (cf. Figs 4.21 & 4.25). The thickness of the halite
varies from 30 to over 150 m in the Broad Fourteens and Central Netherlands basins. In the
Dutch Central Graben, up to 200 m of halite occur. The southernmost limit of the Röt halite

87

Chapter 4

Figure 4.25. Isopach map (m) of the Röt
Formation. The map also shows the limits
of salt distribution and the area of the Röt
Fringe Sandstone in the south. CNB:
Central
Netherlands
Basin;
other
abbreviations as in Figures 4.20 and
4.21. After Geluk (1999b).

runs parallel to the margin of the
Central
Netherlands
Basin,
suggesting some degree of fault
control on the salt deposition. South
of this limit, the member comprises
anhydrites.
The
Intermediate
Röt
Claystone is made up of anhydritebearing clay and siltstones. The
Upper Röt Evaporite is halite-bearing
only in the Dutch Central Graben, the
eastern Netherlands and adjacent
parts of Germany; its thickness is up
to 20 m.
The Upper Röt Claystone
comprises clay and siltstones with
intercalated carbonates in its upper
part. In the southern onshore this
member
grades
partially
into
sandstones of the Röt Fringe
Sandstone (Fig. 4.25). These record
the last important clastic influx from
southern source areas into the Netherlands during the Triassic (Geluk et al., 1996).
Muschelkalk Formation
The Muschelkalk Formation constitutes a distinctly marine interval. It consists of lower and
upper carbonate parts, and a middle evaporitic part. The carbonate parts comprise a cyclic
alternation of limestones and marls, which can be correlated over hundreds of kilometres
(Gaertner & Röhling, 1993). During deposition, the main subsidence, up to 500 m, occurred
in the southern Dutch Central Graben. Low subsidence rates occurred on the flanks of the
London-Brabant Massif and the Mid North Sea and Ringkøbing-Fyn highs. The formation is
up to 250 m thick in the Broad Fourteens Basin, and was much affected by uplift and erosion
in the central and eastern Netherlands (Figs 4.26 & 4.30).
The Lower Muschelkalk is composed of a cyclic alternation of limestones, dolomites
and marls. Around the London-Brabant Massif and the Mid North Sea High, carbonate
successions less than 50 m thick were deposited, whereas in the Dutch Central Graben and
the Ems Low the member expands to over 150 m. In the eastern Netherlands, deposition
took place in a very shallow sea with fluctuating salinities (NITG, 1998). The nearest sand
deposition took place in the Mechernich and Trier areas in western Germany (Hilden, 1988).
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Figure 4.26. Isopach map (m) of the
Muschelkalk Formation, also showing the
distribution of Muschelkalk salt. German
part compiled from Wolburg (1969),
Schröder (1982), Hilden (1988) and
Gaertner & Röhling (1993). UK part
based on Cameron et al. (1992). After
Geluk (1999b) and NITG (2001, 2002).
MNFZ: Mid Netherlands Fault Zone.

The Lower Muschelkalk forms
the oldest outcropping rocks in the
eastern Netherlands. The rocks are
quarried east of Winterswijk, where a
cyclic succession of shallow-marine
marls and dolomites is exposed
(Harsveldt, 1973). The dolomitization
caused strata-bound vuggy porosity.
A similar porosity contributes to the
gas production from this member in
the De Wijk field (Pipping et al.,
2001). Cyclically developed mudcrack horizons occur. The quarry is
famous as a vertebrate track-site, and
has yielded a rich fossil and mineral
collection (Oosterink, 1986; Diedrich,
2001).
The
Middle
Muschelkalk
comprises the Muschelkalk Evaporite
and the Middle Muschelkalk Marl
members (Fig. 4.23). The Muschelkalk Evaporite contains halite in many areas (Fig. 4.26);
outside these areas anhydrite is present. The occurrences of halite in the hanging-wall
blocks along the Mid Netherlands fault zone are remarkable from a regional point of view and
indicate synsedimentary movements during evaporite deposition, which is in line with studies
from north-west Germany (Brückner-Röhling, 2000). Based on intercalated dolomitic
claystone beds, a number of halite cycles have been identified in this member. Up to six
halite cycles occur there in fault-bounded depressions; the total halite thickness exceeds 500
m (Wolburg, 1967, 1969; Gaertner & Röhling, 1993). The Netherlands appear to have
occupied a more marginal position: only two to three cycles are recognized here, with a total
thickness of up to 50 m. In the Dutch Central Graben and the Ems Low, over 100 m of halite
occurs locally. The Middle Muschelkalk Marl, a marly dolomite 20 to 50 m thick, covers the
Muschelkalk Evaporite.
The Upper Muschelkalk comprises an alternation of carbonate and claystone beds.
Its thickness is typically around 50 m but reaches over 125 m in the Dutch Central Graben
and the Ems Low. Westward the carbonate content gradually decreases, but important
carbonate intervals in Germany, the Trochitenkalk and Ceratitenkalk (cf. Gaertner & Röhling,
1993), can be identified throughout the country (Chapter 1).

89

Chapter 4

Figure 4.27. Isopach map (m) of the lower
and middle Keuper, also showing the limit
of Keuper salt. UK part based on
Cameron et al. (1992) and Griffiths et al.
(1995). German part compiled from
Wolburg (1969), Schröder (1982), Kockel
(1995), Baldschuhn et al. (1996) and
Frisch & Kockel (1997, 1999). NDFZ:
North Dogger Fault Zone, DFZ: Dowsing
Fault Zone. After Geluk (1999b) and
NITG (2001, 2002).

Keuper Formation
The Keuper Formation comprises
claystones, with intercalations of
evaporites and minor sandstones.
Deposition of the formation was
strongly affected by Late Triassic
extensional tectonics and induced salt
movement (Frisch & Kockel, 1997,
1999, 2003; Fig. 4.32). Within the
formation a number of unconformities
reflects this intermittent tectonic
activity (Wolburg, 1967, 1969; Beutler
& Schüler, 1978, 1987; Schröder,
1982; Beutler, 1995). Figures 4.27
and 4.28 show the isopach maps of
the Keuper below and above the
Early Kimmerian I Unconformity
respectively. The pre-unconformity
succession is referred to as the lower
and middle Keuper, the post-unconformity succession as the upper Keuper. This subdivision
is informal, and differs from the definition of Lower, Middle and Upper Keuper as used in
Germany (Chapter 1).
The thickness of the lower and middle Keuper displays a great variation (Fig. 4.27).
Areas of strong differential subsidence were situated in the Dutch Central Graben and the
Ems Low, with over 1000 m, and in a graben in the P-quadrant, with over 400 m. In adjacent
parts of Germany, the thickness locally reaches 1000 m in the Ems Low and 5000 m in the
Glückstadt Graben (Best et al., 1983; Frisch & Kockel, 1997, 1999, 2003; Baldschuhn et al.,
2001). In the southern Netherlands, most of the lower and middle Keuper was already
removed prior to the Norian; in other areas this occurred during the Jurassic. Isolated
occurrences were encountered in the hanging-wall blocks along the Mid Netherlands, the
North Dogger and several other fault zones.
The Lower Keuper Claystone comprises reddish and dark-coloured claystones,
alternating with thin layers of carbonates, fine-grained sandstones and coal. Towards the top
anhydrite beds appear. The greatest thickness, up to 200 m, occurs in the southern part of
the Dutch Central Graben. In other areas, the thickness of the member is typically between
40 and 80 m.
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Figure 4.28. Isopach map of the upper
Keuper (m). UK part based on Cameron
et al. (1992), the German part adapted
from Wolburg (1967, 1969). Abbreviations
as in Fig. 4.27. After Geluk (1999b) and
NITG (2001, 2002).

The Main Keuper Evaporite
comprises anhydrites, halite and
claystones. It attains its greatest
thickness in the Dutch Central Graben
(> 400 m). In graben structures in the
Ems Low, the thickness increases to
locally to more than 1000 m (Frisch &
Kockel, 1997, 1999). The member is
halite-bearing in the Dutch Central
Graben, the Ems Low, and locally in
the Broad Fourteens Basin.
The Middle Keuper Claystone
includes locally in its basal part
mineralogical immature, mica-bearing,
grey to green-coloured, high-gammaray sandstones. The member reaches
a thickness of 100 m in the Dutch
Central Graben and in the Pquadrant; in other areas it varies
between 10 and 50 m. It forms the
equivalent of the Schilfsandstein in
Germany (Chapter 1). In NW
Germany, the Schilfsandstein rests
unconformably upon older Keuper deposits (Wolburg, 1969; Beutler, 1995; Frisch & Kockel,
1997, 1999, 2003). In the Netherlands, it overlies the Lower Gipskeuper, with one exception
in the southern Netherlands where, based upon palynological evidence, Middle Keuper
Claystone has been found overlying uppermost Muschelkalk (well Nederweert-1).
The Red Keuper Evaporite consists largely of anhydrite; halite only occurs in the
Dutch Central Graben and in Germany (Wolburg, 1967, 1969; Trusheim, 1971b). The
thickness of the member ranges from 2 to 40 m in the southern areas and reaches 200 m in
the southern Dutch Central Graben.
The Red Keuper Claystone is separated by the Early Kimmerian I Unconformity from
the underlying Triassic (Fig. 4.29). Together with the Dolomitic Keuper and the Upper Keuper
Claystone members it forms the so-called Steinmergelkeuper (Chapter 1). The age of these
members is Norian. The strongest differential subsidence during deposition of the upper
Keuper occurred in the Dutch Central Graben (>200 m) and the Broad Fourteens Basin
(>100 m). Fault movement is also evident along the Mid Netherlands Fault Zone. The upper
Keuper covered most of the paleorelief, except in the east, where Rhaetian deposits
overstep onto the unconformity (Fig. 4.28). The Red Keuper Claystone comprises variegated
clay and siltstones. The Dolomitic Keuper contains light-coloured micritic carbonates and, in
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Figure 4.29. Subcrop map of the Early
Kimmerian Unconformity (base Red
Keuper Claystone or, where this unit is
not present, Sleen Formation). The UK
part is based on Cameron et al. (1992).
German part on Wolburg (1967, 1969)
and Hilden (1988). Abbreviations as in
Figure 4.27. After Geluk (1999b).
Volcanic
intrusives
have
been
encountered in two wells (Sissingh,
2004).

the
West
Netherlands
Basin,
anhydrite layers. The Upper Keuper
Claystone is made up of darkcoloured marls and claystones.
Sleen Formation
This formation, of Rhaetian age,
represents the youngest part of the
Germanic Trias (Tab. 4.1; Fig. 4.23).
It rests, separated by the Early
Kimmerian II unconformity on older
Triassic
rocks.
The
formation
comprises a basal part of grey,
fossiliferous,
marine
claystones,
overlain by brown, locally sandy
claystones
(often
containing
a
considerable quantity of megaspores).
Generally, the Sleen Formation is
easily recognisable on wire-line logs
by its uniform thickness, relatively high gamma-ray and low acoustic velocity readings. The
base of the formation forms a prominent seismic marker. The thickness of the formation
reaches up to almost 70 m in the Dutch Central Graben.

4.6

Paleogeography

Deposition during the Permian took place in the large Southern Permian Basin, at a
paleolatitude around 10o N, north of the Variscan Mountains. These mountains prevented
humid air masses reaching the area from the Tethys Ocean south of these mountains
(Glennie, 1998), and consequently the climate was arid. In Early Permian times, widespread
intrusive activity occurred in the Netherlands (Eigenfeld & Eigenfeld-Mende, 1986). Prior to
the deposition of the Upper Rotliegend Group, erosion resulted in highly differentiated and
locally deep truncation of the Carboniferous. The paleorelief was not completely levelled out
(Van der Baan, 1990; Van de Sande et al., 1996); differential weathering and faulting were
responsible for local relief of up to 25 m (Fig. 4.9; Geluk & Mijnlieff, 2001; Geluk et al., 2002).
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Figure 4.30. Section based on well-data, showing the structure of the Triassic in the West Netherlands
Basin. Note the Early Kimmerian I unconformity at the base of the Red Keuper Claystone (upper
Keuper). The reference level is the base of the Sleen Formation (Rhaetian). Abbreviations as in
Figures 4.27. Fault movements post-date the deposition of the Lower Muschelkalk, and pre-date the
Early Kimmerian I unconformity. After Geluk (1999b).

During several pulses in the Middle Permian, local extrusion volcanism (Lower
Rotliegend Group) occurred in relation to wrenching along deep-seated faults in the Ems
Low and the Dutch Central Graben (Fig. 4.5). In the Dutch Central Graben, minor amounts of
clastic sediments were deposited. Extrusive volcanism in the Netherlands is younger than in
Germany and Poland, where it is of Late Carboniferous to Early Permian age (Plein, 1995).
The pulses are thought to accompany the opening of the Central and Horn grabens (Best et
al., 1983; Glennie, 1997; Stemmerik et al., 2000).
Sedimentation of the Upper Rotliegend Group started in Poland and north-east
Germany already during the Early Permian (Upper Rotliegend I; Plein, 1995: Chapter 5). The
sedimentation area expanded with time; in the Netherlands it started in the Middle Permian in
the northern offshore. Deposition of the Upper Rotliegend did not keep pace with basin
subsidence, resulting in a large inland depression below sea level (Glennie & Buller, 1983).
In the deepest part of this depression, a large playa lake developed where claystones and
rock salt were deposited.
Important fluvial feeder systems were located in the western offshore and in the Ems
Low (Fig. 4.8). The Variscan Mountains formed the main source areas of clastics. The
systems were formed by wadis with an episodic run-off. In response to rainfall in the
hinterland, fluvial systems built out far over the playa lake. With prevailing north-east trade
winds, sands were deflated from the fluvial deposits during dry periods and accumulated
down-wind in dunes or, close to the playa lake, on damp sand flats (Glennie, 1998). The
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climate during deposition of the Upper Rotliegend was characterized by an alternation of wet
and dry periods, caused by Milankovitch cycles, probably coinciding with glaciations over
Gondwana (Yang & Baumfalk, 1994; George & Berry, 1994). This cyclicity caused a periodic
expansion and retreat of the lacustrine facies belts, and a complex alternation of fluvial and
eolian deposition at the margins of the lake.
In Late Permian times, rifting created a connection between the Southern Permian
Basin and the Barents Sea (Ziegler, 1990). A widespread reworking and redeposition of dune
sands took place at the end of the Upper Rotliegend deposition by increased fluvial activity
caused some of the deformation seen in e.g. the Leman area (Glennie & Buller, 1983; K.W.
Glennie, personal communication). Under the prevailing dry climate, widespread cyclic
deposition of evaporites took place. The controlling mechanism behind the cyclicity is thought
to have been of glacio-eustatic origin (Ziegler, 1990). Five Zechstein cycles have been
identified in the Netherlands. Transgressions mark the bases of these cycles. In the lower
cycles (Z1 to Z3) normal-marine conditions were established throughout the Southern
Permian Basin. Clastic influx was pushed back to the basin margins (Geluk et al., 1996).
During higher cycles (Z4 and Z5) conditions were permanently hypersaline. On the whole,
the carbonates and evaporites were laid down as a series of prograding and aggrading
sigmoidally shaped bodies, where the facies belts and the area of maximum thickness
shifted with time towards the north (c.f. Figs 4.12, 4.14 & 4.17).
Following the initial Zechstein transgression, a starved basin, up to 200 m deep, was
established, where anoxic sediments of the Kupferschiefer were laid down (Sweeney et al.,
1987). Normal-marine, oxic conditions were established during deposition of the Z1
Carbonate. The interaction of an inclined basin topography, minor faulting and sea-level rise
led to the establishment of a carbonate platform over the southern onshore and western
offshore areas, where locally small carbonate build-ups formed (Figs 4.12). Around the
London-Brabant Massif extensive mudflats and sabkhas were present, whereas in the
western offshore sands were deposited under fluvial to estuarine conditions, supplied by the
former Upper Rotliegend feeder channel. The geometry of the carbonate deposits in the
western offshore indicates a relief of up to 200 m. After this transgression a lowering of the
global sea level followed, during which the connection with the Barents Sea became
restricted and evaporites were deposited. At the basinward side of the carbonate platform a
large anhydrite platform developed. In the shallow, warm water, anhydrite accumulated
rapidly, in contrast to slow precipitation in the basin area north of the platform (Van der Baan,
1990). The similarity between the outline of the anhydrite platform and areas of previous
volcanic activity in the eastern Netherlands point to structural control (c.f. Figs 4.5 & 4.11). A
combination of minor transtensional (dextral) faulting, combined with loading of the thick
anhydrite deposits upon a differentiated basement created a series of depressions on this
anhydrite platform (Fig. 4.11), where rock salt was deposited (Geluk et al., 1997; NITG,
1998; Geluk, 1999a). In the eastern Netherlands locally potassium-magnesium salts were
deposited. On a Zechstein isopach map of the Netherlands (NITG, 2004), these depressions
line up in a WNW–ESE orientation, suggesting transtensional movements along a fault zone
south of the Texel-IJsselmeer High (Fig. 3.14).
The second Zechstein transgression did not reach as far southwards as the Z1
transgression. An extensive carbonate platform developed (Figs 4.14 & 4.19), with oolite
shoals and lagoons (Van der Baan, 1990; Van de Sande et al., 1996; Strohmenger et al.,
1996; Geluk 2000). On the landward side, this platform graded into a complex of fluvial
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sandflats, mudflats, sabkhas and salt ponds (NITG, 1998). Higher clastic influx in the western
offshore area did not allow the development of an extensive carbonate platform. Increase of
salinity levels in the basin, in conjunction with complex sea-level fluctuations resulted in
widespread evaporite sedimentation, which was filled with up to 650 m of salt. Salt deposition
was a multicyclic event, triggered by minor transgressions causing salinity fluctuations
(Geluk, 1995; Strohmenger et al., 1996). The lower and middle salts display characteristic
prograding foresets, the upper salt filled the remaining relief. Several intercalations of
potassium-magnesium salts occur in the salt (Fig. 4.15).
The third transgression records the last normal-marine salinities in the basin. This
transgression reached much further southward than the previous ones and pushed fluvial
deposits back to the basin margin (Figs 4.16 & 4.17). The facies variations within the
carbonate deposits decreased, as the relief in the basin was mostly flattened out. The relief
did not exceed several tens of metres. A carbonate-anhydrite platform occupied most of the
area on and around the Texel-IJsselmeer High, while carbonates dominated the southern
Netherlands. During sedimentation of the Z3 Salt, deposition of up to 10-m-thick beds of
bischofite and potassium-magnesium salts indicates that complete desiccation occurred in
the north-east of the country.
From the fourth transgression onwards, conditions in the basin became permanently
hypersaline (Ziegler, 1990). Claystones were deposited in hypersaline shallow-water
environments (Fig. 4.18). The thick, massive halites and potassium-magnesium salts in the
lower part of the Z4 (Aller) Formation were probably still deposited in a marine environment;
in the upper part of the formation the alternation of saliferous claystone and thin halites
indicates a gradual change to playa-type conditions. The brines, however, were still of
marine origin. Deposition was governed by higher-order Milankovitch cycles, with halites
representing the dry, and claystones the wet periods (Wagner, 1994; Geluk et al., 1997). The
Z5 (Ohre) Formation was likewise deposited under playa conditions. The higher Zechstein
cycles Z6 and Z7, described by Best (1989) from north-west Germany, were not deposited in
the Netherlands. Contemporaneously with the deposition of these higher cycles, uplift and
erosion affected the Zechstein in the Netherlands; in some areas even the entire Zechstein
was removed (Geluk, 1999a; Fig. 3.7). The Zechstein Upper Claystone Formation represents
a widespread development of sand- and mudflats throughout the Southern Permian Basin
(Geluk et al., 1997).
The deposition of the Triassic was governed initially by the inherited Permian basin
configuration, at a paleolatitude of around 20o N. After the retreat of the sea, continental
conditions returned to the basin. Mainly fine-grained sediments were deposited in a playa
lake, except in the southern onshore of the Netherlands, where coarser clastics were laid
down in the Roer Valley Graben by ephemeral braided rivers. The deposition of the Lower
Buntsandstein was governed by climatic Milankovich cycles of various magnitudes. These
cycles caused basin-wide base-level variations (Geluk & Röhling, 1997, 1999). A succession
of laterally persistent, fining-upwards cycles was laid down. In the central part of the
Netherlands a subtle, mostly submerged, swell developed. Similar to the model proposed by
Voigt & Gaupp (2000) for the Thuringian Basin in Germany, it is envisaged that around and
on top of this swell carbonate oolites formed during periods of fair weather. During storms,
redeposition of oolites occurred over a large area around these swells. This swell
corresponds with parts of the Permian Texel-IJsselmeer High and older Carboniferous
structures.
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Figure 4.31. Depositional model for
the Lower Buntsandstein and
Volpriehausen Formations in the
southern Netherlands. Light shading
is predominantly sandstones, darker
shading indicates predominantly
siltstones.

A major fluvial system in
the south-eastern Netherlands
supplied
clastics
from
the
Armorican Massif, the Massif Central and the Vosges Mountains during the Early to Middle
Triassic (Ziegler, 1990). Additional clastics originated from the London-Brabant Massif (Geluk
et al., 1996). During the Induan, these clastics were effectively trapped in the Roer Valley
Graben. During the Olenekian, uplift of the hinterlands, possibly in combination with tectonics
(Chapter 5), resulted in a sharp increase of clastic material transported into the basin. In
response to humid periods in the hinterland, ephemeral fluvial systems built out northwards
through the Roer Valley Graben and West Netherlands Basin (Fig. 4.31); a second branch of
fluvial systems was situated more in the Ems Low. In central parts of the basin, redepostion
of fluvial sands occurred on a wide scale during dry periods. During low clastic influx, the
playa lake expanded again towards the margins of the basin. The repetition of these
processes caused the cyclic alternation in the Main Buntsandstein Subgroup. The larger
cycles, represented, for example, by the Volpriehausen and Detfurth formations, are
tectonically driven; the high-frequency cycles within these formations are climate-driven (Van
der Zwan & Spaak, 1992; Geluk & Röhling, 1997).
Several pulses of tectonic extension dissected the former Southern Permian Basin
into smaller elements (Chapter 5). The accommodation space in these rifts changed with
time, shifting during the Olenekian deposition of the Main Buntsandstein Subgroup from the
Roer Valley Graben into the Dutch Central Graben and the Ems Low (c.f. Figs 2.3 & 2.4;
Geluk & Röhling, 1999). Thickening of the subgroup towards the London-Brabant Massif
(Fig. 4.21) suggests the presence of a growth fault at the southern margin of the West
Netherlands Basin. The Lower Volpriehausen Sandstone and the Lower Detfurth Sandstone
are fluvial to eolian in the southern areas (Ames & Farfan, 1996) and the Ems Low, and
mainly eolian in the Dutch Central Graben (Fontaine et al., 1993). Extensional tectonics
during deposition of the Main Buntsandstein Subgroup (Olenekian) resulted in rapid
subsidence of the Dutch Central, Horn and Glückstadt grabens, and contemporaneous uplift
of a number of NNE-SSW trending swells in the Netherlands. On these swells, erosion
removed much of the initial cover of the Main Buntsandstein (Figs 2.6 & 2.7).
Separated by the Hardegsen Unconformity, fluvio-lacustrine deposits of the Solling
Formation covered the relief. The Solling is considered a post-rift deposit, which covered all
structural elements in a sheet-like way (see Chapter 2). In part, however, the Solling was
deposited contemporaneously with rifting, as is expressed by sand-filled fault-bounded
grabens.
In Early Anisian times, a connection was established with the Tethys Ocean via the
Silesian-Moravian Gateway, allowing marine influence to enter the basin. This resulted in a
transgressive mega-sequence, which prograded westwards (Ziegler, 1990). Temporary
interruption of this connection with the ocean resulted in the deposition of the Röt evaporites.
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The remainder of the Röt Formation was deposited in a shallow, brackish lagoon, which
received the last influx of clastics from southern sources (Geluk et al., 1996). The formation
was deposited under an extensional tectonic regime, with the Dutch Central Graben as the
main area of differential subsidence. A number of WNW–ESE trending faults, e.g. the Mid
Netherlands Fault Zone, became active, dissecting previous Early Triassic structures (e.g.
Netherlands Swell).
The Muschelkalk Formation was deposited during a time of maximum transgression
and dry climate, when clastic deposition was pushed back to the margins of the basin and
the sea covered most intra-basinal highs. In the western parts of this large basin, the
Muschelkalk carbonates are not as well developed as in Germany (Chapter 5). Their
deposition took place in a shallow, epeiric sea. As a result of Late Anisian tectonic
movements, the connection with the Tethys was briefly interrupted and evaporites were
deposited (Middle Muschelkalk). In a number of grabens thick salts accumulated; these were
the Dutch Central Graben, the Westdorf, Horn and Glückstadt grabens (Geluk, 1999b; Geluk
et al., 2000; Baldschuhn et al., 2001).
Uplift of the Fennoscandian Shield during the Early Ladinian supplied clastic material
to the basin from the north-east (Bertelsen, 1980; Beutler & Schüler, 1987; Ziegler, 1990).
This renewed clastic supply ended the deposition of carbonates, and marks the base of the
Keuper Formation, which prograded eastwards and southwards with time (Szulc, 2000).
During the deposition of the Keuper, the Netherlands received mainly fine-grained
sediments, transported a great distance from the Fennoscandian Shield. Deposition took
place in shallow, brackish to normal-marine, conditions. In Carnian times extensional
tectonics created rapidly subsiding grabens where thick successions of evaporites were
deposited. Rifting had shifted almost entirely into the Dutch Central Graben and the Ems
Low. In the graben, basement fault movement triggered widespread salt diapirism, as
witnessed by thick successions of the Keuper in rim synclines. Contemporaneous uplift of the
London-Brabant Massif and surrounding areas resulted in widespread erosion. After these
movements ceased, sedimentation was resumed during the Norian, and the Red Keuper
Claystone and Dolomitic Keuper, the Steinmergelkeuper, were deposited unconformably
upon older Triassic rocks. These units were not deposited in the eastern Netherlands; there,
the deltaic deposits of the Sleen Formation covered the relief (Fig. 4.29).

