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Management Summary 

We investigated the subsurface of the Dutch Northern Offshore by focusing on the 
presence of source and reservoir rocks in the Carboniferous and Permian Systems. 
The Dutch Northern Offshore has long been a relatively underexplored region and 
the discovery of reservoirs and mature source rocks could warrant a renewed 
interest in the area. This project, referred as the Northern Offshore Project, started in 
2013 and lasted until May 2015. The present report summarizes and compiles all of 
the results obtained by the TNO research team. 
 
In this report we describe the multidisciplinary approach that was implemented to 
investigate the geology of the Dutch Northern Offshore in relation to potential source 
and reservoir rocks. The project area encompasses several structural provinces, 
namely the Step Graben, the Dutch Central Graben and the Elbow Spit High (Figure 
0-1.1). The main stratigraphic levels of interest are: 
 

1. the Carboniferous interval, which is considered to incorporate the main source 
rocks, and  

2. the Permian-age Rotliegend interval that holds known reservoir rocks in the 
southern part of the Dutch Offshore but which is far less constrained in the 
Northern Dutch Offshore.  

 
The project started with an extensive data gathering exercise. A literature review 
was conducted early in the project, which focussed on the tectono-stratigraphy of the 
Carboniferous and Permian. Extensive stratigraphical analyses and seismic 
interpretations were then performed to decrease uncertainties in the stratigraphic 
and structural settings of the study area. The source rock intervals (Dinantian and 
Westphalian) were mapped, and a series of stratigraphic cross sections and 
paleogeographic maps were produced for the Rotliegend reservoir intervals. The 
results were used as input for petroleum system modelling to provide insights into 
the thermal maturity as well as the timing of hydrocarbon generation and expulsion 
from the Carboniferous source rocks. Maps where also produced to illustrate the 
relationship between location of mature source rocks and the presence of 
Rotliegend-age reservoir rocks. 
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Lower Rotliegend as a potential reservoir rock in the most Northern part of the study 
area. 
 
Source rocks 
 
Dinantian and Westphalian source rocks where investigated. The presence of the 
Dinantian source rocks (namely the coals of the Scremerston Formation (UK), 
equivalent to the Elleboog Formation in the Dutch sector) in the Dutch Offshore is 
uncertain since it has not yet been drilled in the Netherlands. However, seismic 
mapping of this interval from the UK sector southward into the northern part of the 
Dutch Northern Offshore (Blocks A, B) suggest that this source rock is present in the 
study area but may be limited in its extent toward the northern zones.   
Seismic mapping of the Westphalian suggests that this source rock is present in a 
large part of the Step Graben and it seems to be in hydrocarbon generating windows 
for the majority of the wells used in the petroleum modelling (see Figure 0-1.2). The 
results show that active hydrocarbon generation and expulsion occurred from 
Westphalian source rocks in the Step Graben and Dutch Central Graben. 
 
Reservoir Rocks 
 
The presence of sandy strata of Rotliegend-age in the Dutch Northern Offshore has 
been known for many years but the detailed stratigraphic setting of this interval 
remained broadly unknown. The stratigraphic and tectonostratigraphic results 
obtained in this project prove the presence of regionally extensive Rotliegend 
reservoir rocks in the study area, including within the Lower Rotliegend Group that is 
often perceived as a volcanic-prone interval but in reality includes large volume of 
sands. A series of new paleogeographic maps was constructed that show the 
presence of Lower Rotliegend strata in the north-eastern part of the study area and 
E-W to NE-SW trending sandy coastal zones along the northern margin of the paleo 
Silver Pit Lake for the Upper Rotliegend. These coastal and aeolian sandy zones 
migrated northward through time due to a major transgression. 
Figure 0-1.2 shows the relationship between the Rotliegend sandy deposits (stripped 
area) and the new Westphalian maturity map (coloured). By combining the maturity 
map and sand map, a few prospective areas were identified. One of the most 
prospective areas covers the A15 and B13 blocks, where the Westphalian is mature 
and where the Rotliegend contains good amount of proven sands. Another 
interesting area include the F01, F02, F04, F05 blocks, where the Westphalian is 
also mature, and where a significant amount of sand is expected on the hanging wall 
side of syn-depositional faults. 
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Figure 0-1.2: Overlay of the Westphalian maturity map with the Rotliegend sand map indicating possible prospective 
regions.  

 
Conclusions 
 
This multidisciplinary project has drastically improved our understanding of the 
Permo-Carboniferous in the Dutch Northern Offshore and has shown real 
exploration potential in the Rotliegend.  
After a thorough lithostratigraphic well re-interpretation and a regional seismic 
mapping study, the Westphalian interval is interpreted as being present in a large 
part of the Dutch Northern Offshore and only absent above the Elbow Spit High. Part 
of the Westphalian is interpreted as effective source rocks that are mature in the 
Step Graben and in the northern part of the Cleaver Bank High, where good 
amounts of Rotliegend sands have been identified. 
The information on the occurrence and distribution of Rotliegend-age sands has 
been greatly improved through this project. Lower Rotliegend deposits (Basal 
Rotliegend Clastics and Grensen Fm.) turned out to comprise significant volumes of 
reservoir-quality sands but are aerially confined within the north-eastern part of the 
study area in structural lows and are interbedded with non- to low-reservoir quality 
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facies including volcanics and volcanoclastics. The distribution of reservoir sands of 
Upper Rotliegend-age is now geographically better constrained. The results also 
show that paleo-topography and syn-depositional faulting highly controlled the 
reservoir sand deposition by locally affecting accommodation and sediment 
dispersal. 
The combination of the basin modelling and stratigraphic results helped to define 
prospective areas where good reservoir sands are located above matured 
Carboniferous source rocks. 
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1 Introduction 

The Northern Dutch Offshore remains a relatively underexplored area in the North 
Sea. The often assumed lack of reservoirs, source rocks and adequate sealing 
capacity has so far hampered any extensive exploration activities in the area. 
Discovery of quality pre-Zechstein reservoirs (e.g. Rotliegend sands) and mature 
source rocks (e.g. Westphalian) could warrant renewed interest in the area. Recent 
activity in the UK sector, in an area neighboring the study area (Cygnus Field), 
proves that the northern side of the paleo Silver Pit Lake has clear potential for the 
presence of Rotliegend-age reservoir sands and Westphalian source rocks. 
Following the interest in the Dutch Northern Offshore of several parties, a research 
proposal was initiated by TNO to reinvestigate the prospectivity of the area.  
 

1.1 Study area: Location and stratigraphy  
 
The project’s study area encompasses several structural provinces including the 
Step Graben, the Dutch Central Graben, the northern part of the Cleaver Bank High, 
and the Elbow Spit High (Figure 1.1). The area covers the A, B, D, E and part of the 
F offshore blocks (DEFAB), and also extends slightly into the British, German and 
Danish offshore sectors. The project comprise primarily the stratigraphic interval 
from base Carboniferous to base of Zechstein, with increased focus on the 
Westphalian (source rocks) and Rotliegend (reservoir rocks) intervals. 
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Figure 1.1: Dutch Offshore map showing the main structural provinces. Study area is shown as a red outlined polygon. 
Location of Figure 1.2 shown as thick black line  

 
To test some hypotheses, an integrated multidisciplinary research project was set 
up. The hypothesis, which is the basis for the research proposal and subsequently 
the project, goes as follows: 
 
Initial Hypothesis: A Carboniferous stratigraphic interval, approximately 120 meter-
thick with high TOC values, was encountered in the Step Graben (F10-02 well). 
Initial biostratigraphic dating placed this interval with the Stephanian stage. One of 
the initial hypotheses at the start of this project was that, if this interval was wide-
spread throughout the Step Graben and the Dutch Central Graben, it could be an 
important source rock and help renew interest in the Dutch Northern Offshore. 
Furthermore, in well K02-02, a thin red-coloured conglomerate has been found 
stratigraphically between the Westphalian and the Upper Rotliegend. Due to its 
stratigraphic position, it was proposed that these coarse deposits were laterally 
equivalent to the TOC rich interval in well F10-02. If true, this would mean that a 
lateral facies change from source rocks to reservoir rocks occurs between F10-02 
and K02-02. This hypothesis was however discarded during the course of the 
project.  
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From the start, the project was divided into 3 main parts (or themes) each focussing 
on different research subjects (see Appendix 1). These themes focused on 1) the 
presence of Stephanian-age reservoir and source rocks, 2) the presence of 
Rotliegend-age reservoir sands along the northern margin of the Silver Pit Lake (or 
Northern Fringe Sands), and 3) the Devonian Kyle Group western onlap onto the 
Elbow Spit High. During the course of the project, it was jointly decided not to 
perform (parts of) Themes 1 and 3 but to rather pay full attention on the research 
linked to Theme 2. Part of Theme 1 was merged with Theme 2 since early 
stratigraphic analysis revealed that the alleged Stephanian-age strata were rather of 
Westphalian in age. Phase 3 was cancelled due to budget cuts and decreased 
interest from stakeholders. 
  
Revised Hypothesis: During the latest part of the Carboniferous, the Dutch Central 
Graben and Step Graben started to subside. The emerging basin configuration 
persisted during Rotliegend time, during which the basin may have captured 
sediments (possibly coarse) from Southern and possibly Northern source areas. 
During the basin initiation, the Step Graben and Dutch Central Graben may have 
acted as north-south conduits for sand-rich sediments. One of the main research 
goals was to evaluate the prospectivity of the Dutch Northern Offshore area in terms 
of 1) the source rock occurrence and maturity, and 2) the reservoir rock occurrence 
and distribution.  
 

 

Figure 1.2: Conceptual tectono-stratigraphy cross section illustrating the main initial research questions of the project. 
See Figure 1.1 for location. 

 

1.2 Project execution 

The project was planned to last 1½ years and officially started in January 2013, 
although activities relating to content only started in September 2013, with an 
extensive data gathering and evaluation exercise. All wells within the area of interest 
that penetrated the Permian and older strata were identified and selected. The 
project used well data from Dutch, British, and Danish wells. Information from Dutch 
wells was acquired through the NLOG data base (NLOG.NL), whereas data for the 
selected British and Danish wells was acquired through the respective geological 
surveys (BGS, GEUS). Data from only one German well was acquired (i.e. B10-01), 
which used to be a Dutch well when drilled. The project made extensive use of 
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seismic data, with 2D and 3D seismic surveys obtained from the NLOG data base 
and additional proprietary 2D seismic data provided by Fugro.  
  
Early in the project a literature review was conducted and focused on the tectono-
stratigraphy of the Carboniferous and Permian for the area of interest. This review 
can be found in Appendix 2 
 
During the course of the project, an integrated seismic interpretation/lithostratigraphy 
analysis was carried out, using 2D/3D seismic and well data. A biostratigraphical 
effort was also included in this project, which made use of published palynological 
and drilling reports, composite logs and core descriptions. Additionally new 
biostratigraphical and geochemical (in the form of 13C isotopes) analyses were 
performed to increase confidence in age determination of key intervals. However, 
early in the seismic interpretation phase, it became clear that a number of age 
discrepancies existed between seismic and wells information as provided in the 
NLOG database. Consequently an inventory was made to identify the wells that 
required a stratigraphical re-evaluation. Therefore, the re-evaluated and updated 
lithostratigraphic information for the pre-Zechstein was compiled for 18 key wells and 
was incorporated into the Petrel database. The updated stratigraphy and the seismic 
interpretation were subsequently used as input for petroleum system modelling. The 
petroleum system modelling focused on maturity prediction at 12 well locations plus 
one pseudo well location. 
 