4.7

Discussion

Depositional limits of Permian and Triassic deposits
The limits of the Permian and Triassic, as shown on the various figures in this chapter, reflect
mainly post-depositional erosional trends, and are only in a few cases of primary origin. The
Lower Rotliegend Group in the Netherlands represents one of them. The (sparce) datings of
these volcanic rocks, in combination with their relative stratigraphic position, and volcanic
intercalations in the overlying Upper Rotliegend or Zechstein groups, point to only a minimal
time gap between both groups.
Also, part of the southern and northern margins of the Upper Rotliegend Group are
primary in origin. This applies with certainty only to areas where an overstepping by the
Zechstein Group or Triassic deposits occurs (cf. figs 4.5, 4.7, 4.11 & 4.20: southern and
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Figure 4.32. Structural reconstruction of intra-Triassic tectonics shown in figures 4.4b and 4.4d.

eastern onshore, western offshore). It is less certain where the limits of the various groups
coincide (e.g. in the western Netherlands) and possibly points here to post-Triassic uplift and
erosion. It does not apply to the Texel-IJsselmeer and several smaller highs in its vicinity,
where Late Jurassic to Early Cretaceous uplift removed all Permian and Triassic deposits
(RGD, 1993; Geluk et al., 1996).
Primary limits of the Zechstein Group occur only in the south-eastern onshore and
western offshore areas, where the Triassic oversteps the margins of the Zechstein basin.
Based on the thinning of the Zechstein Group and the increase of siliciclastics towards the
Brabant Massif (Geluk et al., 1996), the margins of the Zechstein basin were not situated far
beyond those of the Upper Rotliegend Group or the present-day limits of the Zechstein
Group. An exception is formed by the eastern Netherlands, where a marked expansion
southwards occurred in conjunction with the Tubantian I faulting (Chapter 3).
None of the limits of the Triassic deposits are considered to be of primary origin. This
was concluded already by Geluk et al. (1996) for the southern Netherlands. Triassic deposits
extended much further onto the Brabant Massif than presently, as is indicated by isopach
trends and lithological development. The Lower Buntsandstein in the West Netherlands
Basin is a 100 m thick, fine-grained, succession close to its present-day distribution. Despite
the increase in sand content towards the south-east, the formation does not show a thinning
or increase in grain size which could be indicative of a position close to the boundaries of the
basin.
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The younger Triassic units (Muschelkalk, Keuper) are present only in the Mesozoic
basins (c.f. Figs 4.1, 4.26, 4.27 & 4.28). The overall lithological similarities between the
separated occurrences, however, indicate that their deposition took place in a single basin,
which extended beyond the present-day distribution of the Triassic.
Basin development
A comparison between the various isopach maps in this chapter and the structural
framework of the Late Jurassic to Early Cretaceous (Fig. 4.1) indicates that several of these
basins already began to subside during the Permian and Triassic. During deposition of the
Upper Rotliegend Group, the main subsidence was in a broad sag basin situated to the north
of the Netherlands (Fig. 4.7), which forms the western extension of the North German Basin.
This basin, one of the depocentres of the Southern Permian Basin, continued to subside
during the deposition of the Zechstein (Figs 4.11–4.18), and in a modified form also during
the Triassic (Fig. 2.6; Chapter 5). During deposition of the Upper Rotliegend Group the major
part of the basin subsided regionally, with possible enhanced subsidence of the Glückstadt
and Horn Grabens in NW Germany (Best et al., 1983; Frisch & Kockel, 2003).
To the north of this sag basin, the Central North Sea Graben displayed differential
subsidence, and connected the Southern Permian with the Northern Permian Basin. Datings
of volcanics on the northern side of the Mid North Sea High indicate that activity in the
northern part of the graben dates back to latest Carboniferous times (Glennie et al., 2003). In
the southern, Dutch part of the graben volcanic activity most likely is of younger, Middle
Permian age, similar to the Karl Formation in the Danish and German sectors of the graben.
Rotliegend isopachs in the onshore indicate that faulting clearly played a role there. In
the western Central Netherlands Basin, the Rotliegend thickness varies across major fault
zones (RGD, 1993), and also fault-bounded depressions existed in the eastern part of this
basin (NITG, 1998). The WNW–ESE trending boundary fault at the northern margin of the
basin appears to have played an important role (NITG, 2004). Also the northern boundary
fault of the West Netherlands Basin appears to have been active, although there is
uncertainty on the amount of differential movement (Geluk et al., 1996). Seismic data is not
of sufficient quality to map the structures in detail, but based on well data both the Central
and the West Netherlands Basin were composed of one or several halfgrabens, with southdipping faults. Also the Broad Fourteens Basin displayed differential movement, but the
geometry appears to be more sag-like; the basin was separated by a saddle from the North
German Basin. The Schill Grund High (Fig. 4.1) formed a part of this basin, and is thus
clearly of later date in the role of a high.
The Texel-IJsselmeer High clearly formed a swell during the Permian based on two
facts: the Upper Rotliegend thins towards the high, and the main transgressions of the
Silverpit playa lake, as expressed by the Ameland and Ten Boer Members, are delineated to
the south by the high (Rijkers & Geluk, 1996). The position of the Permian swell differs with
respect to the later Texel-IJsselmeer High (Fig 4.7); the contours of the swell display E–W
trends, whereas the area where the Upper Rotliegend has been removed is more NW–SE
oriented.
Triassic basin development shows a combination of regional subsidence (e.g. during
deposition of the Lower Buntsandstein, Solling) and rifting (during Main Buntsandstein and
Middle Keuper). The onset of rift-raft tectonics in the Dutch Central Graben was during the
latest Early Triassic; rifting culminating during the Carnian, as is also documented from NW
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Germany (Frisch et al., 1999) and preceded the Jurassic rift basins. Triassic rifting was
accompanied with local volcanic intrusion (e.g. Wannperveen-1 and Winterswijk-1 wells;
Sissingh, 2004).

4.8

Conclusions

The main conclusions can be summarized as follows:
1.
Permian rocks in the Netherlands are of Middle and Late Permian age; this applies
also to the volcaniclastics of the Lower Rotliegend Group.
2.
Only the distribution of the Lower and Upper Rotliegend and partly of the Zechstein
groups are related to the primary distribution, except on the Texel-IJsselmeer High
and several smaller surrounding highs. The present-day distribution of Triassic rocks
is post-depositional in origin and reflects extensive erosion during the Middle Jurassic
to Cretaceous.
3.
The main subsidence during the Permian was in the broad, sag-like depocenter of the
Southern Permian Basin, situated in the northern offshore area.
4.
Differential subsidence of the Dutch Central Graben, Broad Fourteens and the
Central and West Netherlands Basin started during the Middle Permian. In the Roer
Valley and Horn grabens differential subsidence started in Early Triassic times, and in
the Lower Saxony Basin during Late Triassic times. The onset of rift-raft tectonics in
the Dutch Central Graben lies in Anisian times and culminated during the Carnian.
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Regional synthesis of the Permian and Triassic
Abstract
The development of the Permian and Triassic was governed by the complex interplay of basin
development, climatic variations and marine influence. The geological evolution of NW Europe was
dominated by a series of three sedimentary basins, separated by subtle swells. From west to east
these are the Anglo-Dutch Basin, North German Basin and the Polish Trough. These basins have a
different origin; in part they are successor basins of the Variscan Foreland Basin, but mainly they
represent new basins, which developed in response to latest Carboniferous to Early Permian
wrenching/rifting and related volcanism. The Netherlands belongs to two of these basins. The NE
onshore and northern offshore of the country belonged to the realm of the North German Basin,
whereas the southern onshore and western offshore belonged to the Anglo-Dutch Basin. Subsidence
of the basins was driven by lithospheric contraction, rifting and loading of rapidly deposited evaporites.
Until Late Anisian times, sediments were supplied from both the former Variscan Mountains
and the Fennoscandian Shield; later, Fennoscandia was the dominant source area. In humid periods,
fluvial systems transported sediment into the basin, whereas in arid periods, eolian or evaporitic
conditions prevailed. From late Early Triassic times, the marine influence in the Southern Permian
Basin gradually expanded, until it reached a maximum during the Early Ladinian. Afterwards, in
conjunction with more humid conditions, deltaic, lagoonal to evaporitic conditions prevailed.

5.1

Introduction

Permian and Triassic rocks in the Netherlands form an intricate part of a much larger
depositional system, which extended at least as far west as the onshore UK, and to the east
into Lithuania. Full understanding of the Permian and Triassic of the Netherlands, both in
terms of basin development and depositional history, can therefore only be obtained by
taking a regional view. This approach is not new, and was preceded by the work of Wurster
(1964, 1968), Wolburg (1969), Schröder (1982), Jubitz et al. (1987, 1988) and Ziegler (1982,
1988, 1990). From these publications, one can obtain an impression of the main basins and
depositional systems. The publications do, however, have their limitations because they rely
mainly on outcrop data and older onshore wells. In many parts, e.g. the North Sea area,
these maps are more conceptual because they predated the release of well and seismic data
acquired by industry. Finally, time intervals shown on the maps of Schröder (1982) and
Ziegler (1982, 1990) are rather large, hence only a fairly generalized picture is shown.
Over the last decade, many new maps have become available for various parts of the
Southern Permian Basin and adjacent areas: Lokhorst (1998) published several new, basinwide maps, Cope et al. (1992) and Cameron et al. (1992) for the United Kingdom and the
southern North Sea, Glennie et al. (2003) and Goldsmith et al. (2003) for the Central North
Sea area, Kockel (1995) and Baldschuhn et al. (1996, 2001) for NW Germany, Wagner
(1994) and Dadlez et al. (1998) for Poland. In terms of database and reliability, the maps of
Kockel (1995), Baldschuhn et al. (1996). Dadlez et al. (1998) and Evans et al. (2003) are of
good quality, being based on an extensive seismic coverage in conjunction with well data.
Maps of Cope et al. (1992) and Cameron et al. (1992) appear to be based more on outcrop
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Figure 5.1 Structural overview of north-west Europe showing the main Caledonian and Variscan
structures (after Geluk et al., 2005, in press).

Figure 5.2. Present-day distribution of the Rotliegend Volcanics. The thickest occurrence of the
volcanics, over 2000 m, have been encountered in eastern Germany. Ages of the volcanics range
from latest Carboniferous to Late Permian. After Ziegler (1990), Plein (1995), Lokhorst (1998),
Breitkreuz & Kennedy (1999), Stemmerik et al. (2000) & Glennie et al. (2003).

102

Figure 5.3. Present-day distribution of the oldest part of the Rotliegend Sediments, the Müritz
Subgroup (Early Permian) and correlatable units in Central Germany. Sediments were deposited in
the North German Basin and Polish Trough. The depositional facies include alluvial fans, fluvial,
lacustrine and playa environments. Note the breaching of the Variscan Front along NNE–SSW
trending faults in central Germany (c.f. fig 5.1). Contemporaneous volcanism, indicated schematically,
occurred in the Central, Horn and Oslo grabens. After Plein (1993, 1995) & Hoffmann et al. (1997).

Figure 5.4. Facies and present-day distribution of the Havel Subgroup of the Rotliegend Sediments
(Middle Permian). Sediments were deposited in the North German Basin and Polish Trough.
Correlative sediments in central parts of Germany are not shown. Salt lakes occupied the deepest
parts of the North German Basin. Contemporaneous volcanism occurred in the Ems Low and in the
Horn and Central Grabens. After Plein (1993, 1995) and Hoffmann et al. (1997).
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and well data. In addition to these rather large-scale maps, numerous more detailed maps
appeared in publications.
This wealth of new data, in combination with the regional stratigraphic framework
outlined in Chapter 1, offers a unique opportunity for compiling a new map series, which
have a much higher stratigraphic resolution. The maps presented in this chapter allow a
more detailed reconstruction of the Permian and Triassic depositional systems and basin
development on a larger, pan-European, scale.
The objective of this chapter is to describe the regional development of the Southern
Permian Basin, and to discuss the depositional systems and basin development. It includes a
brief review of the Pre-Permian framework and the Variscan Orogeny.

5.2

Working method

The regional stratigraphic framework, outlined in Chapter 1, was used to calibrate maps of
various stratigraphic intervals from the different countries against each other. Maps have
been prepared for lithostratigraphic units, not for time intervals. This was done in order to
maintain a clear audit trail of the individual maps and their input and to avoid over
interpretation in view of the absence of a calibrated chronostratigraphic framework for a part
of the selection, and sufficient palyno- and biostratigraphical data to support this.
For the selected map intervals, as far as data allowed, three maps were prepared:
isopach, structure and facies. It was not feasible to do this for all intervals for several
reasons: lack of data (for parts of the Rotliegend Sediments), widespread salt movement
(Zechstein) and structural complexity (part of the Keuper). This will be further discussed in
the description of the respective units. Furthermore, the amount of detail in the maps differs
in relation to the input material.
The maps show the present-day occurrence to know where the respective datapoints
are located, and an interpreted outline of where the margins of the basin were situated during
deposition of each unit. These outlines stem mainly from literature (e.g. Cope et al., 1992;
Beutler, 1998; Dadlez et al., 1998)

5.3

Pre-Permian structural framework and the Variscan Orogeny

Assembly of the NW European plate was completed during two sequential orogenies,
namely the Caledonian and the Variscan Orogenies (Ziegler, 1990). During the Caledonian
Orogeny (Ordovician-Devonian) a three-plate collision occurred between Laurentia, Baltica
and Avalonia. This collision resulted in a series of WNW trending faults parallel to the
boundary of Avalonia and Baltica (Thor lineament), and ENE oriented structures at the
boundary of Laurentia and Avalonia (Iapetus suture). In the southern part of Avalonia, WNW
trends occur in the Brabant Massif, but these originate from the combined effect of the
Caledonian and Variscan Orogenies (Fig. 5.1). Further north, the Thor lineament and the
Iapetus suture are incorporated in the Central North Sea-Viking graben system (Ziegler,
1990; Pharaoh, 1999).
The Netherlands is situated entirely on the Avalonia plate. Although the structure of
this plate below the North Sea is not known in detail, it has been suggested that it is
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composed of several microplates or terranes, of which the Southern North Sea–Lüneburg
Terrane underlies the southern North Sea and the major part of the Netherlands (Pharaoh,
1999; Verniers et al., 2002). The terrain boundary has been suggested to coincide with the
Dowsing Fault Zone (Pharaoh, 1999), continuing south-east to the southern margin of the
West Netherlands Basin.
The Rhenohercynian Basin, south of the London-Brabant Massif, opened during
Early Devonian times in response to back-arc extension. Around the Southern North Sea
area, block faulting occurred during the Late Devonian to Early Carboniferous in the UK
onshore (Leeder, 1988; Fraser & Gawthorpe, 1990) and on the Mid North Sea High
(Maynard & Dunay, 1999). A system of deep grabens and granite-cored horsts was formed,
which influenced the facies distribution until the deposition of the Namurian during the Middle
Carboniferous. Late Devonian extension has also been documented from northern Belgium
(Muchez & Langenaeker, 1993). Based on this circumstantial evidence, a similar blockfaulted pattern is expected below the Netherlands. Devonian extension was accompanied by
local rhyolitic volcanism in the area of the triple junction of Balitica, Avalonia and Laurentia
(Marshall & Hewett, 2003).
A new stage in basin development began at the end of the Early Carboniferous when
the Rheic Ocean closed, and the loading of the stacked nappes of the Variscan Mountains
caused the development of the Silesian foreland basin north of the mountains (Ziegler,
1990). During the Early Namurian the Early Carboniferous horst-and-graben topography was
gradually overstepped (Fraser & Gawthorpe, 1990). In Germany, the deepest part of the
foreland basin was located directly in front of the Variscan thrusts, but in the Netherlands and
the Southern North Sea, the mountain belt was separated from the foreland basin by the
London-Brabant Massif. This massif formed a platform, with limited subsidence.
The Variscan thrusts prograded northwards during the Late Carboniferous, finally
incorporating the southern part of the foreland basin. Deformation of the Carboniferous rocks
on either side of the Variscan front is quite different: short wave-length folding and thrustfaulting are typical for the area to the south of the front, and long wave-length folding and
tilted fault blocks north of it (Franke, 1990; Ziegler, 1990; Cameron et al., 1992; Franke et al.,
1995, 1996; Franke & Hoffmann, 1997; Geluk et al., 2002; Schroot & De Haan, 2003). The
youngest sediments involved in Variscan thrusting are of Westphalian D age (Lorenz &
Nicholls, 1976; Ziegler, 1990). The most important effect of the Variscan orogeny, however,
was the assembly of all continents into a single supercontinent: Pangea.
The Variscan mountains, remnants of which are now partly concealed below a thick
pile of post-Carboniferous sediments, are characterized in the northern part of the Variscan
mountains, the Variscan externides, by thin-skin deformation along gentle, southward dipping
fault planes (Franke & Hoffmann, 1997). Pre-Westphalian organic-rich shales in the
Cambrian, Silurian, Dinantian and Namurian successions form the most likely detachment
horizons (Franke et al., 1995, 1996; Hoffmann et al., 1996). The northernmost occurrence of
these thrusts, the so-called Variscan Front (Figs 3.1 & 3.2), is situated in the SE Netherlands
(Aachen-Midi thrust). Frisch & Kockel (2003) assume that further east the front is offset
towards the north along a major NW–SE oriented tear-fault, trending along a NE direction
further into Germany, but Drozdzewski & Wrede (1994) propose a change in the azimuth of
the front to explain its shift (Fig. 3.2). Details on the Variscan structures in eastern Germany
are supplied by Franke et al. (1995, 1996) and Franke & Hoffmann (1997). The Midland
Microcraton and London-Brabant Massif delineated the Variscan Front to the North.
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Figure 5.5. Facies and present-day distribution of the Elbe Subgroup of the Rotliegend Sediments.
Note the expansion of the sedimentation area in comparison with the Havel Subgroup (Fig. 5.4), and
the amalgamation of the different depocentres. A large salt lake occupied the deepest parts of the
Anglo-Dutch and North German Basins. After Sørensen & Martinsen (1987), Plein (1993, 1995),
Hoffmann et al. (1997), Lokhorst (1998), Glennie et al. (2003). CNG: Central North Sea Graben.

Figure 5.6. Present-day distribution and isopach map of the Rotliegend Sediments. Modified after
Lokhorst (1998) and Glennie et al. (2003). In the bluish area in the North German Basin the original
thickness can not be reconstructed owing to post-depositional movement of Rotliegend salt. In the
grey areas there is not sufficient data to compile a map. MNSH: Mid North Sea High; RFH:
Ringkøbing-Fyn High; HG: Horn Graben; CNG: Central North Sea Graben; BT: Bramble Trough.
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Figure 5.7. Facies and present-day distribution of the Zechstein 2 Carbonate. Carbonate platforms
fringed the margins of the Southern and Northern Permian Basins. Contemporaneous clastic deposits
were deposited on the landward side of these platforms and in basins in the UK onshore. After
Lokhorst (1998) and Glennie et al. (2003)

Figure 5.8. Distribution of the youngest Zechstein salts. The most complete succession (Z6–Z7) is
found in the North German Basin and the Polish Trough. After Best (1989), Wagner (1994), Cameron
et al. (1992), Geluk et al. (1997) and Glennie et al. (2003).
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The London-Brabant Massif formed a prominent, rigid blocks which did not allow
stress transmission of the Variscan Orogeny; this resulted in strongly deformed zone at its
southern margin, against which the south-dipping thrusts abutted. Rocks north of the Midland
Microcraton are deformed as a result of a Variscan-related push (Corfield et al., 1996). The
Variscan Mountains south of the Netherlands formed an Alpine-style mountain chain. It
attained a considerable height, which allowed glaciers to develop, as documented in France
(Becq-Giraudon et al., 1996). Building of the mountains was accomplished in some 60 Ma
(duration of Dinantian, Namurian and Westphalian); their decay took almost as long
(Stephanian to Middle Triassic). The low amount of clastics coming from the former
mountains from the Middle Triassic onwards suggest that by then they were reduced to a
landscape of rolling hills (Cope et al., 1999).
Following the Variscan Orogeny a major change occurred in the tectonic setting in
NW Europe as a result of the dextral translation of northern Africa relative to Europe. These
tectonic movements were not a continuation of the Variscan Orogeny, but were the onset of
a new basin formation process in Northwestern Europe (Bachmann & Hoffmann, 1997;
Hoffman et al., 1997), resulting in wrenching and orogenic collapse (Ziegler, 1990).
Both the Variscan Mountains and its foreland basin were affected by these wrench
tectonics during the Stephanian and earliest Permian, which resulted in the partial collapse of
the orogen related to wrench-induced slab detachments and extrusive volcanism (Ziegler,
1990). Oudmayer & de Jager (1993), Ziegler (1990) and Bachmann & Hoffmann (1997)
postulate right-lateral wrench movements, whereas Hollywood & Whorlow (1993) and Quirk
(1993) propose left-lateral movements.
Subsidence of several intra-Variscan basins such as the Saar-Nahe, Saale and Autun
basins post-date the Variscan orogeny (Lorenz & Nicholls, 1976; Ziegler, 1990; Rappsilber,
2003), but pre-date sedimentation in the Southern Permian Basin. These intra-Variscan
basins displayed a more or less continuous sedimentation around the CarboniferousPermian boundary (Ziegler, 1990). The NE–SW oriented Saar-Nahe Basin developed on one
of the major south vergent thrusts in the Variscan Mountains. Variscan W–E compression
gave way to post-Variscan W–E extension, and a strongly asymmetric rift basin developed
upon the Variscan structural grain (Henk, 1993; Korsch & Schäfer, 1995).

5.4

Permian

5.4.1 Rotliegend Volcanics
Explosive andesitic and ignimbritic volcanism started around the Carboniferous-Permian
boundary along deep-seated faults in central Germany, Poland, and in the Central and the
Oslo grabens. Extrusive volcanism was accompanied by widespread volcanic intrusions
(dolerites, gabbros) in the Netherlands, the Southern North Sea area (Whin Sill) and NW
Germany (Eigenfeld & Eigenfeld-Mende, 1986; Coward, 1995; Glennie et al., 2003).
Rotliegend Volcanics occur in a large part of the study area. The most widespread
and thickest occurrence, up to 3000 m, is found in eastern Germany (Hoffmann et al., 1997).
Although the Rotliegend Volcanics are often treated as one unit (i.e. Ziegler, 1990; Lokhorst,
1998), they are the products of many different volcanic pulses (Ziegler et al., 2004; Chapters
1 and 4). Radiometric ages, of different method and vintage, display a range of ages from
Late Carboniferous (320 Ma) from the western Central Graben in the UK sector (Martin et al.,
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2002; Heeremans et al., 2004) to Late Permian (258±6 Ma) in the eastern Netherlands
(Sissingh, 2004; Chapter 4; Fig. 5.2).
The ages of Permian volcanism cluster in three periods (Glennie et al., 2003): 300–
290, 281–276 and 271–268 Ma. These ages, compared to those of the Rotliegend
Sediments, indicate that volcanism occurred contemporaneously with sedimentation; in
eastern parts of Germany, the interbedding of volcanics and sediments occurs in the Havel
Subgroup (Plein, 1993). In the Netherlands (Ems Low) Rotliegend Volcanics are timeequivalent even to the youngest part of the Rotliegend Sediments (Chapters 1 & 4).
Rotliegend volcanism forms an important event in the geological history of NW
Europe, during which the main graben system was formed; it would be reactivated many
times during the subsequent geological history.

5.4.2 Rotliegend Sediments
The three subgroups of the Rotliegend Sediments (Chapter 1) represent different stages of
basin development. During deposition of the Rotliegend, an important step in the shaping of
the three basins in the Southern Permian Basin was taken. Only during deposition of the
youngest subgroups did sedimentation take place in the Netherlands.
Two sag basins evolved, the Southern and the Northern Permian Basin, which are
separated by the Mid North Sea and Ringkøbing-Fyn Highs. The Southern Permian Basin is
best known from hydrocarbon exploration, and is described in many publications (Van Wijhe
et al., 1980; Plein, 1995; Glennie, 1998; Ziegler, 1990). The Northern Permian Basin is less
well explored, and subsequently less known (Glennie et al., 2003). Although the Southern
Permian Basin is often viewed as one basin, it is comprises three main tectonic units as can
be observed on the isopach map of the Rotliegend Sediments (Fig. 5.6). From west to east
these are the Anglo-Dutch Basin, the North German Basin and the Polish Trough. Subtle
swells separated these basins. Despite differences in their origin, subsidence in these basins
was essentially driven by lithospheric contraction.
The dry climate enabled the formation of a large desert area north of the Variscan
Mountains (Glennie, 1998). The Southern Permian Basin was entirely land-locked, and
terminal playas developed in its deepest parts. Rock salt was deposited in these playas.
Over time, the playas built out over the entire North German Basin, merging into one large
continuous hypersaline playa lake during Rotliegend sedimentation (Gralla, 1988; Gast,
1991; Plein, 1993). In dry periods halites were deposited in the deepest part, whereas during
more humid periods the lake expanded and clays and silts were deposited in the desert area
south of the lake (Ameland and Ten Boer Members; Chapter 4). The outline of the playa lake
at the end of Rotliegend deposition is similar to the basin area of the Z2 Carbonate and of
the Triassic Lower Buntsandstein (c.f. Figs 5.5, 5.7 & 5.9) underlining the relative tectonic
quiescence and prevalence of thermal subsidence during the Late Permian to earliest
Triassic.
Müritz Subgroup (Early Permian)
The oldest sediments of the Rotliegend (also known as the Upper Rotliegend I) were
deposited in a series of local fault-bounded basins in Central Germany and Poland (Plein,
1993; Hoffmann et al., 1997; Fig. 5.3). The North German Basin was connected along NNE–
SSW trending faults with intra-Variscan basins, such as the Saar-Nahe Basin and the
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Figure 5.9. Present-day distribution and isopach map of the Lower Buntsandstein (latest PermianInduan). Note the uniform thickness over large areas. Differential subsidence of the Glückstadt
Graben began. After Cameron et al. (1992), Dadlez et al. (1998), Geluk (1999b), Baldschuhn et al.
(2001) and Goldsmith et al. (2003).

Figure 5.10. Facies and present-day distribution map of the Lower Buntsandstein. After Jubitz et al.
(1987), Ziegler (1990), Cameron et al. (1992), Cope et al. (1992), Dadlez et al. (1998), Geluk (1999b),
Baldschuhn et al. (2001) and Goldsmith et al. (2003). Arrows indicate clastic influx. Solid lines
represents the reconstructed basin outline.
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Figure 5.11. Isopach map and present-day distribution of the Main Buntsandstein, The map highlights
strong subsidence of the Central, Horn and Glückstadt grabens and the Polish Trough. In the
remainder of the area the thickness varies from less than 50 to 500 m. Active faults in red. After
Cameron et al. (1992), Dadlez et al. (1998), Geluk (1999b), Baldschuhn et al. (2001), Goldsmith et al.
(2003) and well data from K. Hoth et al. (1993b).

Figure 5.12. Present-day distribution and facies map of the Main Buntsandstein. Extensive, sandy
alluvial plains bordered a lake which occupied the deepest parts of the basin. The facies shown is
approximately for the Volpriehausen Sandstone. Thick arrows represent clastic influx, thin arrows the
approximate orientation of fluvial systems. The prevailing wind direction was from the north-east. Solid
lines represents the reconstructed basin outline. Black lines represent active faults. After Cameron et
al. (1992), Cope et al. (1992) and Dadlez et al. (1998).
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Kraichgau Trough; in the Polish Trough the occurrences are more isolated. Apart from these
faults, movements along the Tornquist Zone played an important role.
The maximum thickness of the sediments is 600 m, and they comprise volcanic
breccias, fluvial sandstones and playa deposits. Compared with radiometric ages of the
Rotliegend Volcanics, contemporaneous extrusive volcanic activity occurred in the Central
North Sea and Horn grabens.
Havel Subgroup (Middle Permian)
Following the Altmark tectonic pulse, sedimentation of Rotliegend sediments resumed after a
long hiatus during Middle Permian times in the North German Basin and the Polish Trough
(Bachmann & Hoffmann, 1997; Fig. 5.4). The thickness of the subgroup reaches over 1100
m in the North German Basin. Initially, deposition took place in fault-bounded depressions,
where thick conglomerates were deposited. Interbedded basalts record intense tectonic
movements (Hoffmann et al., 1997). Compared to the Mürtitz Subgroup, the North German
Basin expanded westwards. In NW Germany, a N–S trending graben system developed
(Gast, 1988). Differential subsidence of the North German Basin ceased (Bachmann &
Hoffmann, 1997), and sedimentation gradually expanded from the grabens over a larger
area. Playa lakes occupied the deepest parts of the North German Basin, bordered to the
south by a system of alluvial plains and eolian dunes.
Elbe Subgroup (Late Permian)
During deposition of the Elbe subgroup, thermal subsidence continued, and the
sedimentation area gradually expanded to the west and south (c.f. Figs 5.3–5.5). The
subgroup reaches a maximum thickness of around 1500 m in the North German Basin, 800
m in the Polish Trough, but only 300 m in the Anglo-Dutch Basin. Two minor extensional
pulses occurred during deposition of the subgroup (Plein, 1993), and caused limited
differential subsidence in the eastern and northern Netherlands (RGD, 1991a, 1993; NITG,
1998). The sedimentation area also expanded across the Tornquist Fault Zone onto the East
European Platform in Poland.
The North German Basin formed a closed playa system, with terminal playa lakes
with thick halites occupying the deepest parts of this basin. The Polish Trough is
characterized by the absence of halites (Figs 1.2). Very thick eolian sands (up to 700 m)
were deposited north of the Wolzstyn High (Hoffmann et al., 1997), indicating the prevalence
of dry conditions to explain the absence of evaporites, rather than higher humidity as
suggested by Karnkowski (1999). Large dune fields also occupied the western part of the
Southern Permian Basin (Chapter 4).
Only at the end of deposition of the Elbe Subgroup, during the early Late Permian, did
the basin extend to the form shown in many publications (e.g. Ziegler, 1990; Glennie, 1997,
1998). The Southern and Northern Permian Basins were connected via the Central and Horn
Grabens and the Bamble Trough (Figs 5.5 & 5.6).

5.4.3 Zechstein
In the Late Permian, around 257,5 Ma (Brauns et al., 2003), a catastrophic transgression
from the Barents Sea inundated both the Northern and Southern Permian basins. It brought
full-marine conditions to the basin (Ziegler, 1990; Taylor, 1998) for the first time since the
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Early Carboniferous. The depositional thickness of the Zechstein is thought to have reached
up to 1500 m in the Polish Trough, the North German and Anglo-Dutch Basins (Wagner,
1994; Taylor, 1998), thinning gradually towards the margins of the basin. Owing to
widespread post-Permian salt movement and erosion, the current thickness pattern is highly
variable and bears no clear relation anymore to the original pattern. Minor synsedimentary
tectonics are reported from the basal Zechstein on the anhydrite platforms bordering the
main salt basin (Wolf, 1985; Ziegler, 1990; Geluk, 1999a). A second phase of tectonic
movements occurred towards the end of the Permian, and resulted in a disconformity in the
Zechstein (Chapter 3)
The topographic level of the basin at the time of the Zechstein transgression was
situated well below sea level (Glennie, 1998; Glennie & Buller, 1983), and the basin was
rapidly flooded. The maximum water depth was not yet reached during deposition of the
Coppershale, since younger Zechstein units onlap onto the Rotliegend in the southern
Netherlands. This suggests at least a staged, cyclic, transgression. A water depth of over
200 m has been estimated based on the architecture of the Z1 anhydrite platform (Cameron
et al., 1992; Taylor, 1998).
Zechstein deposits display a strong cyclic character of transgressional carbonates
and claystones, followed by evaporites. The nature of the cyclicity is attributed to periodic
glaciations in Gondwana, which controlled the marine incursions from the Barents Sea
(Ziegler, 1990), in combination with high evaporation rates.
The Zechstein substantially overstepped the Rotliegend basin margins in response to
a combination of thermal subsidence, sediment loading and minor faulting (Ziegler, 1990;
Geluk, 1999a). The Zechstein onlaps onto various highs such as the Mid North Sea and
Ringkøbing-Fyn Highs, the Rhenish Massif and the East European Platform (c.f. Figs 5.5 and
5.7). Z1 salts were deposited in a series of fault-bounded depressions on the anhydrite
platform to the south of the main basin and in the Polish Trough. These depressions line up
along a WNW–ESE oriented lineament in the Netherlands, and are thought to have
originated from minor transtentional movements, enhanced by the loading effect of rapidly
deposited evaporites (Chapters 3 & 4).
The second cycle evaporites filled the main basinal areas, the Polish Trough, North
German, Silverpit and Northern Permian Basins with a thick succession of salts. These
depocentres remained active throughout deposition of the higher Zechstein cycles, but the
differences in relief gradually decreased from over 200 m during deposition of the Z1 (Werra)
and Z2 (Stassfurt) formations, to some 40 m during the Z3 (Leine) Formation (Cameron et
al., 1992; Wagner, 1995; Taylor, 1998; Geluk, 2000).
Towards the end of the Permian, the connection with the Barents Sea became
interrupted by strong clastic influx in the area of the Viking-Central Graben systems (Ziegler,
1990). The basin evolved first into an extensive sabkha with isolated saline ponds, and later,
during deposition of the Lower Buntsandstein, into an extensive inland playa. Salt
sedimentation during the upper Zechstein retreated increasingly towards the centres of the
basins (Fig. 5.8). Tectonics, in combination with a lowering of the base level, resulted in
downwarping of the central parts of the basin and uplift and minor unconformities on the
margins of the basin (Geluk, 1999a). These mild tectonics (Tubantian II phase; Chapter 3)
appear to be contemporaneous with the Pfalzian tectonic phase, observed in southern
Germany and eastern France (Boigk & Schöneich, 1974).

113

Chapter 5

Figure 5.13. Present-day distribution and isopach map of the Solling. Subsidence occurred mainly in
the North German Basin; the Polish Trough and Anglo-Dutch Basin had ceased to subside
differentially. After Cameron et al. (1992), Geluk (1999b), Baldschuhn et al. (2001), Goldsmith et al.
(2003), Roman (2004) and well data from K. Hoth et al. (1993b).

Figure 5.14. Present-day distribution and facies map of the Solling. An extensive playa lake occupied
the North German and Anglo-Dutch Basin. Dark green indicates the outline of the playa lake in ‘early’
Solling times, light brown the expansion in ‘late’ Solling times. In Poland, fluvial conditions prevailed.
Clastic influx occurred via the Hessian Depression and the Trier Embayment. Thick arrows represent
clastic influx, thin arrows the approximate orientation of fluvial systems. Solid lines represents the
reconstructed basin outline. After Trusheim (1963), Geluk (1999b), Baldschuhn et al. (2001) and
Goldsmith et al. (2003).
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Figure 5.15. Subcrop map of the Hardegsen Unconformity. Note the SSW–NNE trending swells in
Germany. After Geluk & Röhling (1999), Beutler & Schüler (1978), Marek & Pajchlowa (1997) and
Goldsmith et al. (2003). Additional well data from K. Hoth et al. (1993b).

Figure 5.16 Present-day distribution and isopach map of the Röt (Early Anisian). After Wolburg (1969),
Bertelsen (1980), Cameron et al. (1992), Dadlez et al. (1998), Geluk (1999b), Baldschuhn et al. (2001)
and Goldsmith et al. (2003). Additional well data from K. Hoth et al. (1993b). In the areas with grey
shading, the thickness is uncertain.
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5.5

Triassic

5.5.1 Lower Buntsandstein (Induan)
The Lower Buntsandstein reflects a gradual, regional subsidence of the entire Southern
Permian Basin. This subsidence included previous Zechstein highs. Synsedimentary fault
movement occurred in the Glückstadt Graben, possibly also in the Horn Graben in NW
Germany (Frisch & Kockel, 2003); outside these grabens broad, undulating, swells and lows
caused a pattern of minor thinning and thickening (Fig. 5.9).
The Lower Buntsandstein is considered to represent an overall continental, lacustrine
unit in western parts of the basin (Ziegler, 1990; Röhling, 1991; Geluk, 1999b), but in the
eastern part of the basin, foraminifera and acritarchs indicate some marine influence
(Roman, 2004). Climatic, Milankovitch-driven, wet-dry cycles controlled the sedimentation in
the area between the UK and Poland (Geluk & Röhling, 1999).
In the lower part of this succession is the chronostratigraphic Permian-Triassic
boundary as documented by the work of Wagner (1994) and Szurlies et al. (2003). This
boundary (P/T event) is characterized by a mass mortality which exceeds the catastrophe of
the K/T event (Wignall, 1992). During the P/T mass mortality, 90% of the marine species
became extinct, 60% of the reptile and amphibian families, 30% of the insect species, and
most land plants (Erwin et al., 2002). This extinction is thought to have been caused by a
global temperature decrease in relation to widespread volcanism in Siberia and China
(Nikishin et al., 2002). The main reason why the P/T event is unnoticed in the Buntsandstein
is related to the hostility of the playa lake environment for any life forms (few species lived
here), and the low preservation potential for fossil remains in red beds. Bachmann et al.
(2004) suggested that the P/T event actually predates the Permian-Triassic boundary.
The Northern Permian Basin was covered by extensive fluvial systems, which
deposited detritus from the Fennoscandian Shield. This fluvial realm was delineated to the
south by the Ringkøbing-Fyn High, which separated it from the playa lake (Michelsen &
Clausen, 2002); westwards, the alluvial plain grades into a playa which was located north of
the Mid North Sea High. The similarity of the clay-dominated Lower Buntsandstein to both
the north and south of this high indicates that it was entirely sediment-covered and played
only a subordinate role during the Early Triassic.
One of the great enigmas is the marine influence in the Lower Buntsandstein. This
succession is poor in fossils, but in the upper part (Rogenstein) contains oolite beds and
stromatolites. Peryt (1976) proposed a non-marine origin for the oolites, but acritarch finds in
central Germany and Poland (Roman, 2003) document marine incursions into the basin,
which leaves open the possibility of a marine origin.
In the Southern Permian Basin, several fluvial systems supplied clastics to the basin.
These comprise both older, inherited, Rotliegend and Zechstein feeder systems (LondonBrabant Massif, Hessian Depression, Pennines), but also some new feeder systems. For the
Netherlands, an important new feeder is the Ardennes-Eiffel system (Sindowski, 1957;
Wolburg, 1961, 1962, 1968; Geluk et al., 1996), which transported clastics via the Roer
Valley Graben into the Anglo-Dutch Basin (paleo-Meuse), and through the Ems Low into the
North German Basin. In the Netherlands and NW Germany, sands remained confined to
margins of the basin (Wolburg, 1961), but in the Anglo-Dutch Basin sandy systems

116

prograded further into the basin during deposition of the Lower Buntsandstein (Cameron et
al., 1992).

5.5.2 Main Buntsandstein (Olenekian)
An important structural reorganisation occurred at the end of the Lower Buntsandstein
deposition (approximately at the Induan to Olenekian transition; Kozur, 1999; German
Stratigraphic Commission, 2002). In response to tensional/transtensional stresses, a bidirectional system of NNE–SSW and WNW–ESE trending faults was reactivated which
dissected the previous Lower Buntsandstein basin. The Central, Horn and Glückstadt
grabens and the Polish Trough display the strongest subsidence (Fig. 5.11). Uplifted areas
bordering these grabens show a similar bidirectional orientation, WNW–ESE trends on the
Ringkøbing-Fyn High and the East Brandenburg Swells, and NNE–SSW orientations on the
Cleaver Bank, Netherlands, Hunte, and the Eichsfeld-Altmark swells. Compared to the Lower
Buntsandstein, synsedimentary faulting resulted in a highly differentiated thickness pattern of
the Main Buntsandstein (Volpriehausen-Hardegsen; c.f. figs 5.9 & 5.11). This isopach pattern
is a result of a combination of both enhanced subsidence in the grabens, and uplift and
erosion elsewhere (Geluk & Röhling, 1997, 1999; Frisch & Kockel, 2003; c.f. Figs 5.11 &
5.15). Within this large-scale tectonic activity, four short-lived tectonic pulses have been
identified (pre-Volpriehausen, -Detfurth, –Solling and intra-Solling), of which the pre-Solling
pulse was the strongest (Geluk & Röhling, 1997, 1999; Frisch & Kockel, 2003).
The Horn and Glückstadt grabens contain 3500 and 2000 m of Main Buntsandstein
respectively, and the Polish Trough over 1000 m. In the Central Graben 500 m is present.
Apart from these grabens, numerous smaller faults were active, which in essence are very
similar to the pattern during the Rotliegend (c.f. Figs 5.2 & 5.11). The subsidence pattern of
these grabens can be explained by WNW–ESE extension, with lateral movements being
accommodated along the Tornquist Fault Zone and other NW–SE trending faults.
The NNE–SSW oriented swells which formed (Fig. 5.15) are characterized by long
wavelength (200 km) and a broad, domal, geometry (Fig. 2.7), indicative of lithosphere
folding.
The phase of extensional tectonics is known in literature as the Hardegsen phase
(Ziegler, 1990). It forms the first of the so-called Kimmerian rift phases, which accompanied
the breaking-up of Pangea, resulting in the opening of the central Atlantic Ocean. In view of
the pattern of isolated grabens connected by transform faults, Early Triassic rifting can be
considered an initial phase of rifting (Ziegler & Cloetingh, 2004). On the other hand there is a
suggestion for compression in the form of the regular pattern of swells, although there is no
corresponding evidence for this from the Tethyan domain. The Hardegsen phase triggered
the development of salt pillows from the underlying Zechstein salt (Remmelts, 1996; Frisch &
Kockel, 2003).
Rifting was accompanied by a lowering of the base level, during which fluvial systems
from the Variscan hinterland built out northwards over the Southern Permian Basin (Fig.
5.12). More permanent playa lakes with predominantly fine-grained deposits became
confined to the North German Basin and the Polish Trough (Dadlez et al., 1998). Building out
of the fluvial systems throughout the Southern Permian Basin occurred in a cyclic,
contemporaneous way (Fig. 1.4), which strongly suggests a climatic control on sediment
dispersal (Chapter 2). Periodically higher rainfall in the hinterland caused an increase in

117

Chapter 5

Figure 5.17. Present-day distribution and facies map of the Röt (Early Anisian). The arrows marked
Tethys indicates marine ingression. Other, smaller, arrows represent clastic influx. Solid lines
represents the reconstructed basin outline. After Wolburg (1969), Bertelsen (1980), Cameron et al.
(1992), Cope et al. (1992), Dadlez et al. (1998), Geluk (1999b), Kedzierski (2000) and Goldsmith et al.
(2003).

Figure 5.18. Present-day distribution and isopach map of the Muschelkalk (Late Anisian). After
Wolburg (1969), Bertelsen (1980), Cameron et al. (1992), Cope et al. (1992), Beutler (1993), Geluk
(1999b), Marek & Pajchlowa (1997), Dadlez et al. (1998), Szulc (1999, 2000) and Goldsmith et al.
(2003).
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Figure 5.19 Present-day distribution and facies map of the Lower Muschelkalk (Late Anisian). The
thick arrow indicates the ingression from Tethys through the Silesian and Moravian gates in the east
and the Burgundy gate in Germany. After Jubitz et al. (1988), Cameron et al. (1992), Marek &
Pajchlowa (1997), Geluk (1999b) and Szulc (1999, 2000). Solid lines represents the reconstructed
basin outline.

Figure 5.20. Present-day distribution and facies map of the Middle Muschelkalk (Late Anisian). After
Bertelsen (1980), Cameron et al. (1992), Cope et al. (1992), Beutler (1993), Marek & Pajchlowa
(1997), Geluk (1999b), Dadlez et al. (1998), Szulc (1999, 2000) and Goldsmith et al. (2003). The solid
lines represents the reconstructed basin outline. Thick arrows indicate marine ingressions, thinner
arrows sediment influx.
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fluvial activity, and sandy fluvial systems built out far into the playa. These humid periods of
higher fluvial activity alternated with dry periods when sands became redistributed by eolian
processes, not only in the basin (Fontaine et al., 1993) but also within the Variscan
Mountains (Mader, 1983). The periods of increased fluvial activity, which deposited the basal
sandstones in the Volpriehausen and Detfurth formations, were followed by a marked
expansion of the lakes, until these resembled the situation during deposition of the Lower
Buntsandstein. Lacustrine conditions were more common during deposition of the
Hardegsen Formation, with clastic deposits were mainly confined to the basin margins. The
lakes were filled with brackish waters (Frisch & Kockel, 2003). In central Germany and
Poland, occasional foraminifera, glauconite, ostracods and acritarchs indicate marine
influence (Wycisk, 1984; Roman, 2004). Marine influence decreases westward.
Major uncertainty is associated with the origin of the marine influences. A Tethyan
connection in eastern Poland, related to moderate crustal extension in the Polish Trough, is
most favoured, and fits with the westward decrease in marine influence in the Main
Buntsandstein. A Boreal connection, as suggested by Beutler & Szulz (1999), is in
contradiction with depositional conditions in the central and northern North Sea (Goldsmith et
al., 2003).

5.5.3 Solling (latest Olenekian)
Separated by the Hardegsen Unconformity, the Solling rests unconformably on different units
of the Lower and Main Buntsandstein, or even on pre-Triassic rocks (Fig. 5.15). The Solling
marks a break with the underlying units both in terms of basin geometry. The area of
subsidence was limited to the North German Basin. In the Polish Trough and the AngloDutch Basin subsidence ceased. The Solling further marks the onset of rift tectonics in the
Netherlands (see below).
Braided rivers transported clastics northward, mainly via the Hessian Depression
(Bindig, 1992; Frisch & Kockel, 2003). The central part of the basin was occupied by an
extensive playa lake; reddening and desiccation cracks witness occasional drying out. In the
Polish Trough and eastern parts of Germany, the Solling is dominated by fluvial deposits
(Roman, 2004).
At least twice, eolian sands were deposited in the Solling. An important sand belt
stretches out in Germany (Fig. 5.14; Beutler et al., 1992). Dune sands accumulated here in
the lower part of the Solling. They separated by a lagoonal facies in the south from an
extensive playa to the north (Trusheim, 1963; Baldschuhn et al., 2001). In the eastern
Netherlands, contemporaneous dune sands filled depressions related to early salt withdrawal
(NITG, 1998). The lagoon, with its typical dark-coloured mudstones with high Gamma-Ray
readings, stretched out into the eastern Netherlands and southern Germany (Trusheim,
1963).
In the Dutch North Sea, halfgrabens filled with eolian sandstones have been
encountered, which mark the onset of Triassic rift tectonics (De Jager, in press; De Jager &
Geluk, in press; Chapter 4). Previously these tectonic movements were assumed to have
started later, during deposition of the Röt (Best, 1996; Thieme & Rockenbauch, 2001).
The oldest Solling deposits occur in the North German Basin, while in the AngloDutch Basin only the youngest, upper, part of the Solling is present (Geluk & Röhling, 1999;
Chapters 1 & 2). This was an area of non-deposition during the lower part of the Solling.
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5.5.4 Röt (Early Anisian)
Subsidence during the Röt took place mainly in the North German Basin (Fig. 5.16). Tectonic
activity during deposition of the Röt was limited to the lower, evaporitic part of the Röt. The
development was governed by NNE–SSW trending swells, which formed during the
Hardegsen phase (Frisch & Kockel, 2003; c.f. Figs 5.16 & 5.15). The limit of the Röt Salt and
the isopachs follow the outlines of these highs, notably the Hunte and the Eichsfeld-Altmark
swells. In contrast, in the Netherlands, the earlier swells (Cleaverbank High and the
Netherlands Swell) were covered by salts; the Netherlands Swell further was dissected by
faults (Geluk, 1999b). The Central, Horn and Glückstadt grabens were subject to rapid
subsidence. In the Central Graben, the Röt thickness is locally over 300 m (Geluk, 1999b). In
the Horn and Glückstadt grabens, the combined thickness of Röt and Muschelkalk is up to
3000 respectively 4000 m locally (Baldschuhn et al., 2001). Differential movements ceased in
the course of Röt deposition; the upper, clastic, part of the Röt shows much less variation in
thickness. During deposition of this interval and the overlying Lower Muschelkalk, regional
subsidence prevailed in the Southern Permian Basin.
The change from Solling to Röt is marked by an increase of marine influence in the
Southern Permian Basin. In southern Poland, a connection with the Tethys was established
through the Silesian/Moravian and East Carpathian gates, resulting in marine conditions
(Marek & Pajchlowa, 1997). Sea water flowed over the Szczecin-Wolsztyn Swell, which only
allowed a restricted connection, into western parts of the Southern Permian Basin (Fig. 5.17).
Under dry climatic conditions, a large salt basin evolved, extending as far west as the English
coast (Schröder, 1982; Cameron et al., 1992; Geluk, 1999b). This salt basin was bordered by
extensive sabkha’s. Most of the Netherlands was situated in this salt basin, except for the
southern part of the country where no deposition occurred.
Following evaporite deposition, the area changed gradually into a large, brackishwater lagoon, where predominantly fine-grained clastics were deposited. In the southern
Netherlands, a fluvial influence increased and the last coarse-clastic supply from the
Variscan Mountains took place. The transition to clastic deposition may have been caused by
an increase in humidity. In southern Germany and Alsace, conditions for plant growth and
amphibian life were more favourable than during earlier parts of the Triassic (Geyer &
Gwinner, 1986), but in the Netherlands, NW Germany and Poland the predominant red
colour of the Röt is still witness to occasional drying out. During the latest stage of the Röt a
gradual transgression began, and a shallow sea with carbonate sedimentation (Myophoria
beds) spread from Poland over eastern parts of Germany (Kedzierski, 2000).

5.5.5 Muschelkalk (Late Anisian-Early Ladinian)
During deposition of the Muschelkalk, the North German Basin initially continued to show the
largest subsidence. In the sag-like basin, up to 400 m of Muschelkalk is present (Fig. 5.18).
Differential subsidence occurred during the Middle Muschelkalk in the Central Graben
(Geluk, 1999b). In the Horn and Glückstadt grabens, the combined Röt/Muschelkalk
thickness is locally up to 3000 respectively 4000 m (Baldschuhn et al., 2001).
The Muschelkalk marks a fundamental change in the paleogeography (Fig. 5.19).
The opening of the Burgundy gate allowed the marine influence from Tethys easier access to
the western parts of the Southern Permian Basin. The sea entered the basin through the
Moravian, Silesian and Burgundy gates (Kedzierski, 2000; Szulc, 2000). From the latter gate,
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Figure 5.21. Present-day distribution and facies map of the Upper Muschelkalk (earliest Ladinian).
After Bertelsen (1980), Cameron et al. (1992), Cope et al. (1992), Beutler (1993), Marek & Pajchlowa
(1997), Geluk (1999b), Dadlez et al. (1998), Szulc (1999, 2000) and Goldsmith et al. (2003). Solid
lines represents the reconstructed basin outline. Thick arrows indicate marine ingressions, thinner
arrows sediment influx.

Figure 5.22. Present-day distribution and facies map of the Lower Keuper (Late Ladinian). After
Wolburg (1969), Beutler & Schüler (1978), Cameron et al. (1992), Rheinhardt (1993), Beutler (1995),
Marek & Pajchlowa (1997), Dadlez et al. (1998), Geluk (1999b), Pöppelreiter (1999), Baldschuhn et al.
(2001) and Goldsmith et al. (2003). Solid lines represents the reconstructed basin outline. Thick
arrows indicate marine ingressions, thinner arrows sediment influx.
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Figure 5.23. Present-day distribution and facies map of the Lower Gipskeuper (Early Carnian). After
Wolburg (1969), Beutler & Schüler (1978), Cameron et al. (1992), Rheinhardt (1993), Beutler (1995),
Marek & Pajchlowa (1997), Dadlez et al. (1998), Geluk (1999b), Pöppelreiter (1999), Baldschuhn et al.
(2001) and Goldsmith et al. (2003). Active faults are indicated. Solid lines represents the reconstructed
basin outline. Thick arrows indicate marine ingressions, thinner arrows sediment influx.