1.3 The project team 
 
Vincent Vandeweijer Project Manager Project and financial management 
Geert de Bruin Lead Scientist Scientific team management /seismic 

interpretation 
Renaud Bouroullec Senior Geologist Well correlations, seismic 

interpretation and geological analysis 
and integration 

Kees Geel Senior Geologist Well reinterpretation 
Tom van Hoof Biostratigrapher Palynology and Isotope Stratigraphy 
Rader Abdul Fattah Basin Modeller Basin and maturity Modelling 
Mart Zijp Geologist Geological interpretations 
Maarten Pluymaekers Geologist Seismic time-depth conversion 
Frank van der Belt Geologist Literature review 
Johan Ten Veen Senior geologist Advisor and quality control 
Mark Bouman Senior geologist Advisor and quality control 
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2 Geological Setting 

The description of the geological setting of the Dutch Northern Offshore has been 
divided into two parts in this report. The large scale geological setting including the 
Southern North Sea geological evolution during the Carboniferous and Permian was 
compiled from a literature review and is presented in Appendix 2 and briefly 
summarized below (Chapter 2.1). The second part of this chapter (Chapter 2.2) 
focuses specifically on the Rotliegend geological setting and summarizes the current 
knowledge of the Rotliegend in the study area. 
 

2.1 Overview of the tectono-sedimentary evolution of the Dutch Northern 
Offshore within the Northwest-European paleogeographic context 

 
The synthesis of various publications has resulted in an improved understanding of 
the evolution of the Dutch northern offshore area during the Late Palaeozoic, which 
primarily concerns the early activity and tectono-sedimentary evolution of the proto-
Dutch Central North/Step Graben system from the Early Westphalian onwards. 
In short, this geological history of the study area gathered from published research 
was compiled and summarized in a report and is illustrated in Figure 2.1, while the 
entire report can be found in Appendix 2.1.  
The main conclusions are summarized as follows: 
 
• The evolution of the proto-Central Graben/Step Graben system seems to have 

strongly controlled the distribution of fluvial sands into the NW European basin 
system during the Carboniferous and Permian: 

• Initially, during the Dinantian and Namurian, a point source existed that roughly 
coincided with the southern tip of the proto-Viking Graben. 

• During the Westphalian A, the Caledonian highlands seem to have developed 
towards a more extensive line source, but the area east of the Step Graben did 
not receive significant fluvial sands. This suggests that the proto-Step Graben 
system may have acted as a divide (topographic high) rather than a low. 

• During the Early Westphalian B the fluvial systems abruptly retreated from most 
of the Southern North Sea. This might be related to the initiation of the proto-
Central/Step Graben system as an extensional system. Accelerated subsidence 
may have caused fluvial systems to stay within the system (potential reservoirs) 
and no longer prograde out into the basin. 

• The Late Westphalian compressional direction seems to be parallel to the general 
direction of the graben system, allowing for extension during the Variscan 
culmination. This may explain the presence of thick Westphalian D strata in the 
Step Graben. Furthermore, accelerated subsidence may have allowed longer 
accumulation of peat in these grabens as subsidence may have kept the 
sediment surface at ground-water level (unlike in the main basin). 

• During the Permian, the graben system remained active as a low, as reflected in 
the major fluvial pathway running N-S toward the Step Graben system.  



 

CONFIDENTIAL 

  14 / 168                                                                                  TNO CONFIDENTIAL | TNO report | TNO 2015 R10920  | 

• Thick Rotliegend “Northern Fringe” sands can be expected towards the west, due 
to a combination of overall palaeo-wind direction (blowing (south)westward) and 
the absence of northern source. 

• The results of this literature review show that any previous conclusions about 
Palaeozoic activity of a proto-Dutch Central Graben may possibly apply to the 
proto-Step Graben. 

 

 

Figure 2.1: Summary of main tectono-sedimentary events in the NW European basin system and cross graben 
systems, compiled during the literarture review (Appendix 2.1) 
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from east (i.e. Poland and Germany) to west (UK). It is important to notice that in the
Dutch sector only relatively young Lower Rotliegend strata are preserved
strata are referred to as Lower Rotliegend Volcanics Subgroup in 
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The simplified Upper Rotliegend stratigraphy in the Netherland is shown in Figure 
2.4) with a southern sand-rich zone (Lower Slochteren and Upper Slochteren 
Members of the Slochteren Formation) and a northern low net-to-gross zone 
(Ameland and Ten Boer Members of the Silver Pit Formation). The isopach of the 
Upper Rotliegend (Figure 2.5) shows that the average thickness in the Dutch sector 
ranges from 700m in the east to 0m on basement highs (e.g. Mid North Sea High). 
This map also shows how rapidly the Upper Rotliegend interval thickens eastward 
with more than 1.3 km of strata accumulated in the German Offshore.  
 

 

Figure 2.5: Isopach map of the Upper Rotliegend Group (after Lokhorst et al, 1998). Contours interval is 100 m. WNB: 
West Netherland Basin; CNB: Central Netherland Basin; TIJH: Texel-IJsselmeer High; MNSH: Mid North 
Sea High; RFH: Ringkøbing-Fyn High. From Geluk et al. (2007) 
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3 Methodology 

Several analytical techniques were performed in this project, including well 
(re)interpretation, seismic mapping, biostratigraphic analysis, Carbon isotope 
analysis, stratigraphic correlation, basin modelling (including sensitivity analysis and 
maturity mapping) 
 

3.1 Well (re)interpretation 
 
Robust stratigraphic interpretation is crucial in this area since 1) seismic data quality 
varies widely, especially due to the presence of Zechstein salt, 2) well data is 
sparse, and 3) up to four different stratigraphic unconformities are known to occur 
within the Upper Carboniferous-Permian stratigraphic interval, and can be locally 
misinterpreted. A successful seismic interpretation exercise depends strongly on the 
well information and the validity of key stratigraphic markers for intra well 
correlations.  
 
After reviewing all the wells within the study area, a re-evaluation of pre-Zechstein 
lithostratigraphy was carried out for 18 wells. We critically reviewed and reinterpreted 
these wells using: 
 
• various documents from the NLOG database, including end-of-well reports, well 

logs, core descriptions, cuttings descriptions, biostratigraphical reports and 
geochemical reports; 

• non-NLOG biostratigraphical information (palynology) compiled by Tom van Hoof 
(TNO) 

• new stratigraphic interpretation highlighting inconsistencies in NLOG 
lithostratigraphical interpretation, such as the presence in-situ anhydrite in 
Westphalian, or the presence, omission, misinterpreted, or underestimated of 
volcanics and volcano-clastics sediments in the interval of interest; 

 
A systematic approach was used to establish a rigorous well interpretation for the 
Rotliegend in this part of the Dutch Offshore. Two basic rules were established and 
followed to distinguish the presence of Upper Rotliegend (RO) and Lower Rotliegend 
(RV): 
 
• Rule #1: Occurrence of in-situ anhydrite lithology below the base Zechstein 

indicates the presence of Upper Rotliegend Group. The only exception is 
attributed to the Buchan Formation (Devonian). 

• Rule #2: Volcanics or volcano-clastic lithologies identified above the base 
Permian unconformity (BPU) and below the base Zechstein are interpreted as 
part Lower Rotliegend Volcanics (RVVE) and therefore are part of the Lower 
Rotliegend Group (RV) 
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The following seismic horizons are mapped within the study area: 
• Scremerston Coal 
• Base Westphalian Unconformity (BWU) 
• Base lower Rotliegend (RV) 
• Base Upper Rotliegend (RO) 
• Base Zechstein (ZE) 
 
In addition the following horizons (Bases) are mapped on the selected Fugro lines: 
• Upper North Sea Group NU 
• North Sea Group N 
• Chalk Group CK 
• Rijnland Group KN  
• Upper Germanic Trias Group RN  
• Lower Germanic Trias Group RB 
 
The reader should refer to Appendix 4 for a detailed account on 1) well–tie, 2) 
synthetic to seismic matching, 3) seismic definition of the mapped horizons, 4) the 
process of surface creating and computation, and 5) time-depth conversion. 
 

3.3 Biostratigraphy 
 
A search for biostratigraphical legacy data was conducted in this project to enhance 
the stratigraphic resolution of the available well data (see Appendix 5). For those 
wells with no or questionable biostratigraphical data, a few new live samples were 
processed for new palynological analyses (Table 3-1). For wells A14-01 and A15-01 
the goal was to verify the suggested Westphalian age. For well B10-02 there was a 
suspicion of preserved palynological information (from legacy data counts sheets) in 
the Lower Rotliegend interval, which raised interest for an additional analysis to 
validate or discard (e.g. caving) such information. 

Table 3-1: Selected wells and intervals for palynological processing 

Well Interval (m) 

A14-01 2598 - 2708 

A15-01 3273 - 3912 

B10-02 3708 - 3780 
 

 

 

 

 

3.4 Carbon Isotope stratigraphy 
 
It is very difficult to obtain independent chronostratigraphical correlations in sections 
where biostratigraphy is not available (e.g. this is often the case in red beds).  
A new approach to decrease correlation uncertainties in Permo-Carboniferous red-
bed sections is the application of carbon isotope stratigraphy in combination with a 
new biostratigraphical tool based on biogenic silica fossils (van Hoof et al., 2014). 
This technique makes use of the isotopic variations (expressed as δ13C) occurring in 
the global carbon pool through time. Such fluctuations are enclosed in the isotopic 
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composition of organic matter like that derived from terrestrial plants. By measuring 
the δ13C-composition of bulk organic matter, large scale trends can be correlated to 
the global standard curves (Gradstein et al., 2012). By evaluating trends in the δ13C-
records, correlation to chronostratigraphical time scale can be achieved. However, 
an important complexity of applying this technique in terrestrial settings is caused by 
the overprint of variations within the organic facies, which may drive changes in the 
δ

13C-patterns. This issue can be solved by using the quantitative variations in 
biogenic silica fossils (Phytoliths) as a proxy for the variation in plant material (which 
in these settings dominates the organic matter). In this way the high frequency 
variability (noise) of the stable isotope curve can be separated from the low 
frequency atmospheric signal, and hence enables a more clear correlation to the 
global standard curve. 
 
Detailed processing techniques and subsequent analyses are described in Appendix 
5. 

3.5 Stratigraphic correlation 
 
The stratigraphic correlation was carried out using detailed 1) well log analysis, 
including electrofacies analysis1, 2) lithostratigraphic and sequence stratigraphic 
analysis, and 3) paleotopographic and structural considerations 

3.5.1 Well interpretation and electrofacies analysis 
 
The Rotliegend interval was identified in most of the project’s wells, with the 
exception of two (A17-01 and E02-01), where it was either not deposited or was 
eroded (Figure 3.2). Several types of data gathered from previous studies were used 
to identify the Rotliegend interval, and to differentiate the Lower Rotliegend (RV) and 
the Upper Rotliegend (RO). Data sources used are as follow: 
 
• Biostratigraphy data and reports from NLOG and TNO. 
• Lithostratigraphic information from NLOG and from the re-interpreted 

lithostratigraphy scheme of this project (see Chapter 3.1) 
• New seismic interpretation, especially the mapping of key unconformities at well 

location, such as the Base Permian Unconformity (BPU and base of the 
Rotliegend) and the Saalian Unconformity (base of the Upper Rotliegend). 