Figure 5.24. Present-day distribution and facies map of the Schilfsandstein (Carnian). The main
sediment supply originated from Fennoscandia. After Beutler & Häusser (1981), Beutler, (1987),
Dadlez et al. (1998), Jubitz et al. (1988), Cameron et al. (1992), Cope et al. (1992), Beutler (1998)
Dadlez et al. (1998), Geluk (1999b), Baldschuhn et al. (2001) and Goldsmith et al. (2003). Solid lines
represents the reconstructed basin outline. Thick arrows indicate marine ingressions, thinner arrows
sediment influx.
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the sea reached the Southern Permian Basin via the Hessian Depression and the Trier
Embayment (Ziegler, 1990).
Fine-grained clastic deposits were gradually pushed westward and onto the intrabasinal highs. The coastline in the Netherlands was initially situated in the West Netherlands
Basin, as is documented by the correlation of red-coloured clastics of the Röt and marine
carbonates of the Muschelkalk (Borkhataria, 2004). Also, around the Rhenish Massif,
subaerial conditions prevailed, as is shown by frequent desiccation and vertebrate tracks in
the Winterswijk quarry in the eastern Netherlands (Diedrich, 2001). Marine conditions
gradually spread further south onto the Brabant Massif in the course of Lower Muschelkalk
sedimentation. In the vicinity of this high marly sediments were deposited. No sandy marginal
facies, as suggested by Ziegler (1990) has been encountered in the southern Netherlands.
Such facies is restricted to the Trier Embayment (Negendank, 1974). In the Anglo-Dutch
Basin a predominantly marly succession was deposited in a shallow marine to lagoonal
setting (Cameron et al., 1992).
Relatively pure, bioclastic and oolitic, carbonates of the Lower Muschelkalk occur in
southern Poland, southern and central parts of Germany and in the eastern Netherlands
(Szulc, 2000). These alternate with marly intercalations, which become more prominent
towards the west and north (Fig. 5.19), where the marine influence decreased. A marine
influence extended as far north as the Norwegian-Danish Basin (Ziegler, 1990; Goldsmith et
al., 2003). Goldsmith et al. (2003) assume that these marine incursions entered into this
basin via the Horn and Central North Sea Grabens rather than along the Trans-European
Fault Zone (Ziegler, 1990).
Interruption of the Tethys connection via the Burgundy gate restricted the inflow of
sea water, and under the prevailing arid to semi-arid conditions turned the Southern Permian
Basin basin into a large salt pond (Fig. 5.20). Contemporaneously, minor extensional
tectonics caused enhanced subsidence in the Central, Horn and Glückstadt grabens. A
number of other faults were reactivated: the Westdorf graben in NW Germany (Geluk et al.,
2000), the Dowsing Fault zone in the UK Southern North Sea and the Mid Netherlands Fault
zones. These movements resulted here in locally thicker and stratigraphically more complete
salt successions. Also, fault-related subsidence occurred in the NNE–SSW striking Hessian
Depression.
When the connection through the Burgundy gate was re-established, marine
conditions gradually returned in the North German Basin (Fig. 5.21). The main area of
subsidence shifted from the North German Basin into the Hessian depression (Szulc, 1999,
2000). Southern Germany became the prime area of bioclastic carbonate sedimentation.
Clastic sedimentation was pushed back to a small zone bordering the highs. The realm of
carbonate sedimentation had shrunk (c.f. Figs 5.19 & 5.21); in the Anglo-Dutch Basin
predominantly marls were deposited in the Upper Muschelkalk. In this succession, only two
cleaner carbonate intervals occur, which represent the maximum transgression during
deposition of the Trochitenkalk in earliest Ladinian time. The closure of the main seaways in
the eastern part of the basin, the Silesian and East Carpathian gates, ended carbonate
sedimentation (Szulc, 1999, 2000). Only a restricted connection with Tethys via the
Burgundy gate persisted, except during periods of high sea level when the sea again entered
through the East Carpathian gate. The change from carbonate to fine-clastics was not
contemporaneous throughout the basin, but was a gradual process which spread from North
to South in time (Szulc, 2000; Chapter 1).
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5.5.6 Lower Keuper (Late Ladinian)
The Lower Keuper is characterized by rather uniform thickness in the Southern Permian
Basin. It varies from 80 to 125 m, with the exception of the Glückstadt Graben, where it
thickens up to 600 m (Frisch & Kockel, 1997, 1999). In Poland, the Lodz Graben contains up
to 200 m of Lower Keuper (Dadlez et al., 1998), similar to the Dutch Central Graben and the
Ems Low (Geluk, 1999b).
The Lower Keuper reflects a fundamental modification of the drainage pattern in the
Southern Permian Basin. Following the closure of the East Carpathian and Silesian gates in
southeast Poland (Szulc, 2000), an extensive clastic, paralic to deltaic, system gradually built
out southward from Fennoscandia (Fig. 5.22). The area was very flat, and depositional
conditions were controlled by relative sea level fluctuations and fluctuations in precipitation:
fluvial systems spread from the south during humid periods of low sea level. During dry
periods marine ingressions reached the North German Basin via the Burgundy Gate/Hessian
depression and the East Carpathian gate, and carbonates were deposited (Pöppelreiter,
1999; Szulc, 1999, 2000). Intermediate stages of sea level resulted in paralic and lacustrine
conditions. The zone where marine and continental influence interacted was some 600 km
wide (Pöppelreiter, 1999), which is comparable with the present-day distance from the Dutch
coast to Stuttgart.
Uplift of the Fennoscandian High is suggested as the main cause for clastic influx
(Ziegler, 1990; Szulc, 1999, 2000). However, the depositional conditions and uniform
thickness of the Lower Keuper succession strongly suggest a period of low tectonic activity.
Taking the low tectonic activity into account, also other mechanisms to explain the clastic
influx should be considered. A clear difference is the more humid climate during the Lower
Keuper, as indicated by occasional paralic conditions (coals) and soil profiles. Therefore, it
should taken into account whether the southward progradation of the fluvial systems from
Fennoscandia might have been in response to a more humid climate, leading to higher fluvial
runoff.
The Anglo-Dutch Basin was situated in a remote position relative both to the source
area and the marine gates. Lacustrine to lagoonal conditions prevailed, while anhydrite
reflects episodic evaporitic conditions. Thin dolomite beds record occasional marine
incursions. Subaerial exposure was common (Southworth, 1987 in: Cameron et al., 1992). In
contrast to Germany, there is no record of coaly intervals in the Anglo-Dutch Basin.

5.5.7 Lower Gipskeuper (Late Ladinian-Early Carnian)
Sediments of the Lower Gipskeuper reflect a dramatic environmental change in the Southern
Permian Basin. The climate became more arid, resulting in evaporite sedimentation.
Furthermore, the strong rift pulses of the Early Kimmerian phase caused highly differentiated
subsidence. A great number of isolated, fault-bounded depressions formed (fig. 5.23), which
were flooded during stages of high sea level. Subsequently, under the prevailing arid
conditions, these depressions turned into salt ponds. In more stable areas surrounding these
grabens, the Lower Gipskeuper is composed mainly of clay- and siltstones with intercalated
anhydrite beds, deposited under sabkha conditions (Cameron et al., 1992; Beutler, 1995;
Frisch & Kockel, 2003). The transgressions also reached north as far as the DanishNorwegian basin via the Horn and Glückstadt grabens, and salts were deposited here
(Bertelsen, 1980).
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Figure 5.25. Present-day distribution and facies map of the Upper Gipskeuper. After Wolburg (1969),
Beutler & Schüler (1978), Cameron et al. (1992), Rheinhardt (1993), Beutler (1995), Marek &
Pajchlowa (1997), Dadlez et al. (1998), Geluk (1999b), Pöppelreiter (1999), Baldschuhn et al. (2001)
and Goldsmith et al. (2003). Solid lines represents the reconstructed basin outline. Thick arrows
indicate marine ingressions, thinner arrows sediment influx.

Figure 5.26. Present-day distribution and facies map of the Steinmergelkeuper. After Wolburg (1969),
Beutler & Schüler (1978), Cameron et al. (1992), Rheinhardt (1993), Beutler (1995), Marek &
Pajchlowa (1997), Dadlez et al. (1998), Geluk (1999b), Pöppelreiter (1999), Baldschuhn et al. (2001)
and Goldsmith et al. (2003). Solid lines represents the reconstructed basin outline. Thick arrows
indicate marine ingressions, thinner arrows sediment influx.
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Figure 5.27. Subcrop map of the Early Kimmerian Unconformity. After Wolburg (1969), Beutler &
Schüler (1978), Cameron et al. (1992), Rheinhardt (1993), Beutler (1995), Marek & Pajchlowa (1997),
Geluk (1999) and Baldschuhn et al. (2001).

Figure 5.28. Present-day distribution and facies map of the Rhaetic Keuper. After Ziegler (1990),
Cameron et al. (1992), Cope et al. (1992), Beutler (1998), Dadlez et al. (1998), Geluk (1999b) and
Baldschuhn et al. (2001). Solid lines represents the reconstructed basin outline. Thick arrows indicate
marine ingressions, thinner arrows sediment influx.
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In NW Germany, the strongest subsidence occurred in parts of the Glückstadt
Graben, where the thickness of the Lower Gipskeuper amounts up to 5000 m, and to 1000 to
1500 m locally in other grabens. The thickness of the Lower Gipskeuper in areas not affected
by differential subsidence varies from 50 to 300 m (Fig. 1.6; Dadlez et al., 1998; Geluk,
1999b; Baldschuhn et al., 2001). In the Netherlands, the Central Graben (>400 m) and the
Ems Low (700 m) show differential subsidence, although not in the dimensions as recorded
in NW Germany. Also, along rift-raft zones (western Central Graben; Dowsing Fault Zone;
North Dogger Fault Zone) a distinct thickening of the Lower Gipskeuper occurs (Cameron et
al., 1992; Griffith et al., 1995; Chapter 4).

5.5.8 Schilfsandstein (Middle Carnian)
In contrast to both the underlying and overlying units, the Schilfsandstein was deposited
during a period of relative tectonic quiescence and higher humidity. Uplift of Fennoscandia, in
response to the early Cimmerian Orogeny in the Black Sea area (Ziegler, 1998), supplied
large quantities of clastics which were subsequently transported southward. The unit varies
in thickness from 50 to over 150 m (Beutler, 1995; Dadlez et al., 1998). It represents a largescale fluvio-deltaic system, which flowed south from the Fennoscandian High towards the
Tethys (Wurster, 1964; Fig. 5.24). In addition to the work of Wurster (1964) in southern
Germany, Beutler & Häusser (1981), Marek & Pajchlowa (1997), Beutler (1998) and Dadlez
et al. (1998) presented details on the fluvial systems in Germany and Poland. The
paleogeography closely resembled that of the Lower Keuper, but with stronger fluvial activity
under semi-arid climatic conditions (Beutler, 1995). The marine influence in the North
German Basin was less than during the Lower Keuper: only a marginal marine influence is
recorded in the claystones (Beutler, 1995). Tidal influence has been recorded from the
Schilfsandstein in southern Germany (Gehrmann & Aigner, 2002).
In the Anglo-Dutch Basin, the Schilfsandstein is composed predominantly of redcoloured lacustrine mudstones. Only in the Ems Low and the southern Central Graben have
sandstones up to 5 m thick have been encountered. The Netherlands was bypassed by the
main fluvial channel belts, which ran off towards the south via the Hessian Depression and
the Trier Embayment.

5.5.9 Upper Gipskeuper (Upper Carnian)
Following deposition of the Schilfsandstein, evaporitic conditions returned during deposition
of the Upper Gipskeuper (Late Carnian). Extensional tectonics caused strong subsidence of
a number of grabens which, on a large scale, are identical to those of the Lower Gipskeuper
(c.f. Figs 5.23 & 5.25). In detail, however, clear differences occur in the active faults between
the Lower and Upper Gipskeuper (Frisch & Kockel, 1997, 1999). In the Glückstadt Graben,
the strongest subsidence had shifted more to the external, northern and southern parts of the
graben. Up to 4500 m of halite-bearing sediments accumulated here. In other areas in NW
Germany, up to 1000 m occurs; the thickest occurrences are related to salt withdrawal.
Furthermore, in comparison to the Lower Gipskeuper, the area with salt ponds was reduced
during deposition of the Upper Gipskeuper. Only the Danish Basin, the Central, Horn and
Glückstadt Grabens and a number of smaller lows in NW Germany formed fault-bounded salt
ponds. Sabkhas prevailed over most of the area (Fig. 5.25).
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5.5.10

Steinmergelkeuper (Norian)

The thickness of the Steinmergelkeuper distinguishes itself strongly from the underlying
Keuper units. Generally it displays much more uniform thickness, varying from around 50 in
the southern Netherlands to 200 m in the Central and 400 m in the Glückstadt Graben. The
Steinmergelkeuper is a post-rift sediment; which covered the paleorelief of the Early
Kimmerian unconformity in a sheet like manner (Wolburg, 1969; Beutler & Schüler, 1978;
Geluk, 1999b; Baldschuhn et al., 2001). The Steinmergelkeuper rests on a range of older
sediments, notable at the margins of the basin in Poland, southern Netherlands, and the
grabens in Germany (Fig 5.27).
The depositional system of the Steinmergelkeuper (Fig. 5.26) represents a playa
system, with some marine intercalations (Beutler, 1995, 1998; Reinhardt & Ricken, 2000).
The marine influence is thought to have come via southern Germany and resulted in the
deposition of carbonate intercalations (Beutler, 1998). In the Anglo-Dutch Basin, situated
remote to this marine connection, evaporitic conditions prevailed.

5.5.11 Rhaetic Keuper
The Rheatic Keuper represents the youngest part of the Triassic (Late Norian-Rhaetian). In
the Southern Permian Basin it marks in a depositional sense the transition from the Late
Triassic epi-continental systems to full marine conditions in the Early Jurassic. The Rhaetic
Keuper has a thickness of between 20 and 100 m in the Anglo-Dutch Basin and the Polish
Trough. In the North German Basin, the thickness varies between 100 and 300 m. In the
southern part of the Glückstadt Graben up to 600 m were deposited (Baldschuhn et al.,
2001). Also in other grabens in NW Germany, the unit is locally thickened. In the Netherlands
and the Southern North Sea area, the Rhaetic Keuper is stratigraphically less complete than
in Germany, and the lowermost part is missing.
The Rhaetic Keuper was deposited in a deltaic setting (Fig. 5.29). Dark, grey to green
bioturbated mudstones, rich in plant remains, bivalves (e.g. Rhaetavicula contorta) and
organic matter characterize the formation in western areas (Cameron et al., 1992; Beutler,
1995; Geluk, 1999b). In Germany, several sandstone units, sourced both from Fennoscandia
and the Bohemian Massif, interfinger with these mudstones, and more signs of pedogenesis
are found here (Beutler, 1998). In Poland, the sediments contain coaly intercalations (Marek
& Pajchlowa, 1998). In southern Germany, continental conditions prevailed and the formation
is relatively thin (Geyer & Gwinner, 1986).
The connection with the ocean was situated more to the west than during previous
periods (c.f. Figs 5.28 & 5.25). Neither in Poland nor southern Germany are there signs of a
major marine influence. A connection with the Boreal ocean can be ruled out, as can be
inferred from the prevalence of continental conditions in the Central and Northern North Sea
areas (Goldsmith et al., 2003). The connections with the Southern Permian Basin was
established through a new marine gate between the Pennines and the London-Brabant
Massif with the Bristol Channel and Celtic Sea basins (Ziegler, 1990; Cope et al., 1992).
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5.6

Discussion

Plate tectonic setting
The large-scale tectonic setting during the Permian and Triassic was influenced by the
Variscan Orogeny, during which the amalgamation of Gondwana and Laurussia into the
supercontinent Pangea took place in latest Carboniferous times (Ziegler, 1988, 1990;
Scotese & McKerrow, 1990; Vai, 2003). This collision, together with the Silurian-Devonian
Caledonian Orogeny, resulted in a thickened crust in NW Europe (Ziegler, 1988, 1990).
During the Stephanian and Early Permian, dextral movements occurred between Laurussia
and Gondwana (Ziegler, 1988, 1990), which drove the Early Permian rift/wrench tectonics in
the North German Basin. Vai (2003) proposed a slightly different model, which involves a
two-phase collision of Pangea: a first phase during Late Carboniferous times, followed by an
aborted Pangean break-up stage in the Early Permian, and a full Pangean stage during the
Late Permian to Triassic (Uralian Orogeny).
During the Early to Middle Triassic, the break-up of Pangea started with the
southwards propagation of rifting between Greenland and Norway, which interfered in the
North Atlantic Domain with a westwards propagating Tethys rift system (Ziegler, 1988;
Ziegler et al., 2001). The anisotropically thickened crust below the Variscan Orogen initially
prevented the direct linking of these rifts, and a 1200 km wide transfer zone developed in NW
Europe (Peacock, 2004). In this transfer zone, a complex, multi-directional, system of
Triassic grabens and basins developed (Ziegler, 1982, 1988, 1990; Peacock, 2004).
Simultaneously with the break-up of Pangea, accretion of new terrane occurred at its
south-eastern margin in the Black Sea area, in conjunction with the closure of the paleoTethys during the Cimmerian Orogeny (Sengör, 1984; Ziegler, 1988, 1990). These
movements resulted in intra-plate compressional stresses. The resulting lithospheric folding
controlled the Late Triassic uplift of Fennoscandia (Ziegler, 1988) and possibly also the
closure of the Silesian gate in Poland.
Basin development
Contrary to current opinion, the Southern Permian Basin is not a single basin (e.g. Ziegler,
1990; Glennie, 1998; Glennie et al., 2003; Van Wees et al., 2000), but an amalgamation of
three different basins. These are from West to East the Anglo-Dutch, North German Basin
and Polish Trough (Fig. 5.29). They differ both in origin and subsequent geological history,
but their subsidence is essentially driven by thermal relaxation of the lithosphere (Ziegler,
1990; Van Wees et al., 2003). Subtle swells separate these basins. The location of these
basins, and their orientation parallel to the Tornquist Zone probably reflects a deeper
structural control.
Basement subsidence plots were made for a number of wells (Fig. 5.30). They are
based on single or composite well data. In Poland were two synthetic wells made based on
map data (Dadlez et al., 1998). These plots support a marked difference in subsidence of the
Anglo-Dutch, North German Basin and the Polish Trough; in the Anglo-Dutch Basin and the
Polish Trough, subsidence slowed down from the Early Triassic onwards, whereas the North
German Basin continued to subside rapidly. Salt movement led to marked thickness
variations of the Zechstein, and locally influenced the trends of the Triassic subsidence. In
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conjunction to these plots, Van Wees et al. (2000) present a larger number of tectonic
subsidence curves for individual wells, which underline the observations made.
The western, Anglo-Dutch, basin, developed entirely on the Variscan Foreland basin.
The onset of Permian subsidence was in late Middle Permian times, following the youngest
of the Altmark tectonic pulses. No Permian volcanism occurred. The North German Basin is
superimposed upon the Variscan foreland and fold belt. This basin resulted from intense
Early Permian rifting and related extrusive volcanism, followed by a Middle Permian
extension. The eastern basin, the Polish Trough, is an Early to Middle Permian extensional
basin. The basin developed over the Variscan Foreland Basin between the Caledonian and
Variscan front, incorporating part of the Variscan fold belt in its southern part. In the Variscan
fold belt Early Permian volcanism occurred (Wolzstyn High). All three basins underwent
structural modification during the Permian and Triassic, which had its impact on their outline
and depocentres. The basin outline of the upper part of the Rotliegend sediments is
presented in Figure 5.29. Cross sections through the different units are shown in Figure 5.32.
In the North German Basin all major structural lineaments converge. The Central,
Horn and Glückstadt grabens connect this basin with the Northern Permian Basin. The
grabens terminate at their southern end against WNW–ESE trending transfer faults
(Baldschuhn et al., 2001). The Permian and Triassic fault patterns indicate dextral
transtensional movements (Frikken, 1999). The pattern of the grabens in the Southern
Permian Basin suggests a NW–SE extensional regime, which is in line with the rifting
between Greenland and Fennoscandia (Ziegler, 1988). A wider perspective, including
southern UK and northern France (Ziegler, 1989, 1990; Peacock, 1990; Ruffell & Shelton,
1999), however, indicates that the directions of extension may vary by almost 90o. The Polish
Trough and the Anglo-Dutch Basin show less intense faulting, with W–E to NW–SE trends.
The pattern of a number of N–S to NNW–SSE oriented grabens which characterizes Late
Triassic tectonics in NE Germany (Beutler & Schüler, 1978) developed in response to dextral
strike-slip movements along the Tornquist Fault Zone.
Rather than a single Early Permian volcanic event (Van Wees et al., 2000), it is
envisaged that multiple tectonic phases during the Early and Middle Permian accompanied
the formation of the North German Basin and the Polish Trough (Hoffmann et al., 1997). The
earliest phase in the Permian (300–295 Ma) was followed by widespread thermal doming
and uplift in NW Germany (Bachmann & Hoffmann in: Plein, 1995).
Tectonics acted in time and space in a spasmodic, pulse-like manner. The Early
Triassic (Lower Buntsandstein; Figs 5.9) shows a prevalence of thermal subsidence and
absence of faulting, but the late Early Triassic Main Buntsandstein and Late Triassic Keuper
are characterized by abundant faulting (Figs 5.11 & 5.23). Rifting in the Triassic was not, or
only marginally, accompanied by volcanism. Triassic grabens and fault zones were active
from the Induan onwards (Best, 1996; Frisch & Kockel, 1999, 2003; Thieme & Rockenbauch,
2001; Chapter 4) and appear as continuously active structures. In detail, the rapidly
subsiding parts shifted in the course of time (Chapters 2, 4). Frisch & Kockel (1999)
documented this for the Keuper in NW Germany: the Lower Gipskeuper in the Glückstadt
Graben reaches 5000 m in the northern part of the graben, whereas the Upper Gipskeuper
reaches almost the same thickness, but in different fault blocks of the graben. Most intense
rifting occurred during the Carnian (Lower and Upper Gipskeuper), and had the greatest
impact in the North German Basin (Fig. 5.31).
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Figure 5.29. Subdivision of the Southern Permian Basin (outline during Rotliegend Sediments) and
Late Triassic fault pattern.

The model proposed here for the subsidence history of the various basins is a
combination of rift pulses during the Early and Middle Permian, accompanied by volcanic
activity, thermal contraction of the lithosphere coupled with loading of a thick succession of
rapidly deposited halites in the basin centre. Owing to the arid climate and limited clastic
supply to the basin, subsidence and sedimentation were not in balance, and the basin was
situated some 200 m below sea level at the onset of the Zechstein (Glennie, 1998). Van
Wees et al. (2000) proposes a paleo-depression of around 700 m below the level of the
ocean at the onset of the Rotliegend sedimentation, but this is not in line with the observed
facies associations, which suggest a much flatter landscape. Also, the onlap of the
Rotliegend Sediments suggest a gradual overstepping of a rather flat topography (Fig. 1.2).
Accommodation space in the basin was sufficient to deposit a thick succession of
halites, and during the Zechstein cycles the basin shows rather continuous subsidence.
Halites are characterized by potentially high sedimentation rates, up to 1000 times faster
than the rates of clastic sediments (Van der Baan, 1990); furthermore, they are heavy
compared to clastic sediments. These thick halite bodies (up to 1000 m in Z2) caused
loading in the basin centers and enhanced subsidence. Also, in the Middle and Late Triassic,
fault-bounded depressions became saline ponds, and loading of the salt amplified tectonic
subsidence.
During Permian and Triassic times The Netherlands occupied a position partly in both
the North German and the Anglo-Dutch Basins. The NE onshore and the northern offshore
areas belong to the North German Basin. This is evident for the Rotliegend from the
isopachs, but due to extensive erosion is more difficult to document for the Triassic. The
observed change in Lower Triassic facies across the Netherlands Swell supports the
assumption of two different depositional realms (Chapter 2), as do changes in facies in the
Middle and Upper Triassic (Schilfsandstein, Lower Keuper) as well as the thinning and onlap
of the Steinmergelkeuper onto this swell (Chapter 4).
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Figure 5.30. Basement subsidence curves for selected wells in the three basins. DE: Germany; PL:
Poland; NL: the Netherlands. UK: United Kingdom. The grey shading is the Zechstein interval
potentially influenced by salt tectonics.

Depositional systems
Permian and Triassic depositional systems were controlled by the interplay of a number of
variables, i.e. tectonic subsidence, the availability of sediments, climate and the connection
to the ocean. Their interplay was responsible for the variations in depositional environments
which are observed in the sediments. Tectonics and basin geometries have been discussed
previously.
Regarding sediment source, two prominent areas can be identified around the Southern
Permian Basin, namely the Variscan Mountains to the south and Fennoscandia to the north
of it. An additional smaller area was formed by the Pennines in the UK. In particular the
Variscan Mountains formed a rich source area for sediment. In time, however, these
mountains degraded into a number of massifs (Armorican, London-Brabant, Rhenish and
Bohemian massifs). It is envisaged that these massifs remained above the erosional base
level owing to their thicker lithosphere, whereas parts of the Variscan Mountains with a
thinned lithosphere were gradually incorporated in the basins (Ziegler et al., 2004).
The Bohemian Massif remained the most prominent source area of the former
Variscan Mountains throughout the Permian and Triassic times, whereas the Rhenish Massif
and the London-Brabant Massif were less important. Sediment from the Armorican Massif
was supplied to the Netherlands via the Trier Embayment/Roer Valley Graben (paleo-Meuse)
system from the Induan onwards (Sindowski, 1957; Geluk et al., 1996). The supply via this
system was ended by marine flooding during Late Anisian times. By that time, the LondonBrabant and Rhenish Massifs were denuded, shedding only fine-grained clastics to the
surrounding area.
Less information is available on the Fennoscandia source area but, considering the
persistent sand-prone sedimentary systems to the west of Fennoscandia during the Permian
and Triassic (Ziegler, 1990; Glennie et al., 2003; Goldsmith et al, 2003), it is apparent that it
formed a rich source of sediments which was repeatedly uplifted in Triassic times. In general,
availability of sediments was not the critical factor controlling the depositional environment
that is perceived to be the presence of water for transport.
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Figure 5.31. Summary of the rift tectonics in the main Triassic grabens in the study area. V: volcanism.
Questions marks in the uppermost Triassic in the Horn and Glückstadt Grabens result from postTriassic erosion.

Climatic conditions in the Southern Permian Basin were governed by the gradual
northward shift of the Southern Permian Basin during Permian and Triassic times. According
to Scotese & McKerrow (1990) and Scotese (1991) the Early Permian paleolatitude was
approximately 10oN, 20oN in the Late Permian and 35oN at the end of the Triassic. The
change from humid conditions during the Middle Carboniferous to arid Permian conditions
was not instantaneous. Already during the Late Carboniferous, climatic conditions gradually
became dryer, as recorded in a change from ferrugenic to calcitic soils (Van der Zwan et al.,
1993; Pagnier & Van Tongeren, 1995). Reddening of sediments is often taken to record this
change, but some care should be taken since this reddening can be both syn- as well as
post-depositionally (Besly et al., 1993). Increasing aridity during the Late Carboniferous and
earliest Permian is attributed mostly to the northward drift of Pangea from its equatorial
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position during the Carboniferous to higher latitudes (Glennie, 1998). Apart from the
northward drift, at least three other factors contributed to the increase in aridity: the rising
Variscan Mountains, global climatic conditions and the supercontinent Pangea itself.
The Variscan Mountains, separating the Southern Permian Basin area from Tethys,
formed an effective barrier for humid air masses (Van der Zwan & Spaak, 1992). Upon rising
over the mountains, the air would lose most of its moisture, and dry air would descend in the
area of the Southern Permian Basin. The higher the mountains, the more effective the result.
By Middle Triassic times, denudation significantly reduced the Variscan Mountains and
seaways connected the basin with Tethys. This made it easier for relatively humid air to
reach the area of the Southern Permian Basin. This became apparent only during the Late
Ladinian in the form of coaly material (Lower Keuper).
The Variscan Orogeny resulted in the formation of the supercontinent Pangea,
surrounded by a single ocean, Panthalassa. The Southern Permian Basin area was situated
in the interior part of this continent. Despite the fact that disintegration of this supercontinent
started almost immediately after its amalgamation, it would take until Early Jurassic times
before open marine conditions were firmly established in the area and resulted, in
combination with its relocation to a higher latitude, in more moderate climatic conditions.
Marine conditions were governed by the presence of gates, with connections to the
Tethys or Boreal oceans. During the Middle Triassic, these gates were only approximately
several tens of km wide, and rather shallow (Szulc, 2000). Tectonics, in combination with
global sea-level fluctuations had a great impact on the effectiveness of these gates, as is
witnessed by the close association of, for instance, marine carbonates and evaporites in the
Muschelkalk.
To summarize, depositional conditions in the basin were primarily controlled by the
availability of water to transport sediments, hence by climatic cycles. This is supported by
cyclic development of the Buntsandstein (Chapter 2; Intergeos, 1989) and the Rotliegend
Sediments (Gast, 1991; Yang & Baumfalk, 1994; Yang & Nio, 1994). During long periods,
climatic conditions were so dry that widespread chemical precipitation took place. This is
evident during the Rotliegend Sediments, Zechstein and Early to Middle Triassic. Marine
incursions in these dry periods resulted in a predominance of carbonate and evaporite
deposition.