• Identification of specific lithofacies in well data. Any volcanics or volcano-clastics 
identified above the Base Permian Unconformity have been attributed to the 
Lower Rotliegend interval, whilst any halite facies has been allocated to the 
Upper Rotliegend interval (specifically associated with the Silver Pit Formation, 
Figure 0-1.1 ). 

 
Electrofacies information was collected for the Rotliegend stratigraphic interval and 
compiled for 30 wells (Figure 3.2 and Figure 3.3). Five different electrofacies types 
were established and classified based on Gamma Ray and Resistivity information. 
They are Sand, Shale, Halite, Volcanics and Limestone electrofacies types. Four 

                                            
1 Automatic lithofacies classification based on multiple wireline logs. Electrofacies can usually be 
assigned to one or more lithofacies as log responses are measurements of the physical properties of rocks. 
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The subcropping stratigraphic intervals below the Rotliegend (below BPU) are 
shown on the correlation panels, along the base of the sections (Figure 3.5) 
Figure 3.5. The subcrop information is accurate at the well locations but is inferred 
between wells. However, local trends gathered from seismic data between well 
locations were used to interpret the lateral extent of these subcropping intervals. 
 

3.5.2 Lithostratigraphic and sequence stratigraphic analysis 
 
For the internal correlation of the Lower and Upper Rotliegend intervals, a variety of 
lithological information has been used. Correlation techniques consisting of a mix of 
lithostratigraphic and sequence stratigraphic concepts that are used to describe the 
stratigraphic evolution of the basin in a more realistic manor. 
 
• Halite units 

Halite lithofacies (electrofacies) proved to be one of the most useful lithology for 
basin axis correlation. Up to 22 individual thick halite units can be observed in 
twelve wells (i.e. in well F10-2, Figure 3.3) located in the southern part of the 
study area (Figure 3.5). Individual intervals can be up to 23m in thickness. 
They form excellent markers as they can be recognized over distances of tens of 
kilometres and, as such, they proved to be extremely useful to build a robust 
correlation framework for the southern part of the study area. This is true despite 
the fact that these halite units often change character laterally (i.e. in thickness, 
vertical stacking pattern and purity) especially when correlated from basin axis 
toward the basin margins. Correlation of these halite units was carried out based 
on: 1) the number of stacked recognizable halite units, 2) their vertical 
stratigraphic strand, 3) their thickness patterns, 4) their lateral thickness 
variations, and 5) the lateral characteristics of the intra halite strata (mainly the 
shales of the Silver Pit Formation), which are also thinning from basin axis to 
basin margins. The halite units have been correlated laterally (on the basin 
margins) to sandy intervals (part of the Slochteren Formation) located near the 
basin margins. The latter are thought to represent dry events on the basin (lake) 
margins (Figure 3.5).  

 
• Sandy intervals 

Correlations based on sandy intervals within the Rotliegend are not highly reliable 
due to lateral heterogeneity in such depositional systems. However, particularly 
thick (10 to 50m) sand-rich intervals identified within the Rotliegend interval, 
especially in the Upper Rotliegend, can be laterally correlated with a relatively 
high level of confidence. Detailed correlation of thinner coarse-grained siliciclastic 
units (1 to 10m) has not been attempted due to decreased confidence and due to 
distance between some of the wells (locally over 60km). It is worth noting that the 
use of thick sand-rich units for regional correlation was more successful in the 
Upper Rotliegend than in the Lower Rotliegend due to the more regionally 
extensive nature of this younger interval. 
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• Fine-grained siliciclastic units 
The most common lithology within the Rotliegend in the study area consists of  
shales (i.e. 70% of all lithologies encountered). The vertical stacking patterns 
within these, often thick, shale-rich intervals, can be easily used for correlation 
purposes. Correlatable coarsening and fining upward trends are frequently 
observed in different well logs within those fine-grained siliciclastic units. Such 
correlations were used with relatively high confidence on the marginal zones of 
the southern part of the study area (Silver Pit Lake), as halite units are often 
absent in such marginal depositional settings.  

 
• Volcanics and volcanoclastic units 

Using volcanics and volcanoclastic units for regional stratigraphic correlation 
purposes has to be done with great care and are of lower confidence compared 
to other lithological units. Therefore, in this project, only limited use was made of 
volcanic and volcano-clastic units for correlation purposes. Only in the northern 
part of the study area (Section 1, Figure 3.5) volcanics and volcanoclastic units 
were used for intra-Lower Rotliegend stratigraphic correlation.  

 

3.5.3 Subdivision and maps 
 
The Lower Rotliegend and Upper Rotliegend are subdivided in 3 and 5 layers, 
respectively. This subdivision is not a pure lithostratigraphic subdivision (e.g. 
Members), but is used to described the stratigraphy of the Rotliegend by 
incorporating lithostratigraphic and sequence stratigraphic concepts. Since no single 
lithostratigraphic layer can be defined as a regional stratigraphic surface, the 
boundaries of the units described are therefore not purely lithological, but timelines 
that cross various facies and depositional environments (e.g. coastal to deep basin), 
(e.g. a halite is laterally interfingering with mudstones distally, which are 
interfingering themselves with sands proximally). These timelines are not purely 
sequence stratigraphically defined (e.g. sequence boundaries, MFS, etc…) since we 
lack detailed information concerning the high resolution stratigraphic setting of the 
Rotliegend. However, the correlation obtained in this project do depict transgressive 
and regressive trends (e.g. in RO1, RO5).  
 

3.5.4 Paleotopography and structural considerations 
 
Both paleotopographic and structural information were incorporated to the 
stratigraphic correlations panels (Figure 3.5).  
 
Seismic interpretation of the base Rotliegend (Base Permian Unconformity) and the 
base Upper Rotliegend (Saalian Unconformity) have revealed that syn-depositional 
fault activity occurred during the deposition of the Rotliegend. Seismic interpretation 
also shows that the distribution of the Rotliegend was highly affected by 
paleotopography, as also stated by other authors (George and Berry, 1997; Howell 
and Mountney, 1997). Three of the main faults interpreted in the study area (see 
Chapter 6) have been added to the stratigraphic correlation panels Figure 3.5) to 
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highlight the syn-depositional nature of the Rotliegend strata. It is important to note 
that many other faults, some possibly large, may have been active during the 
deposition of the Rotliegend. However, such tectono-stratigraphic analysis was 
beyond the scope of this project. In addition large well spacing, low resolution of 
seismic imaging of the Rotliegend and the size of the study area make any detailed 
tectono-stratigraphic characterisation a cumbersome process. Therefore, the faults 
added on the correlation panels (Figure 3.5) are illustrating what is more likely an 
intensely syn-depositionally deformed stratigraphic interval.  
 
In a similar manner, the stratigraphic correlations panel constructed for this project 
incorporate some paleotopographic aspects, especially in the lower part of the 
Rotliegend where rapid stratal thinning are observed. Such stratigraphic thinning is 
interpreted as the results of topographic control on the distribution of the Rotliegend 
basal strata within the study area (e.g. between wells 44-11a-4 and 44/12a-4, 
Section 2, (Figure 3.5). 
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Figure 3.5:  Stratigraphic correlation panels of the Rotliegend in the Dutch Northern Offshore. The base is Zechstein 
used as upper datum. See 
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Many iterations of possible correlation frameworks were generated using all the 
previously described techniques and until robust stratigraphic correlations were 
achieved. The resulting correlation panels (Figure 3.5) combined with the well log 
analysis and the seismic interpretation were used to construct depositional maps 
that are presented in the following Chapter (Chapter 3). 
 

3.6 Basin Modelling 
 
The aim of the basin modelling was to provide insights into the thermal maturity of 
the basin as well as the timing of hydrocarbon generation and expulsion from the 
main Carboniferous source rocks. 1-D basin modelling was carried out in a number 
of wells in the study area. Synthetic wells (pseudo wells) were also constructed and 
modelled in selected locations.   
 

3.6.1 Modelling input  
 
The main input for basin modelling includes the stratigraphy, source rock properties, 
boundary conditions and calibration data.  
 

3.6.2 Stratigraphy 
 
The stratigraphy and lithological description of the 1-D models at the location of the 
selected wells was based on the descriptions from the on NLOG database and the 
revised lithostratigraphic analysis carried out in this project (see Chapter 3.1). For 
the synthetic wells, the latest results of the mapping program of the Dutch 
Subsurface (NCP-2, Kombrink et al., 2012) and the seismic results from this study 
were used to describe the stratigraphy and model the geometry.  
We assumed erosional thicknesses for the main erosion phases based on published 
values, seismic interpretation and regional stratigraphic comparisons with 
surrounding wells (for example: Abdul Fattah et al., 2012). The depositional ages for 
the various stratigraphic intervals follow the Dutch Nomenclature and Gradstein et al. 
(2004) time scale.  
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Figure 3.6:  Updated chronostratigraphical chart of the Carboniferous 
also shown as poly
Westphalian Unconformity (dark orange), the Base Permian Unconformity (orange) and the Saalian 
Unconformity (yellow).
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3.6.4 Source rock properties: 
 
The main source rocks identified in this study belong to the Westphalian Maurits and 
Klaverbank Formations and the Dinantian Scremerston Fm. Potential Namurian 
source rocks, such as the Epen Formation (DCGE) and the Yoredale Formation 
(CFYD), have not been identified. The properties of the Carboniferous source rocks 
as used in the modelling exercise are based on the information provided by previous 
studies (e.g.: Abdul Fattah et al., 2012; Schroot et al., 2006; PGL, 2005). These 
properties include: the source rock type (kerogen type), the total organic carbon 
content (TOC %) and the Hydrogen Index (HI %) (Table 3-1).  
 

Table 3-2: Source rock properties as used in the 1-D basin modelling. 

Formations Lithology Source Rock Type TOC % 

Westphalian Maurits Fm. Shale, Sand, Coal  Gas-prone (Kerogen type III) 4 % 

Westphalian Klaverbank Fm.  Shale, Sand, Coal  Gas-prone (Kerogen type III) 2 % 

Scremerston Fm. (UK) Clastics,  Carbonates Gas-prone (Kerogen type III) 1.2 % 

 

3.6.5 Model calibration: 
 
All models were calibrated to present-day temperature and maturity (Vr %) data as 
measured in the wells. The calibration data were quality controlled and are based on 
the TNO database.  

3.6.6  Well selection 
 
A total of twelve wells, three of which are located in the UK offshore sector, as well 
as one pseudo well in the Dutch offshore, were selected for 1-D basin modelling 
(Figure 3.8). Table 3-3lists the modelled source rocks, the thicknesses of the 
formations as well as the erosional thicknesses for the Carboniferous section for 
each of the modelled wells.  
The selection of the wells followed several criteria such as presence of the source 
rock, availability of calibration data and significance for the assessment of the 
potential of the petroleum system.  
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Table 3-3:  List of the modelled wells. “Annex” refers to source rock information being used from an adjacent well when 
not drilled. 

Well Name Location 
Analysed 

source rock  

Source rock 

thickness 

(m) 

Total 

Carboniferous 

erosional 

thickness (m) 

Possible other source 

rocks (not included in the 

model)  

B17-04 NL 
Maurits Fm. 

(DCCU) 
205 550 

Dinantian Visean (Yoredale 

Fm), Scremerston Fm. 

(CFEB)  

F04-03 NL 
Maurits Fm. 

(DCCU) 
234 100 

Dinantian Visean (Yoredale 

Fm), Scremerston Fm. 

(CFEB) 

E12-03 NL 
Maurits Fm. 

(DCCU) 
25 575 

Dinantian Visean (Yoredale 

Fm), Scremerston Fm. 

(CFEB) 

Pseudo Well-1 NL 
Maurits Fm. 

(DCCU) 
243 0 

Dinantian Visean (Yoredale 

Fm), Scremerston Fm. 

(CFEB) 

F10-02 NL 

Maurits Fm. 

(DCCU) 

(Annex) 

588 (Annex) 100 

Dinantian Visean (Yoredale 

Fm), Scremerston Fm. 

(CFEB) 

B10-02 NL 

Maurits Fm. 

(DCCU) 

(Annex) 

200 (Annex) 50 

Dinantian Visean (Yoredale 

Fm), Scremerston Fm. 

(CFEB) 

A11-01 NL 

Scremerston 

Fm. (CFEB) 

(Annex) 

18 550 

Elleboog Fm. (CFEB) 

A15-01 NL 

Scremerston 

Fm. (CFEB) 

(Annex) 

18 1200 

Elleboog Fm. (CFEB) 

E02-02 NL 
Scremerston 

Fm. (CFEB) 
191 650 

Elleboog Fm. (CFEB) 

39/7-1 UK 
Scremerston 

Fm. (CFEB) 
629 500 

Elleboog Fm. (CFEB) 

44/02-1 UK 

Visean 

(Yoredale 

Fm) 

423 720 

Scremerston Fm. (CFEB), 

Elleboog Fm. (CFEB) 

38/03-1 UK 

Buchan 

Fm_T 

(Fransian) 

1082 0 

Unknown 

 

3.7 Sensitivity analysis for basin modelling 
 
The outcome of the basin modelling is to a large extent dependent on the input. In 
order to understand the results of the models and constrain the involved 
uncertainties, the sensitivity of the model to various inputs had to be assessed. The 
relationship between various input parameters and the outcome of the modelling is 
usually complex. Therefore no simple correlations can be made and generalized 
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statements are provided wherever possible. The sensitivity of the model was 
assessed for the following elements: 
 
• Surface Water Interface Temperature (SWIT): 

The sensitivity analysis has shown that variations in the SWIT can affect the 
temperature evolution in the basin. This can change the history of the source rock 
maturity and hydrocarbon generation. Thus, it was concluded that the TNO SWIT 
model would be best suited for the maturity modelling. In general, higher SWI 
temperatures appear to result in models with higher formation temperatures and 
thus higher maturities. The TNO SWIT model is more refined based on a 
compilation of various studies as well as biostratigraphical analyses especially for 
the Tertiary section. 

 
• Basal heat flow 

Two different heat flow scenarios have been assessed for their impact on source 
rock maturity and hydrocarbon generation. Variations in the heat flow through 
geological time can affect the history of hydrocarbon generation. Higher heat flow 
values results in higher thermal gradients and thus higher maturities of the source 
rocks. Tectonic heat flow was modelled and calibrated to temperature and 
maturity data in the A11-01. This model was used for all the wells and was 
recalibrated to present-day temperatures and maturities for each well.  

 
• Source rock kinetics 

Two different kinetic models were tested: the Pepper & Corvi (1995) II, III models 
and the Burnham (1989) model. The comparisons have shown that using 
different kinetic models have limited impact on the bulk hydrocarbon generation in 
the study area under the same thermal conditions. However, the ratio oil/gas can 
change depending on the input kinetic model. The Pepper & Corvi (1995) kinetic 
model resulted mainly in oil (or larger percentages of generated oil), whereas the 
Burnham (1989) model resulted in oil and gas. Therefore the latter model was 
used in the present exercise. 

 
• Stratigraphy of the Tertiary: 

Previous modelling has shown that crucial generation and expulsion activities 
from Carboniferous rocks took place in the Tertiary in this part of the North Sea 
(Abdul Fattah et al, 2012). The sensitivity analyses indicated that the complex 
stratigraphy of the Tertiary section (thick, prograding delta) can have important 
impact on the hydrocarbon generation and expulsion. The relationship between 
the modelled maturity and the level of detail of the stratigraphy used for the 
modelling is rather complicated. In general, the stratigraphy affects the burial 
history of the formation and thus their temperature evolution. In order to reduce 
the uncertainties in our models related to this factor, a detailed stratigraphy of the 
Tertiary was used in the modelling including a new definition of the Mid-Miocene 
Unconformity.   
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• Salt movement 
In the Northern Offshore area many salt domes and salt structures exist. The 
sensitivity analyses indicated that salt movement during geological time has 
affected the burial history of the formations and therefore the history of 
temperature and source rock maturity. When salt movement is not incorporated in 
the modelling (e.g. an equal thickness, post movement is used), areas that has 
seen salt moving into it (salt pillow and salt diapirs) will have an unrealistic early 
and deep burial. This result in early heating of the source rock which will result in 
earlier modelled maturity and hydrocarbon generation. In areas that has seen salt 
withdraw, the opposite is modelled. The thermal effect of salt domes can also 
have an impact on the temperature around the salt structure. Salt movement and 
salt deformation at different geologic times was therefore taken into account in 
the modelling at the well locations where anomalous salt structures exist.  

 
• Post- Carboniferous (Jurassic) erosion  

Several scenarios representing various amounts of eroded strata for the Jurassic 
event have been investigated (i.e. Mid-late Kimmerian event). The analyses have 
shown that although the deepest burial is generally at present day, Jurassic 
erosion can influence the history of hydrocarbon generation and expulsion from 
Carboniferous source rocks. In general, higher erosion amounts will result in 
deeper burial (prior to the uplift) and thus higher temperatures and maturities that 
may exceed the maturities as observed at present day. For this reason and other 
reasons, the amount of erosion should be constrained in the models. The 
erosional amounts in the different wells were carefully determined based on 
regional stratigraphic correlations and seismic interpretation with in the 
surrounding areas.  

 

3.8 Maturity map of the Westphalian source rock  
 
In addition to the 1-D basin models (conducted at the well location of the selected 
wells, Table 3-3), a maturity map was produced for the entire Westphalian section. 
The seismically mapped base and top of the Westphalian were selected to define 
the geometry of the source rock and a single heat flow value of 55 mW/m^2 was 
assumed. The produced map was then calibrated to the modelled present-day 
maturities at the well locations of the 1-D modelling.    
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4 Results 

The analytical results obtained in this project are presented below in detail, including 
the well (re)interpretation, seismic interpretation, stratigraphic, biostratigraphic, 
isotope stratigraphy and basin modelling results. In the following chapter (Chapter 5, 
Synthesis) all these results are interpreted, discussed and integrated in relation to 
the Permo-Carboniferous geological history (stratigraphic and structural) and the 
petroleum system history of the study area. 

4.1 Well reinterpretation 
 
In total 18 wells were reinterpreted. Some modifications were only minor and 
concerned the boundary between the Silver Pit Evaporitic Member (ROCLE) and the 
overlying Upper Silver Pit (ROCLU), or the underlying Lower Silver Pit Member 
(ROCLL). In other cases, stratigraphic revisions were quite substantial. For example, 
well A15-01 loses its Silver Pit Formation and a large part of its Millstone Grit 
Formation in favour of Lower Rotliegend Group (RV).  
Another example is for well B10-02, which used to have 14m of Upper Rotliegend, 
almost 200m of Millstone Grit Formation, and 59m of Yoredale Formation. In the 
revised interpretation, it has 72m of Upper Rotliegend Group (RO), and almost 200m 
of Lower Rotliegend Group (RV) down to TD. 

Table 4-1: Pre-Zechstein stratigraphic revisions. Symbols: � = newly assigned; �= present but depth not changed;  � 
= present and depth changed; � = deleted 
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A05-01     � �              
A11-01     �      �         
A15-01     � �     �         
A17-01                � � � � 
B10-02     � �     �  �       
B17-04     � � �  �  �         
E02-01       �     � � � � �    
E10-01-S1 � � �       �          
E10-02 � � �      � �          
E10-03-S2 � � �       �          
E12-03 � � �       � �         
E12-04-S2 � � �       �          
F04-02-A � � �   � �             
F04-03 � � �   � �  �           
F07-02 � � �    �  �           
F10-02 � � �   � �             
F10-03 � � �    � �            
F16-03 � � �   �              
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Table 4-1 shows the current stratigraphic interpretations, as well as the older NLOG 
(December 2014) interpretations. A graphic overview of the main changes is shown 
in Appendix 3.1 and Appendix 3.2. Detailed rationale for our reinterpretations can be 
found in Appendix 3.3. 
 
The main conclusions of the well reinterpretation are as follows: 
 
• Changes in Carboniferous stratigraphy resulted in a more accurate Base Permian 

subcrop map and a better evaluation of the major erosional events 
 
• The entire Rotliegend interval has now frequently become thicker. A few wells in 

particular show important increases in thickness: i.e. A11-01 (+163m), B10-02 (+ 
250m) and A15-01 (+138m).  

 
• An overall increase of Rotliegend thicknesses occurred in some wells due to the 

addition of Lower Rotliegend (RV) strata that were previously interpreted as 
Carboniferous. 

 
• With the revised interpretation the stratigraphy is either younger (i.e. A11-01, 

B10-02, A15-01, F10-02, A17-01 and E02-01) or older (i.e. A05-01, B17-04, F04-
02, F04-03, F10-03, A17-01) than previously interpreted. 

 
• The total amount of sands allocated now to the Rotliegend (combined RO + RV) 

has increased compared to the previous interpretation, and allows for the 
definition of new Rotliegend-age sand fairways (see below). 

 

4.2 Seismic interpretation 
 
The aim of the seismic interpretation was to provide a stratigraphic framework and to 
get a better understanding of the geology of source and reservoir rocks. It was never 
intended to be a regional mapping project. However, to get a good understanding of 
the reservoir and source rocks in the study area, multiple intervals were mapped 
regionally, on a coarse grid of 2D and 3D seismic data (see Figure 4.1).  
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 Figure 4.1:  Maps of showing the extent of seismic interpretation of the Base Upper Rotliegend (RO),  the Base Lower 
Rotliegend (RV), the Base Westphalian Unconformity (BWU), and Top Scremerston coals. See also 
Appendices 4.01 to 4.16. 

 

4.2.1 Scremerston Formation 
 
The Scremerston seismic horizon is the top of the coal measures, which show up as 
bright events on seismic data. These coals are an intra Scremerston Formation 
horizon. The Scremerston horizon was interpreted from the UK sector (well 39/07-1, 
see Figure 4.2 and Figure 4.3) and mapped towards the southeast across some 
large faults (significant fault throw observed along the N85-01 2D seismic line). At 
the location of well 39/11-1 the Scremerston coals have not been encountered since 
the Old Red Group is found directly below the Rotliegend. Bright events are 
observed in this area (around well 39/11-1) and they seem to have a seismic 
character comparable to the Scremerston coals farther north. However, the polarity 
of these seismic events is opposite to the Scremerston coals, indicating the 
presence of a hard, dense layer rather than a soft kick, as expected with the low 
density of the coal measures. These bright reflectors do not represent the 
Scremerston Coals but are possibly related to volcanics intra-Carboniferous or intra-
Devonian. This result highlights the risk of interpreting the presence of coals (in this 
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The stratigraphic relationship between the Lower and Upper Rotliegend is a 
seismically recognisable unconformity (Saalian Unconformity) (Figure 4.4, Figure 
4.12 and Figure 4.13) 
 

 

Figure 4.13: Seismic example of the intra-Rotliegend stratal complexity. The lower orange line represents the base of 
the Rotliegend. 