5.7

Conclusions

1.

The plate tectonic setting of the Southern Permian Basin area is within a wide
transform zone linking the Arctic-North Atlantic and West Tethys rift systems.
The Southern Permian Basin comprises three basins with a marked difference in
geological history: the Anglo-Dutch Basin, North German Basin and the Polish
Trough. The subsidence of these basis was essentially driven by thermal relaxation of
the lithosphere, combined with extensional tectonics movements. These movements
increased in intensity during Middle and Late Triassic times.
The Netherlands straddles two of these basins. The NE onshore and northern
offshore areas form part of the North German Basin, whereas the western offshore
and adjacent onshore form part of the Anglo-Dutch Basin. The Netherlands Swell
separated these basins.

2.

3.
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4.

5.

Sediments were supplied until Middle Triassic times from both the Variscan
Mountains and Fennoscandia. In Late Triassic times, the Fennoscandian system
expanded over the area, reflecting the denudation of the Variscan Mountains and an
imposed N–S tilting of NW Europe in response to the Cimmerian Orogeny.
Depositional conditions during the Permian and Triassic were controlled by the
availability of water to transport sediment. Arid climatic conditions prevailed during the
Middle to Late Permian and became gradually more humid during the Late Triassic.

Figure 5.32. Geological cross sections of various main Triassic basins discussed in the text. JJ:
Jurassic; T1: Lower and Main Buntsandstein; T2: Solling, Röt and Muschelkalk; T3: Keuper. Note the
difference in scale between these basins, with the thick Triassic successions in the Glückstadt and
Horn grabens. Further note the diapiric Rotliegend salts in the former graben. Modified after Cameron
et al. (1992), Kockel (1995), Baldschuhn et al. (2001), Krzywiec (2004) and NITG (2004). Depth scale
in km. Twofold vertical exaggeration.
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Conclusions and perspectives
This thesis is the result of different studies on the Permian and Triassic deposits in the
Netherlands. These deposits are of great interest to society, containing some 97% of its gas
reserves and all of the salt resources. Many detailed studies have been undertaken but
focused mainly on parts of the Permian and Triassic succession with an economical interest.
Less attention has been paid to parts which are of less economic value.
The primary objective of this thesis was to unravel the stratigraphy and tectonics of
the Permian and Triassic in the Netherlands, and to put it into a regional context. The
extensive database of released wells in the Netherlands, in conjunction with seismic data
and literature, led to a much more detailed picture of the Permian and Triassic in the
Netherlands in terms of stratigraphy and basin development. Especially putting this
information into a regional context has added additional value and raised the insights above
the standard interpretation of the data.
Basin development
The large-scale tectonic setting of the Netherlands and adjacent areas is driven by the NorthSouth collision of Gondwana and Laurussia during the Late Carboniferous to form Pangea,
and the subsequent rifting during the Triassic in the Arctic-North Atlantic and western Tethys
domains. This formed, in conjunction with the anisotropic and thickened crust of the Variscan
fold belt, a complex system of basins and rifts in NW Europe.
This study shows that current model for the formation of the Southern Permian Basin
should be refined. The picture arises of wrench-induced slab-detachment, followed by
upwelling mantle material and poly-phased volcanic activity, which affected the Variscan
mountains and their foreland from the Late Carboniferous through to Early Permian times. In
Late Permian times the second, final, stage of the consolidation of Pangea occurred.
Furthermore, two new tectonic pulses were recognized in the Late Permian Zechstein, which
was previously considered to be a period of tectonic quiescence.
During the Permian and Triassic, new basins formed both upon the former Variscan
foreland basin and the Variscan fold belt. Rather than one Southern Permian Basin, a
system of three basins formed, from west to east the Anglo-Dutch, North German Basin and
the Polish Trough. The North German Basin displayed the strongest subsidence and most
intense rifting, in response to the stronger thinning of the lithosphere during the Late
Carboniferous to Early Permian wrench tectonics. Tectonic instability increased during the
Triassic and culminated in Carnian times.
Stratigraphy and correlation techniques
Detailed correlations of the Permo-Triassic succession, in conjunction with the calibration of
the lithostratigraphy of the Netherlands and surrounding countries resulted in an enhanced
understanding of stratigraphy. First of all, a basin-wide stratigraphic scheme for NW Europe
is developed based on wireline log correlations. It is shown that certain units can be
correlated over large areas, from the UK in the west to Poland in the east. Furthermore, the
new scheme forms the basis for proposals regarding the lithostratigraphy of the Netherlands
(Appendix 1).
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In the Netherlands, the late Middle Permian through to Late Triassic times is
represented. In contrast to previous opinions, it is envisaged that no Early Permian rocks
occur. Sediments were deposited up to 4 km thick. The distribution of Permian rocks units
reflects in part their original distribution, but the distribution of Triassic rocks in the
Netherlands has been strongly affected by uplift and ensuing deep erosion during Late
Jurassic and Cretaceous times.
Large parts of the Permian and Triassic rocks are of continental origin, being
deposited in and arid to semi-arid environment, and fossils are scarce. The largest cycles are
of tectonostratigraphic origin. It is shown that on the basis of wireline log correlation for the
Lower Triassic Buntsandstein, a hierarchical cyclic pattern can be identified in these
deposits, which can be correlated over hundreds of kilometres. Orbital-forcing (Milankovitch
cycles) is the driving factor behind this alternation of wet and dry cycles. The dominant
periodicity in the deposits, 100 ka, points to a duration of the Induan stage of around 3 Ma,
which is 1.5 Ma longer than the current view.
Depositional conditions were further controlled by the access of a marine influence to
the area. In Late Permian times, the sea entered the area from the north along the
Norwegian-Greenland rift zone. This connection did not persist, and during Early Triassic
times, a seaway between the SPB complex and the Tethys developed in eastern Poland.
Only when a second seaway formed in southern Germany, were marine conditions firmly
established in the area.
Concluding remarks and recommendations
An integrated picture of the Permian and Triassic development in the Netherlands is only
obtained only when observed from a regional standpoint. This resulted in the new view that
the Permian and Triassic succession in the Netherlands were not deposited in one single
basin as was previously believed, but in two different basins. More SHRIMP datings are
required to determine the age of the onset of the volcanic pulses in these basins.

138

References
Aigner, T. & Bachmann, G.H. 1992. Sequence-stratigraphic framework of the German Triassic.
Sedimentary Geolology 80: 115–135.
Ames, R. & Farfan, P.F. 1996. The environment of deposition of the Triassic Main Buntsandstein
Formation in the P and Q quadrants, offshore the Netherlands. In: Rondeel, H.E., Batjes, D.A.J.,
Nieuwenhuijs, W.H. (eds), Geology of gas and oil under the Netherlands, Kluwer Academic
Publishers (Dordrecht): 167–178.
Amiri-Garroussi, K. & Taylor, J.C.M. 1992. Displaced carbonates in the Zechstein of the UK North
Sea. Marine and Petroleum Geology 9: 186–196.
Bachmann, G.H. & Hoffmann, N. 1995. Development of the Rotliegend basin in Northern Germany.
Geol. Jb. 103: 9–32.
Backhaus, E. 1994. Der Einfluß der Tektonik und des skytisch-anisischen Meeresspiegelanstiegs auf
die Faziesgliederung des Oberen Buntsandsteins im Germanischen Triasbecken. Zeitschrift der
deutschen geologischen Gesellschaft 145: 325–342.
Bailey, J.B., Arbin, P., Daffinoti, O., Gibson, P. & Ritchie, J.S. 1993. Permo-Carboniferous plays in the
Silver Pit Basin. In: Parker, J.R. (ed.) Petroleum Geology of Northwest Europe, Proceedings of
the 4th Conference. Geological Society (London): 707–715.
Baird, A. 1993. An assessment of the reservoir potential of the Zechstein of the P and Q Quadrants
and adjacent onshore areas, the Netherlands. Stratigraphic Services International Limited
(Surrey).
Baldschuhn. R., Frisch. U. & Kockel, F. 1996. Geotektonischer Atlas von NW-Deutschland 1:300.000.
17 parts. Bundesanstalt für Geowissenschaften und Rohstoffe (Hannover).
Baldschuhn, R., Frisch, U. & Kockel, F. 1998. Der Salzkeil, ein strukturelles Requisit der saxonischen
Tektonik. Zeitschrift der deutschen geologischen Gesellschaft 149: 59–69.
Baldschuhn, R., Binot, F., Fleig, S. & Kockel, F. 2001. Geotektonischer Atlas von
Nordwestdeutschland und dem deutschen Nordsee-Sektor. Geol. Jb. A153, 95 pp. (3 CDROMs).
Becq-Giraudon, J.F., Montenat, C., Van Den Driessche, J. 1996. Hercynian high-altitude periglacial
phenoma in the French Massif Central: tectonic implications. Paleogeography,
Paleoclimatology, Paleoecology 122: 227–241.
Berger, A., Loutre, M.F. & Dehant, V. 1989. Astronomical frequencies for pre-Quaternary
palaeoclimate studies. Terra Nova 1: 474–479.
Bertelsen, F. 1980. Lithostratigraphy and depositional history of the Danish Triassic. Geological
Survey of Denmark, Series B 4: 59 pp.
Besly, B.M., Burdley, S.D. & Turner, P. 1993. The late Carboniferous ‘Barren Red Play’ of the Silver
Pit area, Southern North Sea. In: Parker, J.R. (ed.) Petroleum Geology of Northwest Europe,
Proceedings of the 4th Conference. Geological Society (London): 727–740.
Best, G. 1989. Die Grenze Zechstein/Buntsandstein in Nordwest-Deutschland nach
Bohrlochmessungen. Zeitschrift der deutschen geologischen Gesellschaft 140: 73–85.
Best, G. 1996. Floßtektonik un Norddeutschland: Erste Eergebnisse reflexionsseismischer
Untersuchungen an der Salzstruktur "Oberes Allertal". Zeitschrift der deutschen geologischen
Gesellschaft 147: 455–464.
Best, G., Kockel, F. & Schöneich, H. 1983. Geological history of the southern Horn Graben. Geologie
en Mijnbouw 62: 25–34.
Beutler, G. 1980. Beitrag zur Stratigraphie des Unteren und Mittleren Keupers. Z. geol. Wiss. 8: 1001–
1018.
Beutler, G. 1993. Die Muschelkalk zwischen Rügen und Grabfeld. In: Hagdorn, A. & Seilacher, A.
(eds): Muschelkalk, Schöntaler Symposium (Stuttgart): 47–56.
Beutler, G. 1995. Stratigraphie des Keupers. Quantifizierung der altkimmerischen Bewegungen in
Nordwestdeutschland Teil I. Bundesanstalt für Geowissenschaften und Rohstoffe, report
113087.
Beutler, G. 1998. Keuper. In: Bachmann, G.H., Beutler, G. & Lerche, I. (eds): Excursions of the
International Symposium on the Epicontinental Triassic, Halle (Saale), September 1998.
Halleschesch Jahrbuch für Geowissenschaften, Reihe B, Beiheft 6: 45–58.
Beutler, G. & Häusser, I. 1981. Über den Schilfsandstein der DDR. Z. geol. Wiss. 10: 511–525.
Beutler, G. & Schüler, F. 1978. Über altkimmerische Bewegungen im Norden der DDR und ihre
regionale Bedeutung (Fortschrittsbericht). Z. geol. Wiss. 6: 403–420.

139

References

Beutler, G. & Schüler F. 1987. Probleme und Ergebnisse der lithostratigraphischen Korrelation der
Trias am Nordrand der Mitteleuropäischen Senke. Z. geol. Wiss 15: 421–436.
Beutler, G. & Szulc, J. 1999. Die paläeographische Entwicklung des Germanischen Beckens in der
Trias und die Verbindung zur Tethys. In: N. Hauschke & Wilde, V. (eds) Trias - eine ganz
andere Welt. Pfeil Verlag (München) 71-80
Beutler, G., Rockel, W., Röhling, H.-G., Schulz, R. & Werner, K.H. 1992. Regionale Untersuchungen
von geothermischen Reserven und Resources in Nordwestdeutschland. Geothermische
Fachtagung 1992 (Hannover), Tagungsband: 301–310.
Bindig, M. 1992. Räumliche und zeitliche Entwicklung der fluviatilen Environments der SollingFormation (Buntsandstein, Germanische Trias). Dissertation Technische Hochschule
(Darmstadt): 217 pp.
Boigk, H. 1959. Zur Gliederung und Fazies des Buntsandsteins zwischen Harz und Emsland. Geol.
Jb. 76: 597–636.
Boigk, H. 1961. Zur Fazies und Erdgasführung des Buntsandsteins in Nordwestdeutschland. Erdöl
und Kohle-Erdgas-Petrochemie 14: 998–1005.
Boigk, H. & Schöneich, H. 1974. Perm, Trias und älterer Jura im Bereich der südlichen MittelmeerMjösen Zone und des Rheingrabens. Approaches to Taphrogenesis, Inter-Union Comission on
Geodynamics, Scientific Report 8 (Stuttgart): 60–71.
Bond, G. & Kominz, M.A. 1984. Construction of tectonic subsidence curves for the Early Paleozoic
miogeosyncline, southern Canadian Rocky Mountains: implication for subsidence mechanisms,
age and break up and crustal thinning. Geological Society of America Bulletin 95: 155–173.
Borkhataria, R. 2004. Integrated exploration- and production-scale reservoir prediction in „grainy“ and
„muddy“ epeiric carbonate ramp deposits: The Muschelkalk (Triassic), The Netherlands. PhD
thesis, University Tübingen, 163 pp.
Brauns, C.M., Pätzold, T. & Haack, U. 2003. A Re-Os study bearing on the age of the Kupferschiefer
at Sangerhausen (Germany). International Congress on Carboniferous and Permian
Stratigraphy, Utrecht, August 2003, Abstract p. 66.
Breitkreuz, Chr. & Kennedy, A. 1999. Magnetic flare-up at the Carboniferous/Permian boundary in the
NE German Basin revealed by SHRIMP zircon ages. Tectonophysics 302: 307–327.
Brückner-Röhling, S. 2000. Der Mittlere Muschelkalk in Bohrungen Norddeutschlands: Fazies,
Geochemie, Zyklo- und Sequenzstratigraphie. Dissertation Martin-Luther-Universität HalleWittenberg, 289 pp.
Brüning, U. 1986. Stratigraphie und Lithofazies des Unteren Buntsandsteins in Südniedersachsen und
Nordhessen. Geol Jb A90: 3–125.
Brueren, J.W.R. 1959. The stratigraphy of the Upper Permian 'Zechstein' Formation in the Eastern
Netherlands. In: I Giacimenti Gassiferi dell' Europa Occidentale, Atti del Conv. Milano, 1957, vol.
I: 243–274.
Brouwer, G.C. & Coenen, M.J. 1968. Nederland = Aardgasland. Roelofs van Goor (Amersfoort): 301
pp.
Bruijn, A. 1996. De Wijk gas field (Netherlands): reservoir mapping with amplitude anomalies. In:
Rondeel, H.E., Batjes, D.A.J. & Nieuwenhuijs, W.H. (eds): Geology of gas and oil under the
Netherlands. Kluwer (Dordrecht): 243–253.
Cameron, T.D.J., Crosby, A., Balson, P.S., Jeffery, D.H., Lott, G.K., Bulat, J. & Harrison, D.H. 1992.
United Kingdom Offshore Regional Reports: The geology of the southern North Sea. HMSO for
British Geological Survey: 152 pp.
Clemmensen, L.B., Øxnevad, I.E.I. & De Boer, P.L. 1991. Climatic controls on ancient desert
sedimentation: some Late Paleozoic and Mesozoic examples from NW Europe and the western
interior of the USA. In: De Boer, P.L. & Smith, D.G. (eds): Orbital forcing and cyclic sequences,
Int. Ass. Sed. Spec. Publ. 19: 99–116.
Cloetingh, S.A.P.L., McQueen, H. & Lambeck, K. 1985. On a tectonic mechanism for regional sealevel variations. Earth Science Letters 75: 157–166.
Cloetingh, S., Burov, E., & Poliakov, A. 1999. Lithosphere folding: primary response to compression?
Tectonics18: 1064–1083.
Coelewij, P.A.J., Haug G.M.W. & Van Kuijk, H. 1978. Magnesium-salt exploration in the northeastern
Netherlands. Geologie en Mijnbouw 57: 487–502.
Cope, J.C.W., Ingham, J.K. & Rawson, P.F. 1992. Atlas of Palaeogeography and Lithofacies.
Geological Society Memoir 13: 154 pp.
Corfield, S.M., Gawthorpe, R.I., Gage, M., Fraser, A.J. & Besly, B.M. 1996. Inversion Tectonics of the
Variscan Foreland of the British Isles. J. Geol. Soc. 153:17-32

140

Coward, M.P. 1995. Structural and tectonic setting of the Permo-Triassic basins of northwest Europe.
In: Boldy, S.A.R. (ed.): Permian and Triassic Rifting in Northwest Europe. Geological Society
Special Publication 91: 7–40.
Crugnola, M.T., Renaud, Ph. & Lafont, F. 1996. Prediction of reservoir facies distribution, Saxonian
Lower Slochteren Formation in the central part of the Dutch offshore. Abstract L041, 58th EAGE
Conference, Amsterdam.
Dadlez, R. (ed) 1976. Perm I Mezozoik niecki Pomorskiej (Permian and Mesozoic of the Pomerania
Through). Prace Panstwowego Instytut Geologicznego LXXIX: 175 pp (in Polish with English
summary).
Dadlez, R., Marek, S. & Pokorski, J. (eds) 1998. Atlas Paleogeograficzny Epikontynentalnego Permu i
Mesozoiku w Polsce (Paleogeographical Atlas of the Epicontinental Permian and Mesozoic in
Poland (1: 2,500,000). Panstwowy Instytut Geologiczny (Warszawa).
Day, G.A., Cooper, B.A., Andersen, C., Burgers, W.F.J., Rønnevik, H.C. & Schöneich, H. 1981.
Regional seismic structure maps of the North Sea. In: L.V. Illing & G.D. Hobson (eds):
Petroleum Geology of the Continental Shelf of N.W. Europe. Institute of Petroleum (London):
76–84.
De Jager, J. in press. Structural setting. In: Wong, Th.E., Batjes, D.A.J.& De Jager, J. (eds) Geology
and Mineral Resources of the Netherlands, Royal Dutch Academy of Science and Arts
(Amsterdam).
De Jager, J. & Geluk, M.C. in press. Petroleum geology. In: Wong, Th.E., Batjes, D.A.J. & De Jager, J.
(eds) Geology and Mineral Resources of the Netherlands, Royal Dutch Academy of Science and
Arts (Amsterdam).
Demyttenaere, R. 1989. The post-Paleozoic geological history of north-eastern Belgium,
Mededelingen Koninklijke Academie voor Wetenschappen, Letteren en Schone Kunsten België
51: 51–81.
Diedrich, C. 2001. Vertebrate track-bed stratigraphy of the Rõt and basal Lower Muschelkalk (Anisian)
of Winterswijk (East Netherlands). Netherlands Journal of Geosciences/Geologie en Mijnbouw
80: 31–40.
Dronkert, H. & Remmelts, G. 1996. Influence of salt structures on reservoir rocks in Block L2, Dutch
continental shelf. In: Rondeel, H.E., Batjes, D.A.J., Nieuwenhuijs, W.H. (eds): Geology of gas
and oil under the Netherlands, Kluwer (Dordrecht): 159–166.
Drozdzewski, G. & Wrede, V. 1994. Faltung und Bruchtektonik - Analyse der Tektonik im
Subvariscikum. Fortschr. Geol. Rheinl. u. Westf. 38: 7-187
Eigenfeld, R.W.F. & Eigenfeld-Mende, I. 1986. Niederländische permokarbone basische Magmatite
als Fortsetzung der spilisierten Effusiva in NW-Deutschland. Mededelingen Rijks Geologische
Dienst 40: 11–21.
Embry, A.F. 1989. A tectonic origin for third order depositional sequences in extensional basins implications for basin modelling. In: Cross, T. A. (ed.): Quantitative dynamic stratigraphy,
Prentice Hall, New York, 491–501.
Erwin, D.H., Bowring, S.A., Yugan, J. 2002. End-Permian mass extinction: a review. In: Koeberl, C.,
MacLeod, K.G. (eds): Catastrophic events and mass extinctions: Impact and beyond. Geological
Society of America Special Paper 356: 363–383.
Fabian, H.J., Gaertner, H. & Müller, G. 1962. Oberkarbon und Perm in der Bohrung Oberlanger Tenge
Z1 im Emsland. Fortschr. Geol. Rheinl. u. Westf. 3: 1075–1096.
Fisher, M.J. & Mudge, D.C. 1998. Triassic. In: Glennie K.W. (ed) Introduction to the Petroleum
Geology of the North Sea. Blackwell Scientific Publ (Oxford): 212–244.
Fontaine, J.M., Guastella, G., Jouault, P. & De la Vega, P. 1993. F15-A: a Triassic gas field on the
eastern limit of the Dutch Central Graben. In: Parker, J.R. (ed.) Petroleum Geology of Northwest
Europe, Proc. 4th Conf, Geol. Soc. (London): 583–593.
Franke, D. 1990. Der präpermischen Untergrund der Mitteleuropäischen Senke – Fakten und
Hypothesen. Nieders. Akad. Geowiss. Veröff. 4: 19-7-5.
Franke, D., Hoffmann, N. & Lindert, W. 1995. The Variscan deformation front in East Germany, Part I:
Geological and geophysical constraints. Zeitschrift für angewandte Geologie 41: 83–91.
Franke, D. & Hoffmann, N. 1997. Die regionale Stellung der externen variszischen Zone
Nordostdeutschlands im Gesamtrahmen Mittel- und Westeuropas. Zeitschrift geologischer
Wissenschaften 25: 375–412.
Franke, D., Hoffmann, N. & Lindert, W. 1996. The Variscan deformation front in East Germany, Part II:
Tectonic interpretation. Zeitschrift für angewandte Geologie 42, 44–56.

141

References

Fraser, A.J. & Gawthorpe, R.L. 1990. Tectonostratigraphic development and hydrocarbon habitat of
the Carboniferous in northern England. In: Hardman, R.F.P. & Brooks, J. (eds): Tectonic events
responsible for Britain's oil and gas reserves. Geological Society Special Publication 55: 49–86.
Freudenthal, T. 1964. Palaeobotany of the Mesophytic I: Palynology of Lower Triassic rock salt,
Hengelo. Acta Botanica Neerlandica 13: 209–236.
Frikken, H.W. 1999. Reservoir-geological aspects of productivity and connectivity of gas reservoirs in
the Netherlands. PhD thesis, TU Delft, 91 pp.
Frisch, U. & Kockel, F. 1997. Altkimmerische Bewegungen in Nordwestdeutschland.
Brandenburgische Geowissenschaftliche Beiträge 4: 19–29.
Frisch, U. & Kockel, F. 1999. Quantification of Early Cimmerian movements in NW Germany. In:
Bachmann, G.H. & I. Lerche (eds) The Epicontinental Triassic, Halle, Zentralblatt für Geologie
und Paläontology 1998: 571–600.
Frisch, U. & Kockel, F. 2003. Der Bremen-Knoten im Strukturnetz Nordwestdeutschlands. Berichte
aus dem Fachbereich der Geowissenschaften der Universität Bremen 223: 379 pp.
Füchtbauer, H. 1980. Composition and diagenesis of a stromatolitic bryozoan bioherm in the
Zechstein 1 (northwestern Germany). In: Füchtbauer, H. & Peryt, T. (eds): The Zechstein basin
with emphasis on carbonate sequences. Contributions to Sedimentology 9: 233–251.
Gaertner, H. 1993. Zur Gliederung des Muschelkalks in Nordwestdeutschland in Tiefbohrungen
anhand von Bohrlochmessungen. In: Hagdorn, H. & A. Seilacher (eds) Muschelkalk, Schöntaler
Symposium 1991 (Stuttgart): 57–64.
Gaertner, H. & Röhling, H.-G. 1993. Zur lithostratigraphischen Gliederung und Paläeogeographie des
Mittleren Muschelkalks im Nordwestdeutschen Becken. In: Hagdorn, H. & A. Seilacher (eds)
Muschelkalk, Schöntaler Symposium 1991 (Stuttgart): 85–103.
Galloway, W.E. 1989. Genetic stratigraphic sequences in basin analysis I: architecture and genesis of
flooding-surface bounded depositional units. American Association of Petroleum Geologists
Bulletin 73: 125–142.
Gast, R. 1988. Rifting im Rotliegenden Niedersachsens. Die Geowissenschaften 6: 103–136.
Gast, R. 1991. The perennial Rotliegend saline lake in NW Germany. Geol. Jb. A 119: 25–59.
Gaupp, R., Matter, A., Platt, J., Ramseyer, K. & Walzebuck, J. 1993. Diagenesis and fluid evolution of
deeply buried Permian (Rotliegende) gas reservoirs, Northwest Germany. American Association
of Petroleum Geologists Bulletin 77: 1111–1128.
Gdula, J.E. 1983. Reservoir geology, structural framework and petrophysical aspects of the De Wijk
gas field. Geologie en Mijnbouw 62: 191–202.
Gehrmann, O. & Aigner, T. 2002. Der Schilfsandstein (Obere Trias) bei Heilbronn (SW Deutschland):
Hinweise auf tidale Einflüsse. N. Jb. Geol. Paläont. Abh. 377–403.
Geiger, M.E. & Hopping, C.A. 1968. Triassic stratigraphy of the Southern North Sea basin.
Philosophical transactions of the Royal Society of London, Series B, Number 790, 254: 1–36.
Geluk, M.C. 1995. Stratigraphische Gliederung der Z2-(Stassfurt) Salzfolge in den Niederlanden:
Beschreibung und Anwendung bei der Interpretation von halokinetisch gestõrten Sequenzen.
Zeitschrift der deutschen geologischen Gesellschaft 146: 458–465.
Geluk, M.C. 1997. Palaeogeographic maps of Moscovian and Artinskian; contributions from the
Netherlands. In: Crasquin-Soleau, S. & De Wever, P. (eds), Peri-Tethys stratigraphic
correlations, Geodiversitas 19: 229–234.
Geluk, M.C. 1999a. Late Permian (Zechstein) rifting in the Netherlands: models and implications for
petroleum geology. Petroleum Geoscience 5: 189–199.
Geluk, M.C. 1999b. Palaeogeographic and structural development of the Triassic in the Netherlands –
new insights. In: Bachmann, G.H. & I. Lerche (eds) The Epicontinental Triassic, Halle,
Zentralblatt für Geologie und Paläontology 1998: 727–745.
Geluk, M.C. 2000. Late Permian (Zechstein) carbonate facies maps, the Netherlands. Netherlands
Journal of Geosciences/Geologie en Mijnbouw 79: 17–27.
Geluk, M.C., Plomp, A. & Van Doorn, T.H.M. 1996. Development of the Permo-Triassic succession in
the basin fringe area, southern Netherlands. In: Rondeel, H.E., Batjes, D.A.J., Nieuwenhuijs,
W.H. (eds): Geology of gas and oil under the Netherlands, Kluwer (Dordrecht): 57–78.
Geluk, M.C., Van Wees, J.D., Grönloh, H. & Van Adrichem Boogaert, H.A. 1997. Palaeogeography
and palaeotectonics of the Zechstein (Upper Permian) in the Netherlands. Proc. XIII Int. Congr.
on Carboniferous - Permian, 1995, Krakow, Prace Panstwowego Instytut Geologicznego CLVII
(2): 63–75.
Geluk, M.C. & Röhling, H.-G. 1997. High-resolution sequence stratigraphy of the Lower Triassic
‘Buntsandstein’ in the Netherlands and Northwestern Germany. Geologie en Mijnbouw 76: 227–
246.