 

4.2.5 Base Zechstein 
 
The base Zechstein was interpreted as a top horizon. Since it is relatively easy to 
auto track, it was also interpreted in the available 3D seismic volumes (Figure 4.14 
and Appendix 4.02).  
Faults and fault trends are mapped on this surface (Figure 4.14 and Appendix 4.17).   
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Figure 4.14: Base Zechstein time-structure map. The interpreted faults at this level are also shown. 

 
Despite the limitation of seismic data quality, the seismic interpretation performed in 
this project was instrumental to unravel the tectono-stratigraphic history of this part 
of the North Sea during the Carboniferous and Permian. Even if this project scope 
did not include a seismic mapping exercise, the research team generated a vast 
amount of seismic-based results that are necessary to discuss the complex basin 
evolution. 
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4.3 Stratigraphy 
 
The stratigraphic results obtained in this project are presented below. A new 
chronostratigraphic chart for the Dutch Northern Offshore is described as well as a 
new Base Permian subcrop map. The majority of the detailed stratigraphic results 
are focused on the Rotliegend, with a particular emphasis on the internal 
stratigraphic complexities of the Lower and Upper Rotliegend. 
 

4.3.1 Chronostratigraphical chart 
 
The chronostratigraphical chart (see Figure 4.15 and appendix 9) was constructed 
by combining the chronostratigraphical charts of the Carboniferous and Permian as 
published by Kombrink et al., (2010) and Glas et al. (2010) with the new stratigraphic 
results obtained in this study. This new chronostratigraphic chart is schematic and 
follows a North-South orientated transect in the Northern Dutch Offshore, extending 
to the north to the British and Danish sectors and to the F16 block in the south. The 
Permo-Carboniferous stratigraphy is described below: 
 
• Old Red Group 

In the Southern Permian Basin the Old Red Group is composed of Devonian 
(Patch and Buchan Formations,) and Carboniferous (Tayport Formation) 
sediments (Geluk et al., 2007.  Old Red Group is found in A17-01 and wells 
across the border in the UK (39/11-1, 38/10-1, 38/25-1, 38/24-1, 38/29-1). It is 
assumed to be present in the entire study area. In the border region (around the 
Mid North Sea High) it is directly underlying the Rotliegend (if present). This is 
represented in the northern part of the chart by the Saalian Unconformity. 

 
• Farne Group 

In the Southern Permian Basin the Carboniferous Farne Group is composed of 
sediments of Dinantian-age (Cemenstone, Ellebog, and partly Yoredale 
Formations) and of Namurian-age (partly Yoredale and Epen Formations) (Geluk 
et al., 2007). In the study area, this group is mainly encountered in wells 
surrounding the Elbow Spit High (A14-01, A16-01, E02-01, E02-02 and E06-01) 
and just across the German border (B10-01). Around the Elbow Spit High the 
Farne Group is found directly underneath the Rotliegend (when present). This is 
represented in the middle section of the chart, by the Saalian Unconformity. 
 

The Scremerston Formation is not defined as a separate formation in the 
Netherlands. It is present in the Northern Permian Basin in the UK sector (e.g. 
39/07-1) and is equivalent to the upper part of the Ellebog Formation is the Dutch 
sector. Note that coal layers are also encountered in the Elleboog Formation in 
the Netherlands, and could be the southern expression of the Scremerstone coal 
measures. The Scremerston Formation is one of the potential source rocks in our 
study area 
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• Limburg group 
The Limburg Group is composed of Namurian (Epen and Millstone Grit 
Formations), Westphalian (Klaverbank, Maurits, Hospital Ground and Step 
Graben Formations) age strata. By definition the Limburg Group includes 
Stephanian sediments but no Stephanian-age strata have been identified in the 
study area (see 4.4.3 section for detailed arguments). Below is a summary of the 
occurrences of Limburg Group strata in the project’s wells: 
 
Epen Formation 
The Epen Formation was only found in A14-01 and E06-01. The base of the 
Epen Formation is the Geverik Shale, which could be a potential source rock.  
 
Millstone Grit Formation 
The Millstone Grit Formation was encountered below the Westphalian (B17-04, 
E09-01, E12-02, E12-03), directly below the Lower Rotliegend (A15-01) (caused 
by Hercynian erosion), and the Upper Rotliegend (A11-01 and A14-01) (caused 
by Saalian Unconformity). 
 
Klaverbank Formation (Approximately Westphalian A) 
The Klaverbank is the oldest Westphalian formation and is therefore more likely 
to be preserved than its younger counterparts (which had more extensive 
exposure to erosion of the Hercynian and Saalian erosion phases). The 
Klaverbank Formation is a potential source rock. 
 
Maurits Formation (Approximately Westphalian B) 
The Maurits formation is a well-known source rock, which has been encountered 
in the north of the study area (B17-04, F04-02A, and F07-02). 
 
Hospital Ground Formation (Approximately Westphalian C) 
The Hospital Ground Formation is a well-known reservoir, but it has only been 
encountered in the most southern well (F16-03) and is not present in towards the 
north. 
 
Step Graben Formation (Approximately Westphalian D) 
Towards the north it is not present and the Step Graben Formation directly 
overlies the Maurits Formation.  

 
• Lower Rotliegend Group 

The Lower Rotliegend consists of the Grensen Formation in the North (UK 
sector), which corresponds to the Basal Rotliegend Clastics in the Netherlands. 
The age dating of the Lower Rotliegend is problematic, but it is most likely early 
Permian. The lower Rotliegend consist primarily of volcanics and volcanoclastics 
in the western part of the Danish Offshore and of clastics, volcanoclastics and 
volcanics in the Netherlands (Lower Rotliegend Volcanics Formation). 

 
• Upper Rotliegend Group 

The Upper Rotliegend consists of the Auk Formation in the UK, which correspond 
to the Slochteren Formation in the Netherlands. The Slochteren Formation is 
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4.3.2 Subcrop map 
 
A new Base Permian subcrop map (see Figure 4.17 and Appendix 7.01) has been 
constructed in this study for the Dutch northern Offshore. This new map, partially 
based on the previously published subcrop map by Mijnlieff (2002) (Figure 4.16), 
incorporate seismic and well interpretation results from the present projects.  
 
Many zones within the study area show a different age than previously published. 
One of the main differences is in the northern part of the Step Graben where 
Westphalian-age strata (Klaverbank and Maurits Formations) have now been 
interpreted below the Base Permian Unconformity. The geometry of the subcrop in 
the middle of the Step Graben suggests an anticlinal geometry with Millstone Grit 
Formation at the core, also shown on seismic in Figure 4.5. North of the Elbow Spit 
High an area is kept blank since seismic interpretation along the UK/NL boundary 
suggests the presence of Carboniferous rocks, while several UK wells (38/24-1, 
38/25-1 and 38/29-1) show Old Red Group just across the border. This issue was 
planned to be resolved as part of Theme 3, but due to budget cuts this was 
cancelled.  
 
This new subcrop map has been used in this study during the basin modelling 
activity. 
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Figure 4.17: New Base Permian subcrop map. Note that the age of subcropping strata in the Dutch Central Graben has 
not been resolved in this study to the greater present-day depth of the Permian in this area and the low 
seismic data quality in this part of the basin. See also Appendix 7.01 

 

4.3.3 Rotliegend Stratigraphy 
 
The Rotliegend stratigraphy is complex due to the vertical and lateral variability in 
depositional settings, systems, thicknesses and lithologies. In this section, the main 
results concerning the stratigraphy of the Rotliegend as a depositional unit will be 
summarised, followed by specific sub-sections on the stratigraphy of the Lower and 
Upper Rotliegend Groups. 
 
Lithological information, in the form of electrofacies classes, has been extracted from 
the well database for the Rotliegend interval. Figure 4.18 and Figure 4.19 summarize 
the electrofacies results for the Rotliegend in the study area. Only two wells have no 
Rotliegend preserved, i.e. E02-02 and A17-01 (Figure 3.5). The Rotliegend is 
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primarily composed of shales (70%) with some halites (13%), sands (10%) and 
volcanics (5-8%). Less than 0.1 % of limestones are observed. The large amount of 
shales in the Rotliegend stratigraphy is mainly due to the, often thick, low net–to-
gross deposits of the Silver Pit Formation (Silver Pit palaeo-lake) that are located in 
the southern part of the study area. Most of the reservoir facies are located along the 
margins of the basin to the south and north of the study area, on the margins of the 
successive Silver Pit lake depo-centres. 
 

 

Figure 4.18: Electrofacies results of the Rotliegend for all the wells located in the study area. 1) To the left: differentiated 
for the Upper and Lower Rotliegend for each well, and 2) to the right: for the entire Rotliegend for each well. 
The Rotliegend electrofacies thicknesses measured in the well are not corrected for deviation since no 
major deviated wells have been used in this study. RO= Upper Rotliegend, RV= Lower Rotliegend. Location 
of wells shown in Figure 3.2. 
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Figure 4.19: Pie-charts documenting the relative proportion of the Rotliegend electrofacies.  The entire database for the 
first row, and for the second row, all wells but one (* i.e. well LIVA-1, which is located in Denmark and 
consists of volcanics in the Rotliegend). Note that the amount of carbonate lithology in the Rotliegend is 
very low (less than 0.1% overall. 
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association) are found in the extreme northwest (Zone A), and in the central 
eastern part of the preserved area (Zone B). Finer-grained lithofacies 
associations (i.e. the ‘sand, silt and shale interfering’, and ‘predominantly shales’ 
lithofacies associations) are also deposited during this period (in Zone C). The 
latter mixed lithofacies associations were identified on the southern edges of the 
main preserved Lower Rotliegend area and are locally bounded by a large NW-
SE oriented normal fault (i.e. Fault 1). 

 
• RV2: Middle Unit of the Lower Rotliegend (see Figure 4.23 to Figure 4.24). The 

middle unit is mainly composed of the ‘Sand, silt and shale interfingering’ 
lithofacies associations. ‘Volcanoclastics and volcanics’ lithofacies associations 
are limited to the north eastern part of the area, located in the Danish and 
German offshore sectors. Each well that contains RV2 strata shows one or two 
coarsening-up sequences and an overall coarsening-up trend for the entire 
interval. Rare thin ‘Carbonates’ lithofacies associations are observed in the 
northern part of the area, in wells 39/02-04 and 39/07-1. The depositional map 
(Figure 4.24) for this interval shows a NW-SE trend in the distribution of the main 
lithofacies. The NW/SE trending ‘Predominantly sand’ zone (Zone D) borders the 
SW edge of the ‘Volcanoclastic and volcanics’ zone. Farther to the southwest and 
parallel to the sandy Zone D, a more extended zone of lower net-to-gross 
(referred to as “sand, silt and shale inter-fingering”) is observed (Zone E). The 
south-western limit of depositional zone E is truncated and therefore the palaeo-
extent of this interval is unknown. Finally, to the extreme south a low net-to-gross 
deposition area (i.e. ‘predominantly shales’) is observed.  