142

Geluk M.C. & Röhling H.-G. 1999. High-resolution sequence stratigraphy of the Lower Triassic
Buntsandstein: a new tool for basin analysis. In: Bachmann, G.H. & I. Lerche (eds): The
Epicontinental Triassic, Zentralblatt für Geologie und Paläontology 1998: 545–570.
Geluk, M.C., Brückner-Röhling, S. & Röhling, H.-G. 2000. Salt occurrences in the Netherlands and
Germany: new insights in the formation of salt basins. In: Geertman, R.M. Proceedings of the
8th World Salt Symposium. Elsevier (Amsterdam): 131–136.
Geluk, M.C. & Mijnlieff, H.F. 2001. Controls on the distribution and thickness of Permian basal Upper
rd
Rotliegend sandstones, the Netherlands: probing the limits of the Rotliegend play area. 63
Conference of the European Association of Geoscientists & Engineers, June 2001 (Amsterdam),
extended abstract P522, 4 pp.
Geluk, M.C., De Haan, H., Nio, S.D., Schroot, B. & Wolters, B. 2002. The Permo-Carboniferous Gas
Play, Southern North Sea, the Netherlands. In: L.V. Hills, C.M. Henderson & E.W. Bamber (eds)
Carboniferous and Permian of the world, XIV International Congress on the Carboniferous and
Permian. Canadian Society of Petroleum Geologists Memoir 19: 877–894.
George, G.T. & Berry, J.M. 1994. A new lithostratigraphy and depositional model for the Upper
Rotliegend, offshore The Netherlands. First Break 12: 147–158.
German Stratigraphic Commission (ed.) 2002. Stratigraphic Table of Germany 2002.
GeoForschungsZentrum (Potsdam).
Geyer, O.F. & Gwinner, M.P. 1986. Geologie von Baden-Württemberg. Schweitzerbart’sche
Verlagsbuchhandlung (Stuttgart): 431 pp.
Gianolla, P. & Jacquin, Th. 1998. Triassic sequence stratigraphic framework of Western European
Basins. Mesozoic and Cenozoic Sequence Stratigraphy of European Basins. SEPM Special
Publication 60: 643–650.
Glennie, K.W. 1997. Recent advances in understanding the southern North Sea Basin: a summary. In:
Ziegler, K., Turner, P. & Daines, S.R. (eds) Petroleum geology of the Southern North Sea: future
potential. Geological Society Special Publication 123: 17–29.
Glennie, K.W. 1998. Lower Permian – Rotliegend. In: Glennie, K.W. (ed.) Petroleum Geology of the
North Sea, Fourth Edition, Blackwell Science: 137–174.
Glennie, K.W. 2001. Exploration activities in the Netherlands and North-West Europe since
Groningen. Netherlands Journal of Geosciences/Geologie en Mijnbouw 80: 33–-52.
Glennie, K.W. & Buller, A.T. 1983. The Permian Weissliegend of NW Europe: the partial deformation
of aeolian dune sands caused by the Zechstein transgression. Sedimentary Geology 35: 43–81.
Glennie, K.W., Higham, J. & Stemmerik, L. 2003. Permian. In: Evans, D., Graham, C., Armour, A. &
Bathurst, P. (editors and co-ordinators): The Milennium Atlas: petroleum geology of the central
and northern North Sea, Geological Society (London): 91–103.
Goggin, V. & Jacquin, Th. 1998. A sequence stratigraphic framwork of the marine and continental
Triassic series in the Paris Basin, France. SEPM Special Publication 60: 667–690.
Goldsmith, P.J., Rich, B. & Standring, J. 1995. Triassic correlation and stratigraphy in the South
Central Graben, UK North Sea. In: Boldy, S.A.R. (ed.): Permian and Triassic Rifting in
Northwest Europe. Geological Society Special Publication 91: 123–143.
Goldsmith, P.J., Hudson, G. & Van Veen, P. 2003. Triassic. In: Evans, D., Graham, C., Armour, A. &
Bathurst, P. (editors and co-ordinators): The Milennium Atlas: petroleum geology of the central
and northern North Sea, Geological Society (London): 105–127.
Gradstein, F.M., Ogg, J.G., Smith, A.G. et al. 2004. A geological time scale 2004. Cambridge
University Press.
Griffiths, P.A., Allen, M.R., Craig, J., Fitches, W.R. & Whittington, R.J. 1995. Distinction between fault
and salt control of Mesozoic sedimentation on the southern margin of the Mid-North Sea High.
In: Boldy, S.A.R. (ed): Permian and Triassic rifting in Northwest Europe. Geological Society
Special Publication 91:145–159.
Grönloh, H. 1995. The Gronau Fault Zone: the evolution of a basin margin fault. Unpublished MSc
thesis, Institute of Earth Sciences, State University of Utrecht.
Haile, N.S. 1987. Time and age in geology; the use of Upper/Lower, late/early in stratigraphic
nomenclature. Marine and Petroleum Geology 4: 255–257.
Harland W.B., Armstrong R.L., Cox A.V., Craig L.E., Smith A.G. & Smith D.G. 1990. A geological time
scale 1989. Cambridge University Press, 263 pp.
Harsveldt, H.M. 1973. The Middle Triassic limestone (Muschelkalk) in the Achterhoek (E Gelderland).
Verhandelingen Koninklijk Nederlands Geologisch en Mijnbouwkundig Genootschap 29: 43–50.
Harsveldt, H.M. 1980. Salt resources in The Netherlands as surveyed mainly by AKZO. Fifth
Symposium of Salt (Hamburg): 65–81.

143

References

Hedemann, H.A., Maschek, W., Paulus, B. & Plein, E. 1984. Mitteilung zur lithostratigraphischen
Gliederung des Oberrotliegenden im Norddeutschen Becken. Nachrichten deutschen
geologischen Gesellschaft 30: 100–107.
Heeremans, M., Timmerman, M.J., Kirstein, L.A. & Faleide. J.I. 2004. New constraints on the timing of
the late Carboniferous–early Permian volcanism in the central North Sea. In: Wilson, M.,
Neumann, E.-R., Davies, G.R., Timmerman, M.J. Heeremans, M. & Larsen, B.T. (eds): PermoCarboniferous Magmatism and Rifting in Europe. Geol. Soc. Spec. Publ. 223: 177–194.
Henk, A. 1993. Late orogenic basin evolution in the Variscan Internides: the Saar-Nahe basin,
southwest Germany. Tectonophysics 223: 273–290.
Heward, A. 1991. Auk - the anatomy of an eolian oil reservoir. In: Miall, A.D. & Tyler, N. (eds) The
three-dimensional facies architecture of terrigenous clastic sediments and its implications for
Hydrocarbon discovery and recovery. SEPM Concepts in Sedimentology and Palaeontology 3:
44–56.
Hilden, H.D. (ed.) 1988. Geologie am Niederrhein. Geologisches Landesamt Nordrhein-Westfalen
(Krefeld): 142 pp.
Hoffmann, N., Kamps, H.-J., & Schneider, J. 1989. Neuerkentnisse zur Biostratigrafie und
Paläodynamik des Pems in der Nordostdeutschen Senke – ein Diskussionsbeitrag. Z. angew.
Geol. 35: 198–207.
Hoffmann, N., Stiewe, H. & Pasternak, G. 1996. Struktur und Genese der Mohorovicic-Diskontinuität
(Moho) im Norddeutschen Becken - ein Ergebnis langzeitregistrierter Steilwinkelseismik.
Zeitschrift für angewandte Geologie 42: 138–148.
Hoffmann, N., Pokorski, J., Lindert, W. & Bachmann, G.H. 1997. Rotliegend stratigraphy,
palaeogeography and facies in the eastern part of the Central European Basin. Proc. XIII Int.
Congr. on Carboniferous - Permian, 1995, Krakow, Prace Panstwowego Instytut Geologicznego
CLVII (2): 75–86.
Hollywood, J.M. & Whorlow, C.V. 1993. Structural development and hydrocarbon occurrence of the
Carboniferous in the UK southern North Sea. In: Parker, J.R. (ed.) Petroleum Geology of
Northwest Europe, Proceedings of the 4th Conference. Geological Society (London): 689–696.
Hoth, P., Huebscher, H.D., Korich, D. Gabriel, W. & Enderlein, G. 1993. Die Lithostratigraphie der
permokarbonischen Effusiva im Zentralabschnitt der Mitteleuropäischen Senke – der
Permokarbonische Vulkanismus im Zentralabschnitt der Mitteleuropäischen Senke.
Geologisches Jahrbuch A131: 179–196.
Hoth, K., Rusbült, J., Zagora, K., Beer, H. & Hartmann, O. 1993. Die tiefen Bohrungen im
Zentralabschnitt der mitteleuropäischen Senke 1962-1990. Schriftreihe für Geowissenschaften
2: 145 pp.
ICS 2003. International Stratigraphic Chart. International Commission on Stratigraphy.
Intergeos B.V. 1989. Buntsandstein of the Netherlands offshore. International Geoservices, report no.
EP890020 (Leiderdorp): 80 pp.
IUGS 2000. Explanatory note to the International Stratigraphic Chart. International Union of Geological
Sciences (Trondheim): 16 pp.
Jenyon, M.K., Cresswell, P.M. & Taylor, J.C.M. 1984. Nature of the connection between the Northern
and Southern Zechstein Basin across the Mid North Sea High. Marine and Petroleum Geology
1: 355–363.
Johnson, H., Warrington, G. & Stoker, S.J. 1994. Permian and Triassic of the Southern North Sea. In:
R.W.O'B.Knox & W.G.Cordey (eds) Lithostratigraphic nomenclature of the North Sea, British
Geological Survey, Nottingham.
Johnson, H., Quinn, M.F., Bulat, J. & Long, D. 1999. Laramide events: Mid North Sea High (UK
Quadrants 38 & 39. In: Fleet, A.J. & Boldly, S.A.R. (eds): Petroleum Geology of the Northwest
Europe. Proceedings of the 5th Conference. The Geological Society (London): 171–179.
Jubitz, K.B., Znosko, J. & Franke, D. (eds) 1987. Lithologic paleogeographic map of the Buntsandstein
(1: 500000). International geological correlation programme 86, Southwest border of the EastEuropean Platform. Zentrales Geologisches Institut (Berlin).
Jubitz, K.B., Znosko, J. & Franke, D. (eds) 1988. Lithologic paleogeographic map of the Muschelkalk
(1: 500000). International geological correlation programme 86, Southwest border of the EastEuropean Platform. Zentrales Geologisches Institut (Berlin).
Käding, Chr. 2000. Die Aller- Ohre, Friesland und Fulda-Folge (vormals Brõckeschiefer-Folge). Kali u.
Steinsalz 13: 760–770.
Karnkowski, P.H. 1994. Rotliegend lithostratigraphy in the central part of the Polish Permian Basin.
Geol. Quart. 30: 27–42.

144

Karnkowski, P.H. 1999. Origin and evolution of the Polish Rotliegend Basin. Polish Geological Institute
Special Papers 3: 1–93.
Katzung, G. 1972. Stratigraphie und Paläogeographie des Unterperms im Mitteleuropa. Geologie 21:
570–584.
Kedżierski, J. 2000. Sequenzstratigraphie des Muschelkalks im östlichen Teil des Germanischen
Beckens (Deutschland, Polen). PhD Thesis, University Halle/Saale, 210 pp.
Kiersnowski, H., Paul, J., Peryt, T.M. & Smith, D.B. 1995. Facies, paleogeography and sedimentary
history of the Southern Permian Basin in Europe. In: Scholle P.A., Peryt T., Ulmer-Scholle D.S.
(eds) The Permian of northern Pangea, Vol 1, Springer Verlag (Berlin): 119–136.
Kockel F. (ed.) 1995. Structural and palaeogeographical development of the German North Sea
sector. Beiträge zur regionalen Geologie der Erde 26:1–96.
Kooi, H., Cloetingh, S.A.P.L. & Remmelts, G. 1989. Intraplate stresses and the tectono-stratigraphic
evolution of the North Sea Central Graben. Geologie en Mijnbouw 68: 49–72.
Korsch, R.J. & Schäfer, A. 1995. The Permo-Carboniferous Saar-Nahe Basin, south-west Germany
and north-east France: basin formation and deformation in a strike-slip regime. Geologische
Rundschau 84: 293–318.
Kozur, H. 1999. The correlation of the Germanic Buntsandstein and Muschelkalk with the Tethyan
scale. In: Bachmann, G.H. & I. Lerche (eds) The Epicontinental Triassic, Zentralblatt für
Geologie und Paläontology 1998: 701–725.
Krzywiec, P. 2004. Triassic evolution of the Klodawa salt structure: basement-controlled salt tectonics
within the Mid-Polish Trough (Central Poland). Geological Quarterly 48: 123–134.
Leeder, M.R. 1988. Tectonic and paleogeographic models for Lower Carboniferous Europe. In: Miller,
J., Adams, A.E. & Wright, V.P. (eds): European Dinantian environments. Wiley & Sons
(Chichester): 1–20.
Lokhorst, A. (ed) 1998. The Northwest European Gasatlas. Netherlands Institute of Applied
Geoscience TNO, Haarlem, ISBN 90-72869-60-5.
Lorenz, V. & Nicholls, I.A. 1976. The Permo-Carboniferous Basin and Range province of Europe. An
application of plate tectonics. In: Falke, H. (ed): The Continental Permian in Central, West, and
South Europe. Reidel Publishing Company (Dordrecht): 313–342.
Lotze, F. 1957. Allgemeinere Ergebnisse hinsichtlich der Geologie des westdeutschen Zechsteins der
niederrheinische und westfälische Zechstein und seine Beziehung zum englischen Zechstein.
Geol. Jb. 73: 141–148.
Mader, D. 1983. Aeolische und fluviatile Sedimentation im Mittleren Buntsandstein der Nordeifel.
Neues Jahrbuch für Geologie und Paläontologie Abhandlungen 165: 254–302.
Marek, S (ed) 1983. Budowa geologiczna niecki Warszawskiej (Płockiej) i jej Podłoża (The geological
structure of the Warsaw (Płock) Through and its basement). Prace Panstwowego Instytut
Geologicznego CIII, 278 pp (in Polish with English summary).
Marek, S. & Pajchlowa, M. (ed.) 1997. Epokontynentalny Perm I Mesozoik w Polsce (The
epicontinental Permian and Mesozoic in Poland). Prace Panstwowego Instytut Geologicznego
CLIII, 452 pp. (in Polish with English summary).
Marshall, J.E.A. & Hewett, A.J. 2003. Devonian. In: Evans, D., Graham, C., Armour, A. & Bathurst, P.
(editors and co-ordinators): The Milennium Atlas: petroleum geology of the central and northern
North Sea, Geological Society (London): 60–82.
Martin, C.A.L., Stewart S.A. & Doubleday, P.A. 2002. Upper Carboniferous and Lower Permian
tectonostratigraphy on the southern margin of the Central North Sea. J. Geol. Soc. (London)
159: 731–749.
Maynard, J.R. & Dunay, R.E. 1999. Reservoirs of the Dinantian (Lower Carboniferous) play of the
southern North Sea. In: Fleet, A.J. & Boldly, S.A.R.(eds): Petroleum Geology of Northwest
Europe, Proceedings of the 5th Conference. Geological Society (London): 729–746.
Menning M. 1995. A numerical time scale for the Permian and Triassic periods: an integrated time
analysis. In: Scholle P.A., Peryt T., Ulmer-Scholle D.S. (eds) The Permian of northern Pangea,
Vol 1, Springer Verlag (Berlin): 77–97.
Menning, M., Weyer, D., Drozdzewski, G. & Wendt, I. 2001. More radiometric ages for the
Carboniferous time-scale. Newsletter on Carboniferous Stratigraphy 19: 16–18.
Michelsen, O. & Claussen, O.R. 2002. Detailed stratigraphic subdivision and regional correlation of the
southern Danish Triassic succession. Marine and Petroleum Geology 19: 563–587.
Muchez, Ph. & Langenaeker, V. 1993. Middle Devonian to Dinantian sedimentation in the Campine
Basin (northern Belgium) in relation to Variscan tectonicsm. Special Publication International
Association of Sedimentologists 20: 171–181.

145

References

Müller, G. 1902. Die Lagerungsverhältnisse der unteren Kreide westlich der Ems und die
Transgression des Wealden. Jahrbuch Preussische Geologische Landesanstalt 24: 184–200.
NAM & RGD (Nederlandse Aardolie Maatschappij & Rijks Geologische Dienst) 1980. Stratigraphic
nomenclature of The Netherlands. Verh. Kon. Ned. Geol. Mijnb. Gen. 32: 77 pp.
Negendank, J.F.W. 1974. Trier und Umgebung. Sammlung Geologische Führer 60. Bornträger
(Berlin): 107 pp.
Nikishin, A.M., Ziegler, P.A., Abbott, D., Brunet, M.-F. & Cloetingh, S. 2002. Permo-Triassic intraplate
magmatism and rifting in Eurasia: implications for mantle plumes and mantle dynamics.
Tectonophysics 351: 3–39.
NITG 1998. Geological Atlas of the subsurface of the Netherlands, Explanation to Map Sheet X
Almelo–Winterswijk (1:250,000). Netherlands Institute for Applied Geoscience TNO - National
Geological Survey (Haarlem): 134 pp.
NITG 2000. Geological Atlas of the subsurface of the Netherlands, Explanation to Map Sheet VI
Veendam–Hoogeveen (1:250,000). Netherlands Institute for Applied Geoscience TNO - National
Geological Survey (Utrecht): 152 pp.
NITG 2001. Geological Atlas of the subsurface of the Netherlands, Explanation to Map Sheets XIII-XIV
Breda-Valkenswaard and Oss-Roermond (1:250000). Netherlands Institute for Applied
Geoscience TNO - National Geological Survey (Utrecht): 150 pp.
NITG 2002. Geological Atlas of the subsurface of the Netherlands, Explanation to Map Sheets VII-VIII
Noordwijk-Rotterdam and Amsterdam-Gorinchem (1:250000). Netherlands Institute for Applied
Geoscience TNO - National Geological Survey (Utrecht): 136 pp.
NITG 2004. Geological Atlas of the Netherlands - onshore (1:1000000). Netherlands Institute for
Applied Geoscience TNO - National Geological Survey (Utrecht): 103 pp.
Oosterink, H.W. 1986. Winterswijk, Geologie deel II: De Trias Periode. Wetenschappelijke
Mededelingen Koninklijke Nederlandse Natuurhistorische Vereniging 178: 120 pp.
Oudmayer, B.C. & De Jager, J. 1993. Fault reactivation and oblique-slip in the Southern North Sea. In:
Parker, J.R. (ed.) Petroleum Geology of Northwest Europe, Proceedings of the 4th Conference.
Geological Society (London): 707–715.
Pagnier, H.J.M. & Van Tongeren, P.C.H. 1996. Upper Carboniferous of borehole De Lutte-6 and
evaluation of the Tubbergen Formation in the eastern and southeastern part of the Netherlands.
Mededelingen Rijks Geologische Dienst 55: 3–30.
Peacock, D.C.P. 2004. The post-Variscan development of the British Islles within a regional transfer
zone influenced by orogenesis. J. Struct. Geol. 26: 2225–2231.
Penge, J., Taylor, B., Huckerby, J.A. & Munns, J.W. 1993. Extension and salt tectonics in the East
Central Graben. In: Parker, J.R. (ed.) Petroleum Geology of Northwest Europe, Proceedings of
the 4th Conference. Geological Society (London): 1197–1210.
Penge, J., Munns, J.W., Taylor, B. & Windle, T.M.F. 1999. Rift-raft tectonics: examples of gravitational
tectonics from the Zechstein basins of northwest Europe. In: Fleet, A.J. & Boldy, S.A.R. (eds):
Petroleum Geology of the Northwest Europe. Proceedings of the 5th Conference. The
Geological Society (London): 201–213.
Peryt, T.M. 1975. Significance of stromatolites for the environmental interpretation of the
Buntsandstein (Lower Triassic) rocks. Geol. Rundschau 64: 143–158.
Perlmutter, M.A. & Matthews, M.D. 1990. Global cyclostratigraphy - a model. In: Cross, T.A. (ed.)
Quantitative dynamic stratigraphy. Englewood Cliffs, New Jersey, Prentice Hall: 233–260.
Pharaoh, T. 1999. Palaeozoic terranes and their lithospheric boundaries within the Trans-European
Suture Zone (TESZ): a review. Tectonophysics 314: 17–41.
Pipping, J.C.P., Carlson, T., Frikken, H.W. & Vellinga, P.M. 2001. Sedimentary cycles are key to
improve reservoir performance in carbonates, Triassic Lower Muschelkalk – De Wijk gas field,
The Netherlands. 63rd Conference of the European Association of Geoscientists & Engineers,
June 2001 (Amsterdam), extended abstract P523.
Plein, E. 1993. Bemerkungen zum Ablauf der paläogeographischen Entwicklung im Stefan und
Rotliegend des Norddeutschen Beckens. Geol. Jb. 131: 93–116.
Plein, E. (ed.) 1995. Norddeutsches Rotliegendbecken; Rotliegend-Monographie Teil II. Stratigraphie
von Deutschland I. Courier Forschungsinstitut. Senckenberg 183 (Frankfurt): 193 pp.
Pöppelreiter, M. 1999. Controls on epeiric successions examplified with the mixed siliciclasticcarbonate Lower Keuper (Ladinian, German Basin). Tübinger Geowissenschaftliche Arbeiten
A51, 117 pp.
Purvis, K. & Okkerman, J.A. 1996. Inversion of reservoir quality by early diagenesis: an example from
the Triassic Buntsandstein, offshore the Netherlands. In: Rondeel, H.E., Batjes, D.A.J.,

146

Nieuwenhuijs, W.H. (eds): Geology of gas and oil under the Netherlands, Kluwer (Dordrecht):
179–189.
Quirk, D.G. 1993. Interpreting the Upper Carboniferous of the Dutch Cleaver Bank High. In: Parker,
J.R. (ed.) Petroleum Geology of Northwest Europe, Proceedings of the 4th Conference.
Geological Society (London): 697–706.
Raczynska, A. 1987. Budowa geologiczna wału Pomorskiego i jego Podłoża (Geological structure of
the Pommeranian swell and its basement). Prace Panstwowego Instytut Geologicznego CXIX,
269 pp (in Polish with English summary).
Rappsilber, I. 2003. Struktur und Entwicklung des nördlichen Saale Becken (Sachsen-Anhalt).
Dissertation Martin-Luther-Universität Halle-Wittenberg: 118 pp.
Reijers, T.J.A., Mijnlieff, H.F., Pestman, P.J. & Kouwe, W.F.P. 1993. Lithofacies and their
interpretation: a guide to standardised description of sedimentary deposits. Mededelingen Rijks
Geologische Dienst 49: 55 pp.
Reinhardt, L. & Ricken, W. 2000. The stratigraphic and geochemical record of playa cycles: monitoring
a Pangean monsoon-like system (Triassic, Middle Keuper, S. Germany). Paleogeography,
Paleoclimatology, Paleoecology 161: 205–227.
Remmelts, G. 1996. Salt tectonics in the southern North Sea, the Netherlands. In: Rondeel, H.E.,
Batjes, D.A.J., Nieuwenhuijs, W.H. (eds): Geology of gas and oil under the Netherlands, Kluwer
(Dordrecht): 143–158.
RGD 1991a. Geological Atlas of the subsurface of The Netherlands, Explanation to map sheet I
Vlieland-Terschelling (1:250,000). Rijks Geologische Dienst (Haarlem): 77 pp.
RGD 1991b. Geological Atlas of the subsurface of The Netherlands, Explanation to map sheet II
Ameland-Leeuwarden (1:250,000). Rijks Geologische Dienst (Haarlem): 87 pp.
RGD 1993. Geological Atlas of the subsurface of The Netherlands: Explanations to map sheet IV
Texel-Purmerend (1:250,000). Rijks Geologische Dienst (Haarlem): 127 pp.
RGD 1995. Geological Atlas of the subsurface of The Netherlands: Explanations to map sheet III
Rotumeroog-Groningen (1:250,000). Rijks Geologische Dienst (Haarlem): 113 pp.
Rheinhardt, H.G. 1993. Structure of NE Germany: regional depth and thickness maps of Permian to
Tertiary intervals. In: Spencer, A.M. (ed.): Generation, Accumulation and production of Europe's
hydrocarbons, EAGE Spec. Publ. III: 155–166.
Rhys, G.H. 1974. A proposed standard nomenclature for the Southern North Sea and an outline
structural nomencalture for the whole (UK) North Sea. Institute geological Science report 74/8,
14 pp.
Rijkers, R.H.B. & Geluk, M.C. 1996. Sedimentary and structural history of the Texel-IJsselmeer High,
the Netherlands. In: Rondeel, H.E., Batjes, D.A.J. & Nieuwenhuijs, W.H. (eds): Geology of Gas
and Oil under the Netherlands. Kluwer (Dordrecht): 265–284.
Richter-Bernburg, G. 1955. Statigraphische Gliederung des deutschen Zechsteins. Zeitschrift
deutschen geologischen Gesellschaft 105: 593–645.
Richter-Bernburg, G. 1974. Statigraphische Synopsis des deutschen Buntsandsteins. Geologisches
Jahrbuch A25: 127–132.
Röhling, H.-G. 1991. A Lithostratigraphic subdivision of the Early Triassic in the Northwest German
Lowlands and the German Sector of the North Sea, based on Gamma Ray and Sonic Logs.
Geologisches Jahrbuch A 119: 3–23.
Röhling, H.-G. 1993. Der Untere Buntsandstein in Nordost- und Nordwestdeutschland - Ein Beitrag
zur Vereinheitlichung der stratigraphischen Nomenklatur. Geol Jb A 142:148–181.
Röhling, H.-G. 1999. The Quickborn Sandstone - a New Stratigraphic Unit in the Lower Triassic of the
Mid-European Basin. In: Bachmann, G.H. & I. Lerche (eds) The Epicontinental Triassic, Halle,
Zentralblatt für Geologie und Paläontology 1998: 797–812.
Roman, A. 2004. Sequenzstratigraphie und Fazies des Unteren und Mittleren Buntsandsteins im
östlichen Teile des Germanischen Beckens (Deutschland, Polen). PhD thesis, University of
Halle-Wittemberg, 144 pp.
Roos, B.M. & Smits, B.J. 1983. Rotliegend and Main Buntsandstein gasfields in block K13, a case
history. Geologie en Mijnbouw 62: 75–82.
Ruffell, A. & Shelton, R. 1999. The control of sedimentary facies by climate during phases of crustal
extension: examples from the Triassic of onshore and offshore England and Northern Ireland.
Journal Geological Society (London) 156: 799–789.
nd
Salvador, A. 1994. International Stratigraphic guide, 2 edition. Geological Society of America
(Boulder, Colorado): 214 pp.
Schneider, J. & Gebhardt, U. 1993. Litho- und Biomuster in intra- und extramonatanen Senken des
Rotliegend (Perm, Nord- und Ostdeutschlands). Geologisches Jahrbuch A131: 57–98.