 
• RV3: Upper Unit of the Lower Rotliegend (see Figure 4.23 to Figure 4.24). This 

upper (=youngest) unit of the Lower Rotliegend is locally eroded and therefore 
has a more limited geographic extent than the two older units (i.e. RV1 and RV2). 
Two eroded zones are identified (i.e. Zones F and G). In Zone F the RV3 unit is 
eroded between wells 39/07-1 and A05-01 (Figure 4.25) at base Zechstein and is 
missing in the position of well A05-01. Zone G is located on the up thrown side of 
Fault 1. In contrast to the older two Lower Rotliegend units, RV3 shows a 
different distribution of the ”predominantly sand” lithofacies associations with 
these sandy facies located along the south-western edge of the area (Zone H), 
where it is locally fault-bounded (Fault 1).  
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Figure 4.24: Depositional maps of the preserved three units of the Lower Rotliegend. Seven lithofacies associations 
have been identified at well locations and extrapolated across the wells. Seismic data was used to map the 
aerial extent of each sub-division and to characterise the boundaries of each lithofacies (i.e. eroded, 
onlapping or laterally transitioning to other lithofacies associations).  
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Figure 4.26: Depositional maps of the preserved five units of the Upper Rotliegend. Seven lithofacies associations have 
been identified at well locations and have been extrapolated across wells. Seismic data was used to map 
the aerial extent of each unit and to characterise the boundaries of each lithofacies (i.e. eroded, onlapping 
or laterally transitioning to other lithofacies associations). 
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Each of the five successive Upper Rotliegend units will be described below (from old 
to young):  
 
• RO1, first Upper Rotliegend Unit (see Figure 4.26 to Figure 4.30). The oldest 

stratigraphic unit is, overall, relatively thin (i.e. up to a max. of 28m in well F16-
03). The unit is composed of three main lithofacies: i.e. Predominantly sand’, 
‘Sand, silt and shale interfingering’ and ‘Predominantly shale’. The ‘Predominantly 
sand’ lithofacies is situated to the south (i.e. Zone A) and is observed at well F16-
03. It is also found in the central and western parts of the study area, i.e. 
respectively Zones B and C. They are separated by an E-W oriented low net-to-
growth zone (i.e. ‘Predominantly shale’ facies, Zone D). No halite is observed in 
this unit.  
Locally RO1 pinches out onto older strata in northerly direction, in the western 
part of the study area (Zone C). At those locations RO1 is mainly composed of 
sandstones intercalated with thin low net-to-gross strata. RO1 is not present 
around the E10 block (Zone E), which contrasts with the younger Upper 
Rotliegend strata (see following maps). No Upper Rotliegend strata of that age 
are present in the entire northern half of the study area. To the northeast, the 
depositional limit of RO1 is controlled by the same fault (i.e. Fault 1), as 
previously observed.  
It is important to note that the southern ‘predominantly sandy’ facies (i.e. Zone A) 
is only observed in RO1 and correspond to the Lower Slochteren Mb that extends 
outside of the study area toward the south (Figure 2.6 and Figure 4.15). The 
younger units (i.e. RO2-5) only contain low net-to-gross strata in this part of the 
study area, which are more axial basinal setting within the Silver Pit Paleo-Lake. 
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Figure 4.27: Internal stratigraphy of the oldest unit of the Upper Rotliegend (RO1). 
oriented well correlation panel
location.

 

Figure 4.28: Internal stratigraphy of the oldest unit of the Upper Rotlieg
NE/SW 
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Figure 4.29: Internal stratigraphy of the oldest unit of the Upper Rotliegend (RO1). Western part of Section 3, an E/W 
oriented well correlation panel. The RO1 interval is represented by the coloured interval. Figure 4.20 for 
location. 

 

 

Figure 4.30: Internal stratigraphy of the oldest unit of the Upper Rotliegend (RO1). Eastern part of Section 3, an E/W 
oriented well correlation panel. The RO1 interval is represented by the coloured interval. Figure 4.20 for 
location. 
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• RO2, second Upper Rotliegend Unit (Figure 4.26 and Figure 4.31 to Figure 4.33). 
This stratigraphic unit shows some similarities with the previous unit (i.e. RO1) 
but also some major differences. Its similarities with RO1 are summarised as 
follows:  
1) Both distributions are restricted to the southern part of the study area, 
2) Both distributions are E-W oriented, arc-shaped and have a northern sandy 

edge.  
3) Both are fault bounded (i.e. by Fault 1) in the northeast, and  
4) Both pinch out to the north along a low angle palaeo-relief.  

 
The differences with RO1 are: 
1) RO2 unit is overall thicker (up to 94m), 
2) RO2 unit contains halite toward the top of the interval, and 
3) RO2 unit lacks the southern sandy facies (i.e. Zone A equivalent).  
 

Halite rich strata of the Silver Pit Formation are found toward the south east of the 
area (Zone F). The maximum extent of a single halite interval is shown as a pink 
line in Figure 4.26. 
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Figure 4.31: Internal stratigraphy of the second unit of the Upper Rotliegend (RO2). Southern part of the Section 1, a 
N/S oriented well correlation panel. The RO2 interval is represented by the coloured interval. Figure 4.20 for 
location. 

 

 

Figure 4.32: Internal stratigraphy of the second unit of the Upper Rotliegend (RO2). South western part of the Section 2, 
a NE/SW oriented well correlation panel. The RO2 interval is represented by the coloured interval. Figure 
4.20 for location. 
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Figure 4.33: Internal stratigraphy of the second unit of the Upper Rotliegend (RO2). Section 3, a W/E and SW/NE 
oriented well correlation panel. The RO2 interval is represented by the coloured interval. Figure 4.20 for 
location. 
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• RO3, third Upper Rotliegend Unit (Figure 4.26 and Figure 4.34 to Figure 4.36). 
RO3 is thicker than the previous units, with the thickest area around wells F10-02 
and F10-03 (190m). Lithofacies and overall distribution of this interval is similar to 
RO2. However, its overall areal extent is larger. The shape of the high net-to 
gross ‘Predominantly sand’ facies (i.e. Zone G) is also different from RO2, with an 
inferred bend to the northwest in the UK sector as a result of the seismically 
interpreted basin margin edge during this period. The halite rich zone extent in 
the basin axis is wider compared with RO2. The north-eastern edge is again fault-
bounded (i.e. by Fault 1), but the topmost part of RO3 strata oversteps the fault 
and is deposited on the footwall side of the fault (Figure 4.34). The cross section 
(Figure 4.35) shows the overall E-W thickness trend and illustrates the thinning 
above the pre-existing topographic high corresponding to the south-western edge 
of the Elbow Spit High.  

 

 

Figure 4.34: Internal stratigraphy of the third unit of the Upper Rotliegend (RO3). Southern part of Section 1, a N/S 
oriented well correlation panel. The RO3 interval is represented by the coloured interval. Figure 4.20 for 
location. 

 

 

Figure 4.35: Internal stratigraphy of the third unit of the Upper Rotliegend (RO3). South western part of Section 2, a 
SW/NE oriented well correlation panel. The RO3 interval is represented by the coloured interval. Figure 
4.20 for location. 
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Figure 4.36: Internal stratigraphy of the third unit of the Upper Rotliegend (RO3). Section 3, a W/E oriented well 
correlation panel. The RO3 interval is represented by the coloured interval. Figure 4.20 for location. 
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• RO4, fourth Upper Rotliegend Unit (Figure 4.26 and Figure 4.37 to Figure 4.41). 
The Upper Rotliegend Unit RO4 shows two main depo-centres. One to the south 
around wells F10-02 and F10-03 (maximum measured thickness is 192m at well 
F10-03) and one to the north, around well A11-01 (185 m thick) (see Figure 4.37), 
with the latter is much sandier. In map view the northern margin of the Silver Pit 
paleo-lake moved northward compared with RO3 (i.e. Zone H). This can also be 
observed in Figure 4.38, with the Lower Rotliegend strata reaching well E02-02. 
The extent of the ‘Predominantly sand’ facies (Zone H) is smaller than in RO3 
and is located north of the Elbow Spit High, within a confined topographic low. 
This sand-rich zone is divided into a high net-to gross western area (Zone H1) 
and a slightly lower net-to gross zone to the east (Zone H2).  
The areal extent of the halite units is larger than for previous intervals with an 
inferred western extent into the UK sector. Fault 1 does not appear to be any 
more active during this period. RO3 and RO4 display similar E-W thickness 
trends in the southern part of the study area, with a thinning over the south-
western edge of the Elbow Spit High (i.e. wells 44/13-1 and 44/11a-4). It is 
important to note that RO4 is not present in well A15-01.  
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Figure 4.37:Internal stratigraphy of the fourth unit of the Upper Rotliegend (RO4). Section 1, a N/S oriented well 
correlation panel. The RO4 interval is represented by the coloured interval. Figure 4.20 for location. 
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Figure 4.38:Internal stratigraphy of the fourth unit of the Upper Rotliegend (RO4). South western part of Section 2, a 
SW/NE oriented well correlation panel. The RO4 interval is represented by the coloured interval. Figure 
4.20 for location. 

 
 

 

Figure 4.39:Internal stratigraphy of the fourth unit of the Upper Rotliegend (RO4). North Eastern part of Section 2, a 
SW/NE oriented well correlation panel. The RO4 interval is represented by the coloured interval. Figure 
4.20 for location. 
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Figure 4.40:Internal stratigraphy of the fourth unit of the Upper Rotliegend (RO4). Section 3, an E/W oriented well 
correlation panel. The RO4 interval is represented by the coloured interval. Figure 4.20 for location. 
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Figure 4.41:Internal stratigraphy of the fourth unit of the Upper Rotliegend (RO4). Section 4, a NE/SW oriented well 
correlation panel. The RO4 interval is represented by the coloured interval. Figure 4.20 for location. 

 
• RO5, youngest Upper Rotliegend Unit (Figure 4.26 and Figure 4.42 to Figure 

4.46). The youngest Upper Rotliegend unit covers most of the study area. 
However, in three zones no occurrence of RO5 sediments could be 
demonstrated. 
1) The first zone is located in the northernmost part of the Dutch offshore and in 

the UK sector. RO5 sediments are absent in this area because the northern 
depositional edge has not reached this far.  

2) The second zone is Zone J that is located to the west of the Elbow Spit High 
and is related to erosion of the shallowest part of the Upper Rotliegend.  

3) The last zone is Zone K, which is located within the Dutch Central Graben. 
Data available to us (i.e. well and seismic) could not unambiguously 
demonstrate the presence of Rotliegend in this zone. 

A zone of conglomerates, sands and shales (Zone L) is inferred to the northern 
edge of the study area based on well 39/11-1 where Upper Rotliegend 
conglomerates have been identified from cuttings information. It is worth noting 
that the amount and the aerial extent of the halite intervals within RO5 are more 
limited in comparison to the previous stratigraphic unit (i.e. RO4). RO5 shows an 
overall thinning to the north (i.e. leaving only 15-20m of sand rich strata). The 
stratal configuration of RO5 in the north is still confined within topographic lows 
with a sand-rich western zone around well B10-02 and two low net-to-gross areas 
around well B10-01 and around wells A14-01 and A16-01. These three different 
depositional areas are separated by a fault (blue fault, Figure 4.44) and a 
topographic high around well A15-01 (Figure 4.46). 
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Figure 4.42:Internal stratigraphy of the youngest unit of the Upper Rotliegend (RO5). Section 1, a N/S oriented  well 
correlation panel. The RO5 interval is represented by the coloured interval. Figure 4.20 for location. 
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Figure 4.43:Internal stratigraphy of the youngest unit of the Upper Rotliegend (RO5). South western part of Section 2, a 
SW/NE oriented well correlation panel. The RO5 interval is represented by the coloured interval. Figure 
4.20 for location. 

 

 

Figure 4.44:Internal stratigraphy of the youngest unit of the Upper Rotliegend (RO5 North Eastern part of Section 2, a 
SW/NE oriented well correlation panel. The RO5 interval is represented by the coloured interval. Figure 
4.20 for location. 
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Figure 4.45:Internal stratigraphy of the youngest unit of the Upper Rotliegend (RO5). Section 3, a W/E and SW/NE 
oriented well correlation panel. The RO5 interval is represented by the coloured interval. Figure 4.20 for 
location. 
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Figure 4.46:Internal stratigraphy of the youngest unit of the Upper Rotliegend (RO5). Section 4, a SW/NE oriented well 
correlation panel. The RO5 interval is represented by the coloured interval. Figure 4.20 for location. 

 
The detailed stratigraphic analysis of the Rotliegend in the study area greatly 
decreased uncertainties in the reservoir potential of this part of the Dutch Offshore. 
The new paleogeographic results open new possible play concepts along the 
northern basin margin of the Southern Permian Basin in the Netherlands and 
beyond, to the east and west. 
 

4.3.4 Reservoir quality of the Upper and Lower Rotliegend 
 
A comprehensive petrophysical evaluation of the Upper and Lower Rotliegend 
Groups was beyond the scope of work of this study. However, a quick look at the 
well logs revealed some interesting facts. 
• The wells from the Cygnus Field (44/11 and 44/12) have moderate to good 

reservoir properties in Upper Rotliegend zones RO1 to RO3. Porosities are 
reasonable (10-20%) and permeabilities are in the millidarcy range, occasionally 
reaching tens of millidarcies. Some intervals (notably those around the BPU) are 
heavily cemented and have permeabilities lower than 1mD.  

• This reservoir trend can be partly traced eastward to the Dutch sector. Well A16-
01(see Figure 4.46)  for example, shows sonic values of 80 to 82 us/ft, 
corresponding to porosities of some 20% in a sandstone matrix. Core 
measurements confirm this and yield permeabilities of several hundred 
millidarcies. On the other hand, the Cygnus sands are interpreted as being in 
RO1-RO3 units and likely extend eastward into the Dutch E blocks. Wells E12-02 
and E12-03 have tight sands with porosities estimated from the sonic log of 5-8%. 

• As for the volcanic and volcaniclastic deposits of the Lower Rotliegend (RV1-
RV3), a petrophysical interpretation is highly speculative and should be treated 
with care. However, if the volcaniclastics behave like normal sedimentary 
sandstone, the sonic log shows some interesting intervals with apparent 
porosities of around 25% (e.g. in well B10-02 at a depth of 3767md). These high 
porosity zones are usually found overlying basaltic layers, and might represent 
weathered zones. 
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4.4 Biostratigraphy 
 
The biostratigraphic results obtained in this study contributed to the new stratigraphic 
framework and locally help validating some of the detailed stratigraphic correlations. 
  

4.4.1 Legacy data 
 
Results of the literature survey for biostratigraphical legacy data are depicted in 
Appendix 3.3   
 

4.4.2 New analyses 
 
Analyses from the selected intervals from wells A14-01 and A15-01 confirmed a 
Westphalian age for both intervals in line with other findings in this study. The legacy 
data revealed that palynological data is present in the Lower Rotliegend interval of 
B10-02, but this is most likely due to Zechstein caving.  
 

4.4.3 Stephanian or Westphalian? 
 
The initial hypothesis that was formulated at the beginning of this project proposed 
that Stephanian deposits could be preserved in the study area, and could be a 
possible source rocks in the deeper parts of the Step Graben (F10-02) and a 
reservoir in the shallowest part (well K02-02). Based on the seismic interpretation, 
new biostratigraphical insights and the literature review it was concluded that it is 
highly unlikely that there are any Stephanian deposits deposited or at least 
preserved in this part of the basin. The sand and conglomerates found in K02-02 
have never been dated but assumed to be Stephanian in age because they are 
located stratigraphically below the (upper) Rotliegend and above the Westphalian. A 
more logical explanation for these coarse deposits at well K02-02 would be to 
attribute them to the Lower Rotliegend Clastic (Grensen Formation). No evidence 
has been found to support the hypothesis of a preserved Stephanian in the study 
area and therefore it is discarded. Regarding the age of the high TOC sediments 
found in well F10-02, this study concludes that they are not of Stephanian age (as 
originally postulated) but of likely Westphalian-age. 
 
The biostratigraphical evidence of the presence of Stephanian in F10-02 was 
originally based on the presence of Vittatina costabilis. In numerous zonations this 
taxon is given a Permian to latest Carboniferous (i.e. Stephanian) affinity. In F10-02, 
the co-occurrence of this taxon with clear Westphalian taxa was postulated to 
resemble a wetland refugia where coal-forest species survived in a more xerophytic 
Stephanian plant community. However, this interpretation depended on a strict first 
occurrence date of Vittatina costabilis in the Stephanian. 
 
In recent years numerous publications have questioned the applicability of first 
occurrence dates of xerophytic elements like Vittatina costabilis as a 
biostratigraphical marker (e.g. Falcon-Langet al., 2009; van Hoof et al., 2013, Looy 
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et al., 2014). This is due to the fact that a more palaeoecological approach in 
Carboniferous biostratigraphy led to the insight that upland elements (typical for 
Stephanian and early Permian biotas) already migrated into the basin during 
Westphalian lowstands. As biostratigraphical zonations for the Carboniferous are 
commonly based on coal deposits, there is an existing bias in the zonations that 
needs to be resolved.  
 
In the current project we used the recently studied Dutch De-Lutte-06 (van Hoof al., 
2013) and its neighbouring well Norddeutschland -8 in Germany. The correlation 
between both those wells indicates that Vittatina costabilis is found within the 
(palaeobotanically controlled) Westphalian D strata instead of the previously 
interpreted Stephanian age strata. Therefore the significance of Vittatina costabilis 
as a marker restricted to the Stephanian was discarded.  
 

4.5 Isotope correlations 
 
In order to test the correlation of barren sands just below the Zechstein in wells A15-
01 and B10-02, a pilot study on stable isotope stratigraphy was performed on both 
wells. However, during the projects detailed seismic and lithostratigraphical analyses 
showed that these sands were found to belong to different stratigraphic units 
altogether (i.e. Upper Rotliegend in B10-02 and Lower Rotliegend in A15-01). 
Consequently they are non-correlatable. Conclusions based on average values of 
delta 13C confirmed these results (Figure 4.47).  
In order to further test the applicability of this technique for distinguishing intra-
Rotliegend units, a third well (i.e. F04-02) was added to the pilot study. F04-02 was 
chosen since both the Upper and Lower Rotliegend were encountered in this well. 
The goal was to test if this well could be correlated to the A15-01 and B10-02 wells 
with stable isotope analysis, in order to test whether a higher resolution correlation 
could be reached within the Rotliegend. 
 
Results from stable carbon isotope analyses are depicted in Figure 4.47. Trends are 
visible within each well, which indicates that it is possible to obtain enough organic 
matter from these barren red-beds to enable carbon isotope stratigraphy. 
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Figure 4.47: Carbon isotope results, shown per well 

 
Based on average values and trends, the results of the carbon isotope study on 
wells A15-01 and B10-02 support the conclusions of the seismic study that the top 
(“fringe”) sands in both wells actually belong to separate stratigraphic units (i.e. RO 
and RV) (see Figure 4.48). A sudden break in average values and the form of the 
isotope signal at 4400m in F04-02 coincides with the boundary between RV and RO 
and indicates that stable isotope stratigraphy can be used to distinguish these units. 
Furthermore the difference in trends between B10-02 and F04-02 suggests that 
younger section of RO is preserved in F04-02 which is supported by the results of 
the seismic and stratigraphic studies. 
 
As the results of the present pilot study confirmed the concepts developed in the 
seismic stratigraphy study, this technique is believed to be a promising correlation 
tool even on a sub-unit level. Furthermore, when a better control on organic facies 
overprint (by using phytolith facies control and increasing the number of wells) and a 
regional standard curve are developed, this technique can lead to a solid 
chronostratigraphical backbone for future seismic stratigraphic models. 
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Figure 4.48: Carbon isotope trends depicted against the stratigraphic model developed during this study 

 
 

4.6 Basin Modelling  
 
The selected wells for modelling could be put into two categories 

• Wells where Westphalian source rocks area present (including Maurits and 
Klaverbank Formations),  

• Wells where the Dinantian Scremerston Formation has been identified or 
anticipated (Figure 4.49 and Table 4-1).  

The results of the modelling are presented below for each modelled well separately. 
The main inputs and the assigned source rocks properties are explained in chapter 
3.6.  
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Figure 4.49: Location of modelled wells and the included source rock for maturity modelling. Westphalian time structure 
map is shown in rainbow colours.   

 

4.6.1 Well B10-02 
 
The well is located in the Step Graben and reached TD (Total Depth) in the Lower 
Rotliegend (RV). No source rocks were encountered by the well. Based on the 
results of the extensive seismic and well correlation exercise, described above, a 
Westphalian section is present below the well’s TD. This section was included in the 
modelling exercise and was given a total thickness of 850m, the upper 200m of 
which were considered belonging to the Maurits Formation (DCCU). The latter is 
assumed to be a source rock of kerogen type III (Table 3-2 and Table 3-3). The 
modelled burial history in well B10-02 shows that the deepest burial is reached at 
present-day and the Maurits source rock is in the gas window (Figure 4.50). The 
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Figure 4.51: Modelled history of hydrocarbon generation, expulsion and transformation ratio of the source rock (
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Figure 4.53: Modelled history of hydrocarbon generation, expulsion and transformation ratio of the source rock (A). 
Results of model calibration 
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Figure 4.55: Modelled history of hydrocarbon generation, expulsion and transformation ratio of the source rock (A). 
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Figure 4.57: Modelled history of hydrocarbon generation, expulsion and transformation ratio of the source rock (A). 
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4.6.5 Well Pseudo Well_1 
 
The selected pseudo well _1 is located in the Step Graben where the mapped 
Westphalian is the deepest (Figure 4.58). The seismic line that crosses the location 
of the pseudo well shows some evidence of gas chimneys that can be traced down 
to the interpreted Westphalian layer (Figure 4.58). The Westphalian source rock 
(Maurits Formation) was given a thickness of 243m for the modelling (Table 4-1). 
The model shows that the deepest burial is reached at present-day (ca. 7000 m) at 
bottom of the Westphalian layer (Figure 4.59). The modelled maturity indicates that 
the Maurits source rocks are in the late gas to overmature window (especially in the 
deepest parts of the layer). 
The model also shows that the main phase of hydrocarbon generation and expulsion 
was in the Early to Mid-Triassic and continued to Late Jurassic. A small amount of 
hydrocarbons were generated and expelled from the Maurits Formation in the Late 
Cretaceous and the Tertiary (Figure 4.60). The transformation ratio curve shows that 
almost 90% of the transformable organic matter in the source rock have been 
consumed.  
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Figure 4.58: Seismic
and seismic line (NSR 122888) (Top). 
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Seismic-based depth map of the Westphalian (in time) showing the location of the selected Pseudo Well_1 
and seismic line (NSR 122888) (Top). 
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Figure 4.59: Modelled burial history and maturity of the Maurits 
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4.6.6 Well 39/07-1 
 
This well is located in the UK offshore section. According to the new interpretation as 
presented in this report the Westphalian and Namurian sections are not present 
(Figure 4.3). The well penetrates the Dinantian Scremerston Formation (Asbian-
Brigantian age) which has also been identified on seismic at the location of this well. 
The coal-rich Scremerston Formation was considered as the source rock in this well 
and it was given the properties of a gas prone source rock (Table 3-2; Table 3-3). 
Although the Scremerston coals form only part of the Farne Group section, for 
modelling purposes we have assumed the entire Asbian section to be the source 
rock. 
 