147

References

Schröder B. 1982. Entwicklung des Sedimentbeckens und Stratigraphie der klassischen
Germanischen Trias. Geologische Rundschau 71: 783–794.
Schroot, B.M. & de Haan, H.B. 2003. An improved regional structural model of the Upper
Carboniferous of the Cleaver Bank High based on 3D seismic interpretation. Geol. Soc. Spec.
Pub. 212: 23–37.
Schuurman, W.M.L. 1998. Carboniferous high-resolution stratigraphy - an example from the Cleaver
Bank High area, offshore The Netherlands. Symposium on behalf of the retirement of Ab van
Adrichem Boogaert, February 5th 1998. NITG-TNO report 98-85-A (Haarlem).
Sclater, J.G. & Christie, P.A.F. 1980. Continental stretching: an explanation of the Post-MidCretaceous subsidence of the Central North Sea Basin. Journal Geophysical Research 85:
3711–1739.
Scotese, C.R 1991. Jurassic and Cretaceous plate tectonic reconstructions. Palaeogeogr.,
Palaeoclimat., Palaeoecol. 87: 493–501.
Scotese, C.R. & McKerrow, W.S. 1990. Revised world maps and introduction. Mem. Geol. Soc.
(London) 12: 1–21.
Seeling, M. & Kellner, A. 2002. Sequenzstratigraphie des Nor und Rhät im Nordwestdeutschen
Becken unter Berücksichtigung Süddeutschlands. Zeitschrift der deutschen geologischen
Gesellschaft 153: 93–114.
Sengör, A.M.C. 1984. The Cimmeride orogenic system and the tectonics of Eurasia. Geological
Society of America Special Paper 195: 82pp.
Sindowski, K.H. 1957. Schüttungsrichtungen und Mineral-Provinzen im westdeutschen Buntsandstein.
Geol. Jb. 73: 277–294.
Sissingh, W. 2004. Paleozoic and Mesozoic igneous activity in the Netherlands: a tectonomagmatic
review. Netherlands Journal of Geosciences/Geologie en Mijnbouw 83: 113–135.
Sørensen, S. & Martinsen, B.B. 1987. A paleogeographic reconstruction of the Rotliegend deposits in
the Northeastern Permian Basin. In: Brooks, K. & Glennie, K.W. (eds): Petroleum geology of
North West Europe. Graham & Trotman (London): 497–508.
Spain, D.R. & Conrad, C.P. 1997. Quantitative analysis of top-seal capacity; offshore Netherlands,
southern North Sea. Geologie en Mijnbouw 76: 217–226.
Steckler, M.S. & Watts, A..B. 1978. Subsidence of Atlantic-type continental margin off New York. Earth
Planetary Science Letters 41: 1–13.
Stäuble, A.J. & Milius, G. 1970. Geology of the Groningen gas field, the Netherlands. AAPG Memoir
14: 359–369.
Stemmerik, L., Ineson, J.R. & Mitchell, J.G. 2000. Stratigraphy of the Rotliegend Group in the Danish
part of the Northern Permian Basin, North Sea. Journal of the Geological Society (London) 157:
1127–1136.
Stille, H. 1920. Über alter und Art der Phasen variscischer Gebirgsbildung. Nachrichten Akademie der
Wisschenschaften (Göttingen): 218–224.
Strohmenger, C., Antonini, M., Jäger, G., Rockenbauch, K. & Strauss, C. 1996. Zechstein 2
Carbonate reservoir facies distribution in relation to Zechstein sequence stratigraphy (Upper
Permian, Germany): an integrated approach. Bull. Centres Rech. Explor.-Prod. Elf Aquitain: 20:
1–35.
Sweeney, M., Turner, P. & Vaughan, D.J. 1987. The Marl Slate: model for the precipitation of calcite,
dolomites and sulfides in a newly formed anoxic sea. Sedimentology 33: 31–48.
Szulc, A. 1999. Anisian-Carnian evolution of the Germanic basin and its eustatic, tectonic and climatic
control. In: Bachmann, G.H. & I. Lerche (eds) The Epicontinental Triassic, Halle, Zentralblatt für
Geologie und Paläontology 1998: 813-852.
Szulc, A. 2000. Middle Triassic evolution of the northern Peri-Tethys area as influenced by early
opening of the Tethys Ocean. Annales Societatis Geologorum Poloniae 70: 1–48.
Szurlies, M., Bachmann, G.H., Menning, M., Nowaczyk, N.R. & Käding K.C. 2003.
Magnetostratigraphy and high-resolution lithostratigraphy of the Permian-Triassic boundary
interval in Central Germany. Earth and Planetary Science Letters 212: 263–278.
Taylor, J.C.M. 1998. Upper Permian - Zechstein. In: Glennie, K.W. (ed.) Petroleum Geology of the
North Sea, Fourth Edition, Blackwell Science (Oxford): 174–212.
Teichmüller, R. 1957. Ein Querschnitt durch den Südteil des Niederrheinischen Zechsteinbeckens.
Geologisches Jahrbuch 73: 39–50.
Thieme, B. & Rockenbauch, K. 2001. Floßtektonik in der Trias der Deutschen Südlichen Nordsee.
Erdöl-Erdgas-Kohle 117: 568–573.
Trusheim, F. 1960. Mechanism of salt migration. American Association of Petroleum Geologist Bulletin
44: 1519–1540.

148

Trusheim, F. 1961. Über Diskordanzen im Mittleren Buntsandstein Norddeutschlands zwischen Ems
und Weser. Erdoel Zeitschrift 79: 277–292.
Trusheim, F. 1963. Zur Gliederung des Buntsandsteins. Erdoel Zeitschrift 79: 3–18.
Trusheim, F. 1971a. Rotliegend-Ablagerungen im Norddeutschen Becken. Zeitschrift der deutschen
geologischen Gesellschaft 129: 71–97.
Trusheim, F. 1971b. Zur Bildung der Salzlagerstätten im Rotliegenden und Mesozoikum
Mitteleuropas. Beihefte Geologisches Jahrbuch 112: 51 pp.
Tucker, M.E. 1991. Sequence stratigraphy of carbonate - evaporite basins: models and applications to
the Upper Permian (Zechstein) of northeast England and adjoining North Sea. Journal of the
Geological Society (London) 148: 1019–1036.
Vai, G.B. 2003. Development of the palaeogeography of Pangaea from Late Carboniferous to Early
Permian. Palaeogeography, Palaeoclimatology, Palaeoecology 196: 125–155.
Van Adrichem Boogaert, H.A. 1976. Outline of the Rotliegend (Lower Permian) in the Netherlands. In:
Falke, H. (ed.): The continental Permian in Central, West and South Europe. Reidel (Dordrecht):
23–37.
Van Adrichem Boogaert, A.B. & Burgers, W.F.J. 1983. The development of the Zechstein in The
Netherlands. Geol. Mijnbouw 62: 83–92.
Van Adrichem Boogaert, H.A. & Kouwe, W.F.P. 1993. Stratigraphic nomenclature of the Netherlands;
revision and update by RGD and NOGEPA, Section A General. Mededelingen Rijks
Geologische Dienst 50, 24 pp.
Van Adrichem Boogaert, H.A. & Kouwe, W.F.P. 1994a. Stratigraphic nomenclature of the Netherlands;
revision and update by RGD and NOGEPA, Section D Permian. Mededelingen Rijks
Geologische Dienst 50, 42 pp.
Van Adrichem Boogaert, H.A. & Kouwe, W.F.P. 1994b. Stratigraphic nomenclature of the Netherlands;
revision and update by RGD and NOGEPA, Section E Triassic. Mededelingen Rijks
Geologische Dienst 50, 28 pp.
Van der Baan, D. 1990. Zechstein reservoirs in The Netherlands. In: Brooks, J. (ed.): Classic
Petroleum Provinces. Geological Society Special Publication 50: 379–398.
Van de Sande, J.M.M., Reijers, T.J.A., & Casson, N. 1996. Multidisciplinary exploration strategy in the
northeast Netherlands Zechstein 2 Carbonate play, guided by 3D seismic. In: Rondeel, H.E.,
Batjes, D.A.J. & Nieuwenhuijs, W.H. (eds): Geology of Gas and Oil under the Netherlands.
Kluwer (Dordrecht): 125–142.
Van der Zwan, C.J. & Spaak, P. 1992. Lower and Middle Triassic sequence stratigraphy and
climatology of the Netherlands, a model. Palaeogeogr., Palaeoclim., Palaeoecol. 91: 277–290.
Van der Zwan, C.J., Van de Laar, J.G.M., Pagnier, H.J.M. & Van Amerom, H.W.J. 1993. Palynological,
ecological and climatological synthesis of the Upper Carboniferous of the well De Lutte-6
(eastern Netherlands). Comptes Rendus Douzième Congrès International de la Stratigraphie et
Géologie du Carbonifère et Permien, vol. 1 (Buenos Aires): 167–186.
Van Lith, J.G.J. 1983. Gas fields of the Bergen concession, The Netherlands. Geologie en Mijnbouw
62: 63–74.
Van Waterschoot van der Gracht, W.A.J.M. 1909. The deeper geology of the Netherlands and
adjacent regions, with special reference to the latest borings in the Netherlands, Belgium and
Westphalia - Memoir Governemental Institute of Geological Exploration of the Netherland 2
(R.O.V.D.), The Hague: 437 pp.
Van Waterschoot van der Gracht, W.A.J.M. 1918. Eindverslag over de onderzoekingen en uitkomsten
van de Dienst der Rijks-opsporing van Delfstoffen in Nederland, Amsterdam: 664 pp.
Van Wees, J.D., Stephenson, R.A., Ziegler, P.A., Bayer, U., McCann, T., Dadlez, R., Gaupp, R.,
Bitzer, F. & Scheck, M. 2000. On the origin of the Southern Permian Basin, Central Europe.
Marine and Petroleum Geology 17: 43–59.
Van Wijhe, D.H. 1987. Structural evolution of inverted basins in the Dutch offshore. Tectonophysics
137: 171–219.
Van Wijhe, D.H., Lutz, M. & Kaasschieter, J.P.H. 1980. The Rotliegend in The Netherlands and its gas
accumulations. Geologie en Mijnbouw 59: 3–24.
Vejbæk, O.V. & Britze, P. 1994. Geological Map of Denmark 1:750.000; Top pre-Zechstein. Danish
Geological Survey (Copenhagen) Map Series 45.
Verdier, J.P. 1996. The Rotliegend sedimentation history of the southern North Sea and adjacent
countries. In: Rondeel, H.E., Batjes, D.A.J. & Nieuwenhuijs, W.H. (eds): Geology of Gas and Oil
under the Netherlands. Kluwer (Dordrecht): 45–56.
Verniers, J., Pharaoh, T., André, L., Debacker, T., De Vos, W., Everaerts, M., Herbosch, A.,
Samuelson, J., Sintubin, M. & Vecoli, M. 2002. The Cambrian to mid Devonian basin

149

References

development and deformation history of Eastern Avalonia, east of the Midlands Microcraton,
new data and a review. In: Winchester, J.A., Pharaoh, T.C. & Verniers, J. (eds): Palaeozoic
Amalgamation of Central Europe. Geological Society Special Publications 201: 47–93.
Visser, W.A. 1955. The Upper Permian in the Netherlands. Leidsche Geologische Mededelingen 20:
186–194.
Visscher, H. 1966. Palaeobotany of the Mesophytic III: Plant remains from the Upper Bunter of
Hengelo, the Netherlands. Acta Botanica Neerlandica 15: 316–375.
Visscher, H. & Commisaris, A.L.T.M. 1968. Middle Triassic pollen and spores from the Lower
Muschelkalk of Winterswijk (The Netherlands). Pollen et Spores X: 161–176.
Voigt, T. & Gaupp, R. 2000. Die fazielle Entwichlung an der Grenze zwischen Unterem und Mittleren
Buntsandstein im Zentrum der Thüringer Senke. Beitr. Geol. Thüringen 7: 55–71.
Von Alberti, F. 1834. Beitrag zu einer Monographie des Bunten Sandsteins, Muschelkalk und Keupers
und die Verbinding dieser Gebilde zu einer Formation. Cotta (Stuttgart/Tübbingen): 366 pp.
Wagner, R. 1994. Stratygrafia osadów i roswój basenu Cechsztynskiego na nizu Polskim (Stratigraphy
and evolution of the Zechstein basin in the Polish Lowlands). Prace Panstwowego Instytutu
Geologicznego CXLVI: 71 pp (full English translation by Polish Geological Institute).
Weinlich, M. 1991. Rotliegendbruchsystem und basaler Zechstein in Brandenburg. Zeitschrift der
deutschen geologischen Gesellschaft 142: 199–207.
Wignall, P. 1992. The day the world nearly died. New Scientist 25: 51–55.
Winstanley, A.M. 1993. A review of the Triassic play in the Roer Valley Graben, SE onshore
Netherlands. In: In: Parker, J.R. (ed.) Petroleum Geology of Northwest Europe, Proceedings of
the 4th Conference. Geological Society (London): 595–607.
Wolburg, J. 1961. Sedimentations-Zyklen und Stratigraphie des Buntsandsteins in NW-Deutschland.
Geotektonische Forschungen 14: 7–74.
Wolburg, J. 1962. Über Schwellenbildung im Mittleren Buntsandstein des Weser-Ems Gebietes.
Erdoel-Zeitschrift 78: 183–190.
Wolburg, J. 1967. Zum Wesen der Altkimmerischen Hebung, mit einem Überblick über die
Muschelkalk- und Keuper-Entwicklung in Nordwest-Deutschland. Zeitschrift der deutschen
Geologischen Gesellschaft 119: 516–523.
Wolburg, J. 1968. Vom zyklischen Aufbau des Buntsandsteins. Neues Jahrbuch Geologie
Paläontologie Monatsheft: 535–559.
Wolburg, J. 1969. Die epirogenetischen Phasen der Muschelkalk- und Keuper-Entwicklung NordwestDeutschlands, mit einem Rückblick auf den Buntsandstein. Geotektonische Forschungen 14: 7–
74.
Wolf, R. 1985. Tiefentektonik des linksniederrheinischen Steinkohlengebietes. Beiträge zur
Tiefentektonik westdeutsche Steinkohlenlagerstätten (Krefeld): 105–167.
Wurster, P. 1964. Geologie des Schilfsandsteins. Mitt. Geol. Staatsinst. Hamb. 33: 1–140.
Wurster, P. 1968. Paläogeographie der deutschen Trias und die paläogeographische Orientierung der
Lettenkohle in Südwestdeutschland. Eclogae Geol. Helvetica 61: 157–166.
Wycisk, P. 1984. Faziesinterpretationen eines kontinentalen Sedimentationstrogs (Mittlerer
Buntsandstein, Hessische Senke). Berliner Geowiss. Abh. A54: 104 pp.
Yang C.S. & Baumfalk, Y.A. 1994. Milankovitch cyclicity in the Upper Rotliegend Group of the
Netherlands offshore. In: De Boer, P.L. & Smith, D.G. (eds) Orbital forcing and cyclic
sequences. Internations Association Sedimentologists Special Publication 19: 47–61.
Yang, C.S. & Nio, S.D. 1994. Application of high-resultion sequence Stratigraphy to the Upper
Rotliegend in the Netherlands Offshore. In: Weimer, P. & H.W. Posamentier (eds): Siliciclastic
sequence Stratigraphy, recent development and applications. AAPG Memoir 58: 285–316.
Ziegler, M.A. 1989. North German Zechstein facies patterns in relation to their substrate. Geologische
Rundschau 78: 105–127.
Ziegler, P.A. 1982. Triassic rift and facies patterns in western and central Europe. Geologische
Rundschau 71: 747–772.
Ziegler, P.A. 1988. Evolution of the Arctic - North Atlantic and the Western Tethys. AAPG Memoir 43:
198 pp.
Ziegler, P.A. 1989. Evolution of Laurussia. Kluwer Academic Publishers (Dordrecht): 102 pp.
Ziegler, P.A. 1990. Geological Atlas of Western and Central Europe. Second edition, Geological
Society Publishing House (Bath): 239 pp.
Ziegler, P.A., Cloetingh, S., Guiraud, R. & Stampfli, G.M. 2001. Peri-Tethyan platforms: constraints in
dynamics of rifting and basin inversion. In: Ziegler, P.A., Cavazza, W., Robertson, A.H.F. &
Crasquin-Soleau, S. (eds): Peri-Tethys Memoir 6: Peri-Tethyan Rift/Wrench Basins and Passive
Margins. Mem. Mus. natn. Hist. nat. 186: 9–49.

150

Ziegler, P.A. & Cloetingh, S. 2004. Dynamic processes controlling evolution of rifted basins. EarthScience Reviews 64: 1–50.
Ziegler, P.A., Schuhmacher, M.E., Dézes, P., Van Wees, J.-D. & Cloetingh, S. 2004. Post-Variscan
evolution of the lithosphere in the Rhine area: constrainst from subsidence modelling. In: Wilson,
M., Neumann, E.-R., Davies, G.R., Timmerman, M.J. Heeremans, M. & Larsen, B.T. (eds):
Permo-Carboniferous Magmatism and Rifting in Europe. Geol. Soc. Spec. Publ. 223: 289–317.

151

References

152

Appendix 1

Proposed revisions of the stratigraphical
nomenclature of the Permian and Triassic

Permian
Based on recent insights, Permian rocks in the
Netherlands only represent Middle and Late
Permian times. Furthermore, the Lower and
Upper Rotliegend groups as defined by NAM &
RGD (1980) are contemporaneous. As such it
is potentially misleading to maintain the
suggestion of superposition in the stratigraphic
names. Permian rocks are now subdivided into
three groups:
Zechstein Group
Rotliegend Sediments Group*
Rotliegend Volcanics Group*
* new name
The Rotliegend Sediments Group entirely
replaces the former Upper Rotliegend Group
and the Rotliegend Volcanics Group the Lower
Rotliegend Group.

Rotliegend Volcanics Group, renamed
Initially defined as a formation by Stäuble &
Milius (1970), Van Adrichem Boogaert (1976)
considered it a subgroup of the Rotliegend
Group. NAM & RGD (1980) introduced the
group as Lower Rotliegend Group, now
renamed to Rotliegend Volcanics Group.
Derivatio nominis
Name derived from the German stratigraphic
nomenclature, where it is applied for the
volcanic part of the Rotliegend.
Type Section
Well Emmercompascuurm-1 (N 52°48’09.9 E
07°03’52.4; Van Adrichem Boogaert & Kouwe,
1994a); interval 3935 – 4014m below rt; 79m
along hole.
Additional reference section
Well F4-3 (N 52°41’07.1 E 04°04’00.5; Annex
D-13); interval 4289 – 4403 m below rt; 114 m
along hole.
Definition
Succession of volcanic and volcaniclastics
rocks, comprising red-brown mudstones,
tuffaceous sediments and variable proportions
of basaltic volcanics.

Boundaries
The group is dis- or unconformably overlain by
sandstones or red-bed mudstones of the
Rotliegend Sediments Group, which contain no
or only minor amounts of volcanics or by black
shales of the Coppershale Member of the
Zechstein Group. The upper boundary is
formed by the top of the volcanics or
volcaniclastics.
The group unconformably overlies red-bed
mudstones of the Limburg Group. The lower
boundary has been placed at this
unconformity, which may be difficult to
distinguish in a red-bed succession.
Distribution
In the Netherlands, the Rotliegend Volcanics
Group is known from two areas: the Ems Low
in east-central Drenthe and the Dutch Central
Graben (Geluk, 1997).
In the Dutch part of the Ems Low, the
Rotliegend Sediments Group is absent and the
Zechstein Group directly overlies the
Rotliegend Volcanic Group. In the German part
of the Ems Low siltstones assigned to the Ten
Boer Member of the Silverpit Formation
(Rotliegend Sediments Group) overlie the
volcanics (NITG, 1998).
In the northern part of the Dutch Central
Graben a succession of interbedded basaltic
volcanics and fine-grained clastics occurs
between the Limburg Group and the
Rotliegend Sediments Group in four of wells.
These volcaniclastics have been correlated
with similar occurrences in Denmark, reported
by Stemmerik et al. (2000). They rest on redbed or dark-coloured sediments of the Limburg
Group, and are overlain by the Rotliegend
Sediments Group.
Age
Based on radiometric ages and relative
stratigraphic position (Sissingh, 2004), the
volcanics in the Ems Low are Middle to Late
Permian in age (K/Ar age of 258±6 Ma).
Based on the similarity between the
volcaniclastics in the northern Dutch and
Danish Central Graben, a Middle Permian age
(261-269 Ma) is envisaged. These ages are
debated by Heeremans et al. (2004), who
propose an Early Permian age.
Depositional Setting
A succession or alternation of ephemeral
fluvio-lacustrine sediments deposited in an arid
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to semi-arid environment and basaltic lava
flows, related to post-Variscan wrench
tectonics and rifting.
Subdivision
A subdivision into formations was made on an
area-wise basis. The informal Basal Rotliegend
clastics unit (Van Adrichem Boogaert &
Kouwe, 1994a) has not been maintained in
view of a reinterpretation of Oberlanger Tenge
Z1 (NITG, 2000).
Rotliegend Volcanics Group*
Emmen Formation*
Karl formation**
* renamed
** new informal unit

Emmen Formation, renamed
Originally defined as Emmen Volcanic
Formation by Van Adrichem Boogaert and
Kouwe (1994a). The lithological affix has been
dropped in view of the mixing of volcanic and
non-volcanic units.
Derivatio nominis
Named after the town of Emmen in the east of
the province of Drenthe.
Type Section
Well Emmercompascuum-1 (N 52°48’09.9 E
07°03’52.4); interval 3935 - 4014m below rt;
79m along hole.
Definition
Succession of variegated, red-brown to green,
spilitic, basaltic volcanics and grey-brown to
red-brown mudstones. In the type section a
number of discrete lava flows can be
distinguished as high sonic velocity and
resistivity intervals with relatively high gamma
ray readings. Other wells yield a more massive
lava sequence, probably consisting of stacked
flows (Oberlanger Tenge Z1; Fabian et al.,
1962).
Boundaries
The upper boundary is placed at the top of the
uppermost volcanic bed. In the Netherlands
the formation is observed to be disconformably
overlain by the basal beds of the Zechstein
Group, but it is possible that in places it is
overlain by red sandstones and mudstones
belonging to the Rotliegend Sediments Group,
a situation similar to that in the adjacent area in
Germany (Oberlanger Tenge Z1; NITG, 2000).
The lower boundary is marked by the first
occurrence of volcanic rocks, resting
disconformably on red or grey claystones and
sandstones of the Limburg Group.
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Distribution
The Emmen Volcanic Formation in the
Netherlands is restricted to an area in the
south-eastern part of the province of
Groningen and the north-eastern part of the
province of Drenthe. This occurrence is a small
lobe associated with a more extensive
development in the Ems Low (Plein, 1995;
Geluk, 1997; Lokhorst, 1998).
Age
Middle to Late Permian based on a K/Ar age of
258±6 Ma in the well Drouwenermond-1
(Sissing, 2004). This age is supported by the
relative stratigraphic position of the formation.
Depositional Setting
The unit was formed by various consecutive,
basaltic lava flows, poured out into an area of
sparse, ephemeral fluvial sedimentation under
arid to semi-arid conditions.

Karl formation, new informal unit
The unit was defined by Stemmerik et al.
(2000) for volcanics and volcaniclastics
occurring in the Danish Central Graben. Here,
a slightly amended definition of this formation
is proposed.
Derivatio nominis
Named after the Karl-1 well in the Danish
North Sea (Stemmerik et al., 2000).
Type Section
Well F4-3 (N 52°41’07.1 E 04°04’00.5; Annex
D-13); interval 4289 – 4403 m below rt; 114 m
along hole
Definition
Succession of red-brown, orange, calcareous
mudstones with intercalated green to black
basaltic lava flows. In the Dutch type section a
discrete number of flows can be identified.
The succession, as encountered in the
Netherlands, is the equivalent of part of the
Liva Member of the Karl Formation (Stemmerik
et al., 2000). Based on log correlations, the
Liva Member in the Elly-1 well includes the
lower part of the Rotliegend Sediments as
defined in the Netherlands.
Boundaries
The upper boundary is taken at the base of a
red-brown mudstone interval of the Silverpit
Formation with conspicuous high gamma rays.
The lower boundary is marked by a prominent
basalt interval, resting disconformably on red
or dark-coloured claystones and sandstones of
the Limburg Group.

Distribution
The distribution of the Karl formation is
restricted to the northern part of the Dutch
Central Graben.
Age
Middle Permian based on extrapolation of K/Ar
ages (261-269 Ma) from Danish wells
(Stemmerik et al., 2000). Heeremans et al.
(2004) consider these ages too young and
propose an Early Permian age.

case of red-beds below the unconformity the
boundary may be more difficult to pick. A
combination of wireline logs, cores,
chemostratigraphy and sequence stratigraphy
may help to unravel the boundary. One
important criterion is the sandstone
composition, which shows a marked variation
across this boundary; sandstones of the
Limburg Group contain abundant muscovite,
whereas those of the Rotliegend Sediments
Group are largely muscovite-free.

Depositional Setting
The unit was formed by various consecutive,
basaltic lava flows, poured out into an area of
lacustrine sedimentation under arid to semiarid conditions.

Distribution
The Rotliegend Sediments is present
throughout most of the country, with the
exception of the eastern and southern onshore
areas.

This group was initially defined as a subgroup
of the Rotliegend Group by Van Adrichem
Boogaert (1976). NAM & RGD (1980) raised it
to group status. This group is now renamed to
Rotliegend Sediments Group.

Age
There are no direct indications of the age of
the Rotliegend Sediments Group in the
Netherlands. Based on correlation with the
German Rotliegend (Plein, 1995; German
Stratigraphic Commission, 2002), a late Middle
to early Late Permian age is assumed.

Derivatio nominis
The name is derived from the German
stratigraphic nomenclature, where the Upper
Rotliegend is used for the non-volcanic part of
the Rotliegend.

Depositional Setting
The Rotliegend Sediment Group was
deposited in a desert/playa lake environment in
an area which stretched out from the UK
onshore in the west to Lithuania in the east.

Type Section
Well Slochteren-4 (N 53°11’33.2’’ E
06°45’14.9’’); interval 2666 – 2856 m below rt
(NAM & RGD, 1980); 190 m along hole.

Subdivision
The Rotliegend Sediments Group has been
divided into two formations, which are to a
large extent each others lateral equivalent. The
sandy Slochteren Formation occupies largely
the southern half of the Netherlands, the finegrained, evaporite-bearing Silverpit Formation
the northern half. The formations interfinger
over an almost east-west trending zone
several tens of kilometres wide. To enhance
the correlation with the ‘classical’ Rotliegend in
Germany further the Elbe subgroup is
introduced as an informal unit.

Rotliegend Sediment Group

Additional reference section
Well Uithuizermeeden-1 (N 53°26’58.9’’ E
06°48’29.2’’); interval 2875 – 3167 m below rt;
(NAM & RGD, 1980); 292 m along hole.
Definition
Succession of fine to coarse-grained clastic
red-beds and evaporites.
Boundaries
The top of the Rotliegend Sediments Group is
taken at the base of the black shale of the
Coppershale Member of the Zechstein Group.
In the south-western onshore area, where this
conspicuous black shale is absent, carbonates
or sandy evaporitic mudstones may represent
the lowermost unit of the Zechstein Group.
The base of the group is placed at the
unconformable contact with the Limburg
Group. In the case of dark, coal-bearing
mudstones underlying this unconformity the
contact can be picked fairly easy based on
cutting descriptions and wireline logs. In the

Rotliegend Sediments Group*
Elbe subgroup**
Slochteren Formation
Silverpit Formation
* renamed
** new unit

Elbe subgroup, new informal unit
This subgroup was introduced in Germany by
Plein (1995) for the youngest part of the
Rotliegend Group. It comprises the Hannover
and Dethlingen Formations. Based on the work
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of Glennie (1998) and this paper (Chapter 1),
the Silverpit and Slochteren Formations in the
Netherlands forms the lateral equivalent of this
subgroup.
Derivatio nominis
The name is derived from the river Elbe in
Germany.
Type Section
Well Slochteren-4 (N 53°11’33.2’’ E
06°45’14.9’’); interval 2666 – 2856 m below rt
(NAM & RGD, 1980); 190 m along hole.
Additional reference section
Well Uithuizermeeden-1 (N 53°26’58.9’’ E
06°48’29.2’’); interval 2875 – 3167 m below rt;
(NAM & RGD, 1980); 292 m along hole.
Boundaries and age of the subgroup coincide
with those of the Rotliegend Sediments Group.

Silverpit Formation
No changes are proposed in the definitions of
this formation, subdivision or boundaries.

Slochteren Formation
No changes are proposed in the definitions of
this formation, subdivision or boundaries.

Zechstein Group
No changes are proposed in the definitions of
this group, its subdivision or boundaries.
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Triassic
Subdivision of Triassic rocks in the
Netherlands is based largely on the German
nomenclature. For this reason the names
Lower and Upper Germanic Trias Groups were
introduced by NAM & RGD (1980). Van
Adrichem Boogaert & Kouwe (1994b)
amended and further refined their definition
and subdivision.
As shown in Chapter 1, the Germanic Trias
differs in both its top and base from the Lower
and Upper Germanic Trias Groups in the
Netherlands; furthermore, the Germanic Trias
has a tripartite rather than a twofold
subdivision. For these reasons these names
cannot be maintained, and a new subdivision
is proposed. The names Vecht and Velt
Groups are proposed here to replace the
Lower and Upper Germanic Trias Groups.

Vecht Group, renamed
The Vecht Group replaces the former Lower
Germanic Trias Group. This group was
introduced formally by NAM & RGD (1980) and
amended by Van Adrichem Boogaert & Kouwe
(1994b).
Derivatio nominis
Name derived from the Water Board ‘Vecht en
Velt’ in south-eastern Drenthe.
Type Section
Well Blijham-1 (N 53°05’40.9’’ E 07°04’40.0’’;
Van Adrichem Boogaert & Kouwe, 1994b);
interval 2736 – 3255 m below rt; 519 m along
hole.
Definition
Succession of sandstones, siltstones and
claystones situated between the top of the
Zechstein Group and the base Solling
(=Hardegsen) Unconformity.
Boundaries
The upper boundary is taken at the base of a
regional unconformity, the Hardegsen or Base
Solling Unconformity.
The lower boundary is placed at the base of a
thin, but distinct sandstone bed, marking the
base of a series of fining-upwards cycles. On
wireline logs, this bed commonly displays
relatively low gamma-ray values and high
acoustic velocities, suggesting anhydrite
cementation.
Distribution
The Vecht Group is present throughout most of
the Netherlands, with the exception of a broad,
domal, high in the central onshore part. Also,

on a number of smaller highs, the formation is
absent owing to Jurassic uplift and erosion.
Age
Latest Permian to Scythian. Hardly any
palynomorphs have been found to prove this,
with the exception of the well America-11 in the
south-eastern Netherlands (Van Adrichem
Boogaert & Kouwe, 1994b).
Depositional Setting
The deposits of this group comprise lacustrine,
fluvial and eolian sediments.
Subdivision
Vecht Group*
Main Buntsandstein Subgroup
Hardegsen Formation
Detfurth Formation
Volpriehausen Formation
Lower Buntsandstein Formation
* renamed
No changes are proposed in definitions,
subdivisions or boundaries of the Main
Buntsandstein Subgroup, Hardegsen, Detfurth,
Volpriehausen and Lower Buntsandstein
Formations. Revised interpretations of two
reference wells are listed at the end of this
appendix.

Velt Group, renamed
The Velt Group is newly introduced. This group
completely replaces the former Upper
Germanic Trias Group, which was introduced
by NAM & RGD (1980) and amended by Van
Adrichem Boogaert & Kouwe (1994b).
Derivatio nominis
The group is named after the Water Board
(Waterschap) ‘Vecht en Velt’ in the southeastern part of Drenthe.
Type section
o
o
Well L2-1 (N53 57’14.0’’, E 04 30’47.0’’);
interval 2808 – 3970 m below rt, 1162 m along
hole.
Definition
Group of formations comprising variegated,
silty claystones, evaporites, carbonates and
subordinate sandstones.
Boundaries
The upper boundary is formed by an
unconformity, which separates the group from
the overlying Altena Group.
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The base Solling or Hardegsen unconformity
separates this group from the underlying Vecht
Group.

containing intercalated sandstone has been
encountered.

Distribution
The group mainly occurs in Mesozoic basin
areas. Outside these basins it has been
removed by erosion.

Boundaries
The formation overlies, separated by the base
Solling or Hardegsen unconformity, the
sediments of the Main Buntsandstein
Subgroup or locally older sediments. The
upper boundary is formed by the base of an
anhydrite or rock-salt bed.

Age
Latest Scythian to Norian
Depositional setting
Succession of lagoonal, lacustrine, playa and
sabkha sediments, with subordinate fluvial
clastics.
Subdivision
Velt Group*
Vlagtwedde Formation*
Muschelkalk Formation
Röt Formation
Solling Formation
*new name

Distribution
The formation occurs within the entire
distribution area of the Velt Group.
Age
Latest Scythian
Depositional setting
Succession of lacustrine, playa lake claysiltstones and fluvial or eolian sandstones.
Subdivision
Solling Claystone Member
Basal Solling Sandstone Member

Solling Formation
The Solling Formation was formally introduced
by Van Adrichem Boogaert & Kouwe (1994b).
Derivatio nominis
Formation name derived from the German
stratigraphy (Boigk, 1959).
Type section
o
o
Well L2-1 (N53 57’14.0’’, E 04 30’47.0’’);
interval 3929 – 3970 m below rt; 41 m along
hole.
Additional reference sections
o
o
Well K17-1 (N53 02’41.0’’, E 04 37’06.0’’);
Interval 1761 – 1779.5 m below rt; (amended
after Van Adrichem Boogaert & Kouwe,
1994b); 18.5 m along hole
o
o
Well L9-7 (N53 39’25.3’’, E 04 55’24.2’’);
interval 2991 – 3136 m below rt; 145 m along
hole.
o
o
Well Eleveld-1 (N52 57’27.9’’, E 06 34’41.9’’);
interval 2447 – 2515 m below rt; 68 m along
hole.
o
Well Strijen-West-1 (N51 44’41.0’’, E
o
04 31’14.3’’); interval 2524 – 2532 m below rt
(amended after Van Adrichem Boogaert &
Kouwe, 1994b); 8 m along hole.
Definition
The formation consists of a grey, basal
sandstone and overlying red-brown claysiltstones with high gamma ray readings.
Locally in halfgrabens, a thick succession
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In halfgrabens in the northern Dutch offshore
area, a thick, complete succession has been
encountered which contains a second sand
interval. The subdivision is accordingly:
Upper Solling Claystone Member**
Middle Solling Sandstone Member**
Lower Solling Claystone Member**
Basal Solling Sandstone
**new member
Basal Solling Sandstone Member
No changes are proposed in definition or
boundaries of this member. The previously
interpreted Basal Solling Sandstone Member in
the additional reference well Strijen-West-1 is,
following reinterpretation, considered part of
the Hardegsen Formation.
Solling Claystone Member
No changes are proposed in definition or
boundaries of this member.
Lower Solling Claystone Member, new
member
Type section
o
o
Well L9-7 (N53 39’25.3’’, E 04 55’24.2’’);
interval 3102 – 3136 m below rt; 34 m along
hole.

Definition
Succession of red-brown, silty claystones.
Some sandstone streaks are intercalated in
this member. The member is characterized by
high gamma peaks and passes laterally into
the basal part of the Solling Claystone
Member.

Additional reference sections
o
o
Well K14-1 (N 53 17’15.2’’, E 03 37’07.3’’);
interval 1623 – 1810 m below rt; 187 m along
hole.
o
o
Well Emmen-7 (N 52 46’56.6’’, E 06 50’37.4’’);
interval 1610 – 1740 m below rt; 130 m along
hole.

Middle Solling Sandstone Member, new
member
Type section
o
o
Well L9-7 (N53 39’25.3’’, E 04 55’24.2’’);
interval 3032 – 3102 m below rt; 70 m along
hole.

Definition
Sequence of grey to red-brown, variegated,
silty, anhydritic claystones with intercalated
anhydrite, rock salt and subordinate
sandstones.

Definition
This member comprises predominantly
sandstones.
Upper Solling Claystone Member, new
member
Type section
o
o
Well L9-7 (N53 39’25.3’’, E 04 55’24.2’’);
interval 2991 – 3032 m below rt; 41 m along
hole.
Definition
This member consists of red-brown silty
claystones. A siltier interval occurs in the
middle part of the member. Laterally this
member grades into the Solling Claystone
Member.

Röt Formation
No changes are proposed in definitions,
subdivisions or boundaries of this formation.

Muschelkalk Formation
No changes are proposed in definitions,
subdivisions or boundaries of this formation

Vlagtwedde Formation, renamed
This formation replaces the former Keuper
Formation in view of the (NAM & RGD, 1980;
Van Adrichem Boogaert & Kouwe, 1994b).
Derivatio nomines
Name derived from the village of Vlagtwedde
in the eastern Netherlands. In the Ems Low,
situated in the subsurface of the village the
formation reaches a great thickness, as
documented by wells.
Type section
o
o
Well L2-1 (N53 57’14.0’’, E 04 30’47.0’’);
interval 2808 – 3368 m below rt; 560 m along
hole.

Boundaries
The Vlagtwedde Formation comprises the
strata between the carbonates of the
Muschelkalk Formation and the marine, dark,
claystones of the Sleen Formation. The base
of the Vlagtwedde Formation is marked by a
shift in the acoustic velocity. Velocities are
considerably lower in the Vlagtwedde
Formation. A major unconformity is present
within the formation; as a consequence, the
Steinmergelkeuper Member of the formation
may be found resting directly upon older
Triassic strata.
Distribution
The formation is present in the main Mesozoic
basins in the Netherlands. The most complete
successions are found in the Central North
Sea Graben and the Ems Low. Reduced
successions of varying magnitude occur in the
Broad Fourteens Basin, Central Netherlands
Basin, Ems Low, West Netherlands Basin and
the Roer Valley Graben.
Within the formation, a prominent unconformity
occurs (see Wolburg, 1969; Beutler, 1995;
Geluk, 1999), related to the Early Kinmmerian
tectonic phase. Owing to this unconformity, the
Steinmergelkeuper Member may directly
overlie older members of the Vlagtwedde, the
Muschelkalk or the Röt Formation. The
unconformity is most pronounced in the West
Netherlands Basin and Roer Valley Graben.
Age
Late Ladinian-Norian
Depositional setting
The Vlagtwedde Formation comprises
sediments deposited in continental, marginal
marine, lacustrine and lacustrine settings.
Subdivision
Van Adrichem Boogaert & Kouwe (1994b)
followed the subdivision of NAM & RGD (1980)
into four claystone members, alternating with
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three evaporitic intervals. Here, a simpler
subdivision into five members is proposed.
This complete succession of the Vlagtwedde
Formation occurs only in the Central North Sea
Graben, the Broad Fourteens Basin, the Ems
Low and the Central Netherlands Basin. In the
West Netherlands Basin and the Roer Valley
Graben an incomplete succession, often
represented only by the Steinmergelkeuper,
rests upon older formations.
The subdivision of the fully developed
Vlagtwedde Formation is:
Vecht Group*
Vlagtwedde Formation
Steinmergelkeuper Member**
Red Keuper Evaporite Member
Keuper Middle Clastics Member*
Main Keuper Evaporite Member
Keuper Lower Claystone Member*
* new name
** new unit
Keuper Lower Claystone Member, renamed
This member replaces the Lower Keuper
Claystone Member (NAM & RGD, 1980; Van
Adrichem Boogaert & Kouwe, 1994b).
Type section
o
o
Well L2-1 (N53 57’14.0’’, E 04 30’47.0’’);
interval 3247 – 3368 m below rt, 121 m along
hole.
Additional reference sections
o
o
Well K14-1 (N 53 17’15.2’’, E 03 37’07.3’’);
interval 1738 – 1810 m below rt; 72 m along
hole
o
o
Well Emmen-7 (N 52 46’56.6’’, E 06 50’37.4’’);
interval 1670 – 1740 m below rt, 70 m along
hole
Definition
This member consists of dolomitic claystones,
with some dolomite, sandstone and/or
anhydrite stringers. Some coaly material
occurs in the lower part of this member. The
lower part is characterized by greyish to purple
colours; in the upper part red colours
predominate. The anhydrite content increases
towards the top, as the member passes
gradually into the Main Keuper Evaporite
Member.
Main Keuper Evaporite Member
No changes are proposed in definition or
boundaries of this member.
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Keuper Middle Clastics Member, renamed
This member comprises the Middle Keuper
Claystone Member of NAM & RGD (1980) and
Van Adrichem Boogaert & Kouwe (1994b).
Type section
o
o
Well L2-1 (N53 57’14.0’’, E 04 30’47.0’’);
interval 3030 – 3076 m below rt, 47 m along
hole.
Additional reference sections
o
o
Well K14-1 (N 53 17’15.2’’, E 03 37’07.3’’);
interval 1677 – 1703 m below rt; 26 m along
hole
Definition
This member consists of grey, brown, greygreen silty claystones. At the base of the
member fine-grained sandstones containing
plant-debris occur. These sandstones, part of
the ‘Schilfsandstein’ as known in Germany,
have been encountered only in the southern
Central Graben and the Ems Low.
Red Keuper Evaporite Member
No changes are proposed in definition or
boundaries of this member.
Steinmergelkeuper Member, new member
This member comprises the former Red
Keuper Claystone, Dolomitic Keuper and
Upper Keuper Claystone Members of NAM &
RGD (1980) and Van Adrichem Boogaert &
Kouwe (1994b).
Type section
o
o
Well L2-1 (N53 57’14.0’’, E 04 30’47.0’’);
interval 2808 – 2947 m below rt, 139 m along
hole.
Additional reference section
o
o
Well K14-1 (N 53 17’15.2’’, E 03 37’07.3’’);
interval 1623 – 1674 m below rt; 41 m along
hole
Definition
This member is represented by a basal part
comprising red to greenish claystones and
marls. The middle part of the member consists
of dolomite and anhydrite intercalated with
claystones. The upper part of the member
comprises grey silty claystones.
Age
Norian

Redefined reference wells
For two Triassic reference wells (Van
Adrichem Boogaert & Kouwe, 1994b)
reinterpretations have been made of parts of
the Triassic intervals. An overview of the
reinterpreted intervals, in m below rt, is given
below.
K17-1 (Annex E-1)
Solling Formation: 1761 – 1779.5 m
Solling Claystone Member: 1761 – 1775 m
Basal Solling Sandstone Member: 1775 –
1779.5 m
Hardegsen Formation: 1779.5 – 1830.5 m
Strijen-West-1 (Annex E-4)
Solling Formation: 2524 – 2532 m
Solling Claystone Member: 2524 – 2532 m
Main Buntsandstein Subgroup: 2532 – 2728 m
Hardegsen Formation: 2532 – 2553 m
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F4-3 (Arco)

Annex D-13
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Annex E-6
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Appendices

Appendix 2

Seismic and well database

Overview of the seismic and well database.
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Appendix 3

Map specifications

Geological maps presented in this thesis have been prepared on carefully selected geographical
reference maps in order to facilitate their use in GIS software.
The reference map of the Netherlands (e.g. Fig. 4.2 and similar maps) has the following specifications:
Geodetic system: ED 50 UTM zone 31
Projection: Transverse Mercator
Spheroid: International 1924
Central Meridian: 3° E
The regional reference maps (e.g. Figure 5.1 and following maps) have the following specifications:
Projection: Lambert Conform Conic
Speroid: Bessel 1841
o
Central Meridian: 9 E
Figures 3.3, 3.9 and 3.13 form an exception; they contain an older, less reliable map. In view of the
sketchy nature of the information shown these maps have not been upgraded.

165

166

Samenvatting
Dit proefschrift behandelt verschillende aspecten van de geologische ontwikkeling van Nederland en
omringende gebieden gedurende het Perm en Trias, de periode van 300 tot 200 miljoen jaar geleden.
De voornaamste vraagstelling die in dit proefschrift wordt behandeld is hoe de Nederlandse
stratigrafische en tektonische ontwikkeling van het Perm en Trias gerelateerd is aan die van de
omliggende landen. In het bijzonder voor het begrip van de Trias afzettingen, die momenteel slechts
bewaard zijn gebleven in een aantal geïsoleerde bekkens in de ondergrond van het Nederlandse
vasteland en het continentale plateau, is een regionale benadering van de geologie een vereiste. Het
gebied dat hierbij wordt beschouwd is het Zuidelijk Perm Bekken, dat zich uitstrekte van het Verenigd
Koninkrijk in het westen tot in Litouwen in het oosten. Dit bekken wordt in de literatuur als een geheel
beschouwd, maar een nader onderzoek leert, dat het is opgebouwd uit een drietal subbekkens
gescheiden door subtiele hogen. Deze subbekkens laten een gedifferentieerde daling zien gedurende
het Perm en Trias. Nederland lag gedurende Perm en Trias op de grens van twee van deze
subbekkens (zie Hoofdstuk 5).
Aan het eind van het Carboon, 300 miljoen jaar geleden, bevond het gebied van het huidige
Nederland zich in het centrale deel van het supercontinent Pangea. Dit supercontinent was ontstaan
door de botsing van de continenten Gondwana en Laurussia; tijdens de Trias begon Pangea weer op
te breken. Nederland bevond zich in het centrale deel van Pangea, ten noorden van een uitgestrekte,
Oost-West georiënteerde gebergtegordel (het Varistisch Gebergte) die door de botsing van
Gondwana en Laurussia was ontstaan. Dit gebergte is vanuit twee gezichtspunten van groot belang:
het leverde tijdens het Perm en Trias aan het huidige Nederland het merendeel van het sediment, en
vormde tevens een natuurlijke barrière die verhinderde dat vochtige luchtmassa’s uit de Tethys het
o

bekken bereikten. In combinatie met een ligging op 10 tot 20 ten noorden van de evenaar in deze
periodes verklaart dit het, voor het Perm en Trias zo kenmerkende, droge klimaat. Pas tijdens de LaatTrias werden de klimaatsomstandigheden periodiek vochtiger, tengevolge van de meer noordelijke
ligging en doordat het Varistisch gebergte door erosie goeddeels was verdwenen.
Grootschalige zijdelingse plaatverschuivingen leidden aan het eind van het Carboon tot het
afbreken van een stuk van de ondergeschoven plaatkorst onder het Noord-Duitse Bekken. Dit leidde
tot opwelling van heet mantelmateriaal en een periode van vulkanische activiteit in het jongste
Carboon en Midden-Perm in vooral Polen en Oost-Duitsland. In het huidige Nederland trad lokaal
vulkanische activiteit op, gelieerd aan actieve breukstructuren in de Noordzee en Oost-Nederland. Het
vulkanisme is niet in het gehele gebied van dezelfde ouderdom, maar er is duidelijk sprake van
meerdere pulsen gedurende een periode die enkele tientallen miljoenen jaren omvat. Afkoeling van de
lithosfeer was de voornaamste ‘motor’ achter de bekkendaling in Noordwest-Europa gedurende het
Midden-Perm tot het eind van de Vroeg-Trias. Geringe tektonische bewegingen, zowel gerelateerd
aan de opening van de Atlantische Oceaan tussen Noorwegen en Groenland als aan
gebergtevorming in de Oeral, zorgden voor geringe differentiële daling en voor hiaten in de gesteente
opeenvolging.
Aan het eind van het Vroeg-Trias trad er een toenemende differentiële daling op in
Noordwest-Europa, die het gevolg was van de toenemende spreidingsactiviteit in de Noordelijke
Atlantische Oceaan en in het westelijk Middellandse Zee gebied. Geheel Noordwest-Europa werd
doorsneden door een aantal grote slenken, die episodisch een sterke daling vertoonden. De afzetting
van indampingsgesteenten, met hun kenmerkende hoge sedimentatiesnelheid en relatief hoge
soortelijke gewicht, versterkte de differentiële daling. Naast rekkrachten speelde tijdens de Laat-Trias
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ook milde compressie een rol, gerelateerd aan de sluiting van de Paleo-Tethys in het gebied van de
Zwarte Zee. Deze compressie veroorzaakte voornamelijk opheffing van Fennoscandia en andere
hogen.
Opvulling met sediment van de gevormde dalingsgebieden gedurende het Perm en Trias hing
nauw samen met de klimatologische omstandigheden en met de verbinding met de oceaan. Na de
periode van vulkanische activiteit vond tijdens het Midden-Perm de eerste sedimentatie plaats in
depressies in Noordwest-Duitsland en Polen (Fig. 5.3). Onder invloed van de door afkoeling van de
lithosfeer geïnduceerde daling breidde het sedimentatiegebied zich geleidelijk verder over de randen
van deze depressies en in westelijke richting uit. De sedimenten zijn van continentale oorsprong en
bestaan, door de droge klimaatsomstandigheden ten tijde van hun afzetting, vooral uit duinzanden,
wadi en sabkha afzettingen (Rotliegend Sedimenten; Fig. 5.5). In het Laat-Perm ontstond een
verbinding tussen het Zuidelijk Perm Bekken en de Barents Zee. Onder invloed van de fluctuerende
instroming

van
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de

droge

klimaatsomstandigheden

werd

een

dik

pakket

indampingsgesteenten afgezet (Zechstein; Fig. 5.7). In het bijzonder de steenzout afzettingen
hierbinnen zijn van groot belang voor de geologische geschiedenis van Nederland na het Perm. In het
jongste Perm werd de verbinding met de Barents Zee verbroken en domineerden wederom
continentale afzettingsomstandigheden (Bontzandsteen; Fig. 5.10). Aanvankelijk bevond zich een
uitgestrekt meer in het bekken, maar door een grotere fluctuatie in neerslag breidden tijdens natte
periodes riviersystemen zich in noordelijke richting ver uit in het meer (Fig. 5.12), terwijl gedurende
droge periodes de afgezette zanden werden verspreid door de wind, waarbij zich uitgestrekte
duinvelden vormden.
Een belangrijke verandering voltrok zich aan het begin van de Midden-Trias. In ZuidoostPolen ontstond een eerste verbinding met de Tethys (Fig. 5.17), die gevolgd werd door een tweede
verbinding in Zuid-Duitsland (Fig. 5.19). De mariene invloed nam toe, zoals blijkt uit de opeenvolging
van lagunaire afzettingen (Röt) gevolgd door kalken en dolomiet (Muschelkalk). Slechte verbindingen
met de oceaan leidden tot de afzetting van indampingsgesteenten. Aan het begin van de Laat-Trias
volgde een tweede belangrijke verandering: door compressieve spanningen in samenhang van de
sluiting van de Paleo-Tethys vond opheffing plaats van Fennoscandia, en bouwde zich gedurende
periodes van hoge vochtigheid uitgestrekte fluviatiele systemen zuidwaarts uit over grote delen van
Noordwest-Europa (Figs 5.24 & 5.28). Gedurende tussenliggende droge periodes werden voorts
indampingsgesteenten afgezet (Fig. 5.23). Ook nam de mariene invloed af door de afsluiting van
enkele van de verbindingen met de Tethys, vooral in het oostelijk deel van het bekken. Nederland
bevond zich in een positie die relatief ver lag ten opzichte van zowel het brongebied van sediment als
is de opeenvolging overwegend fijnkorrelig van karakter is.
In Hoofdstuk 1 van dit proefschrift worden de stratigrafische schema’s in de verschillende
landen kritisch beschouwd, en wordt er een voorstel geformuleerd voor een bekkenwijd stratigrafisch
schema. Tevens worden enkele voorstellen gepresenteerd voor de aanpassing van de stratigrafische
standaard in Nederland, die in Appendix 1 zijn uitgewerkt. In Hoofdstuk 2 wordt de methode
gepresenteerd voor een correlatietechniek van roodgekleurde continentale afzettingen (red beds).
Cyclische afwisselingen in de Onder- en Hoofd-Bontzandsteen worden aan afwisselingen van natte en
droge klimaatsomstandigheden toegeschreven (zogenaamde Milankovitch cycli). Analyse van de
afzettingen in de Onder-Bontzandsteen Formatie resulteerde in de constatering dat de huidige duur
van het Olenekian ongeveer 1,5 miljoen jaar te kort lijkt te zijn. In Hoofdstuk 3 worden twee nieuwe
tektonische fasen gepresenteerd die optraden gedurende de afzetting van het Zechstein (Laat-Perm).
De hoofdstukken 4 en 5 gaan vervolgens in op respectievelijk de ontwikkeling van het Perm en Trias
in Nederland en in Noordwest-Europa.
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