The formations have reached their deepest burial at present-day which reaches 
about 4000m at lowest section of the well. The modelled maturity shows that the 
Scremerston section is in the gas generating window since the Eocene (Figure 
4.61). The model also shows that the main phase of hydrocarbon generation and 
expulsion from the source rock was during the Eocene and continued to present-day 
(Figure 4.62). Up to 30% of the organic matter in the source rock has been 
consumed and the source rock is therefore still rich in organic matter and able to 
generate hydrocarbons.  
 

 

Figure 4.61: Modelled burial history and maturity of the Dinantian Scremerston Fm. at the location of well 39_07-1. 
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Figure 4.62: Modelled history of hydrocarbon generation, expulsion and transformation ratio of the Dinantian 
Scremerston Fm at the location of well 39_07-1. 

 

4.6.7 Well A11-01 
 
This well is located in the Netherlands Step Graben (Figure 4.49). The well reaches 
the Namurian Millstone Grit Formation (DCGM) which is not considered to be a 
source rock. The Westphalian is missing due to erosion. Deeper sections were 
added to this well based on the information available from the adjacent well A14-01. 
The Dinantian Scremerston Formation was added to this well based on the 
information available from the adjacent well A14-01 was considered a type III source 
rock (Table 3-3).  
 
The model shows that the Dinantian source rocks in the well entered the gas 
generation window during the Jurassic and are still in the gas window (Figure 4.63). 
Although some hydrocarbon generation and expulsion took place in the Mid-
Jurassic, the main peak of generation and expulsion occurred during the Eocene. 
The generation decreased afterward and remained limited at present-day (Figure 
4.64).The history of transformation ratio also reflects the peak in hydrocarbon 
generation in the Miocene. According to the model, about 60% of the organic matter 
has been consumed by generation. The model shows a good calibration with 
present-day temperatures and maturities (vitrinite reflectance) (Figure 4.64).  
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Figure 4.63: Modelled burial history and maturity of the Dinantian Scremerston Formation at the location of well A11-01. 
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4.6.8 Well A15
 
The well is located in the Netherlands Step Graben on the eastern edge of the Elbow 
Spit High (
Millstone Grit Formation (DCGM). The Westphalian section is not present in this well 
and therefore deeper sections were added based on
annexed Dinantian Scremerston F
this well (
 
Similar to other wells, the deepes
Dinantian source rocks in the well entered the gas generation window in the Jurassic 
and are still in the gas window (
 
The model shows that the Palaeogene was the main phase of hydrocarbon 
generation and expulsion from the Scremerston 
Generation continued in the Miocene to present day but with a lower rate (
4.66). Although some hydrocarbon generation and expulsion took place in the Mid
Jurassic, the main peak of generation and expulsion was in the E
generation decreased afterward and remained limited at present
4.66).The modelled transformation ratio reflects the increasing generation during the 
Palaeogene. About 65% of the organic matter has been consumed by generation. 
While a good fit was achieved wit
layers, the modelled maturity trend did not fit the measured value in the well. 
However, since there is only one vitrinite reflectance value available from this well, it 
is difficult to use the calibration wit
calibration with the temperature.
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4.6.9 Well E02
 
The well is located on the Elbow Spit High. The Westphalian and Namurian are not 
present in the section. A Dinantian section was annexed to the model where the 
Scremerston Formation is representing the potential source rock in this well
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4.6.10 Well 38/03
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The model shows an important phase of uplift and erosion the Late Carboniferous 
and Early Permian. The main part of the assumed source rock entered the gas 
generation window in the late Carboniferous (Figure 4.69). 
 
According to our model, there was one major peak of hydrocarbon generation and 
expulsion in the Late Carboniferous and only limited generation activities took place 
during the Miocene (Figure 4.70). The Late Carboniferous generation peak is 
attributed to the implemented thermal model with a heat flow peak in the Late 
Carboniferous.  
If the quality of the vitrinite reflectance data in this well is reliable, then two maturity 
trends could be observed in the data where Carboniferous maturities show a steeper 
trend compared to post-Carboniferous data. The implemented thermal model and 
burial history show maturity trends which provide a good fit with the original different 
data trends the wells (Figure 4.70).  
  

4.6.11 Top Westphalian maturity map 
 
The modelled maturity map of the top Westphalian is presented in Figure 4.71 and 
Appendix 7.11. As explained before, a simplified approach was used to calculate the 
maturities using a constant heat flow and a linear burial. The calculated maturities 
correlate to present day depth of the formation. Next, the map is calibrated to the 
modelled present-day maturity (vitrinite reflectance Ro%) at the location of the wells.  
The map shows that the deeper parts of the Westphalian show higher thermal 
maturities that correspond to the vitrinite reflectance values of a source rock in the 
gas window according to Sweeny & Burnham (1990) thermal maturity kinetics. 
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Figure 4.71: Modelled thermal maturity map of the top Westphalian based on a simplified maturity calculation approach 
and calibrated to modelled present-day maturities at the location of the wells.   
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5 Synthesis  

This chapter discusses the new geological knowledge acquired through the 
integration of the various analysis carried out in this project. The information that is 
the basis for this chapter can be found in Chapter 4 or in the Appendices. This 
synthesis chapter is divided into five section that cover for the Dutch Northern 
Offshore: 1) the Carboniferous source rocks distribution, 2) the Rotliegend 
depositional system and reservoir distribution, 3) the source rocks maturity, 4) the 
Rotliegend reservoir rocks potentials, and 5) the prospective zones where both 
mature source rocks and reservoir rocks are present. 
 

5.1 Carboniferous source rocks distribution of the Dutch Northern 
Offshore  

 
The Carboniferous stratigraphy is important since both potential source rocks 
(Scremerston Formation and Westphalian) are deposited during the Carboniferous. 
The organic rich intervals found in F10-02 and F10-03, which were initially age dated 
as Stephanian, turned out to be of Westphalian in age. The Westphalian was 
encountered in a much larger area than originally anticipated, which could renew 
interest in exploration efforts in a larger part of the Dutch Northern Offshore. 
Furthermore, the presence the Dinantian coal-rich Scremerston Formation is a 
potential source rock in the areas were no Westphalian was encountered.  
 
This study focused on the Permian reservoirs, and therefore no detailed study was 
done of the paleogeography, tectono-stratigraphy or facies distribution of the 
Westphalian. 
 

5.1.1 Scremerston Formation 
 
In the UK sector (Block 39), the coal-rich Scremerston Formation has been identified 
(PGL, 2005). This formation has not been defined in the Dutch Offshore, but is the 
time equivalent of the younger part of the Visean (Dinantian) Elleboog Formation 
(Figure 4.14). The Scremerston Formation, and its coals, has been drilled just across 
the border in well 39/07-1. In the Dutch offshore, it is seismically mappable in a small 
region in the northernmost part of the study area. It could not be mapped further 
towards the south-east and it has not been encountered in any well within the A and 
B blocks. However, we believe this source rock could be present farther south and 
east of the mapped area since it has been encountered in the German A-9-1 well. 
Therefore, the Scremeston Formation stratigraphy of well 39/07-1 was used as an 
analogue for the A blocks wells used in basin modelling (A11-01 and A15-01, see 
section 4.6). 
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5.1.2 Westphalian 
 
In this study, wherever the Westphalian was encountered, it was assumed to contain 
source rock facies. The base of the Westphalian is an unconformity, which can be 
identified on seismic data. It is characterised by onlap onto the Elbow Spit High (see 
appendix 4.23 and Figure 4.4). This indicates that the Elbow Spit High was already a 
(small) topographic high during deposition of the Westphalian sediments. The 
Westphalian is expected to be deposited over the Elbow Spit High and subsequently 
eroded. This can be concluded from the fact that the top of the Westphalian saw 
major erosion and only a few small Westphalian remnants are encountered on the 
Elbow Spit High (see small remnant of the Step Graben Formation area above the 
Elbow Spit High in Figure 4.17). This indicates that the younger part of the 
Westphalian was likely draping all, or a large part, of the Elbow Spit High and was 
subsequently eroded. Further research into the internal stratigraphy and 
paleogeography of the Westphalian is advised. 
 

5.2 Rotliegend depositional system and reservoir rocks distribution of the 
Dutch Northern Offshore  

 
The Rotliegend’s stratigraphic and tectono-stratigraphic results gathered in this 
project reveal a different setting than initially proposed. The idea of a Northern 
Fringe sands in the Dutch Northern offshore is still a valid model but its distribution, 
stratigraphic evolution and the syn-depositional tectonics and topographic effects are 
now better understood and constrained. In this section, the main seismic and well-
log analysis results obtained in this project are combined to discuss the complex 
stratigraphy of the Lower and Upper Rotliegend Groups, as well as the effect of 
topography and syn-depositional deformation on these depositional systems.  
 

5.2.1 Lower Rotliegend 
 
The depositional environments of the Lower Rotliegend are not clearly established in 
the Dutch Offshore, due to lack of wells and cores, but predominant alluvial fans and 
fluvial depositional systems likely compose the non-volcanic strata in the Lower 
Rotliegend in the study area. This conclusion is based on published results from the 
UK sector (Martin et al, 2002) that are presented in Appendix 2.2. 
The Lower Rotliegend is only present in the north and eastern part of the study area. 
However, the upper boundary of the Lower Rotliegend is a major unconformity 
(Saalian Unconformity). Therefore, the areal extent of this interval was likely 
considerably larger in the Dutch Northern Offshore prior to the Saalian erosional 
event.  
 
Below is discussed the palaeogeographic evolution of the Lower Rotliegend as well 
as the topographic effect on deposition of this interval. 
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5.2.1.1 Lower Rotliegend palaeogeography 
 
The palaeogeography and palaeotopographic evolution of the Lower Rotliegend is 
difficult to fully understand due to the subsequent major erosion that only preserved 
strata within topographic lows in the north-eastern part of the study area. However, 
some lithofacies trends can be observed and shed some light on the 
palaeogeography during Lower Rotliegend times. The first two stratigraphic units of 
the Lower Rotliegend analysed (RV1 and RV2, Figure 5.2 and Figure 5.3) show 
north-eastern sand-rich zones and southern lower net-to gross zones. This setting is 
interpreted as a deepening of the basin to the south or southwest during this period. 
The sediment transport directions are interpreted to be from the north during RV1 
and the north east during RV2. It is worth noticing that a small remnant area with 
Lower Rotliegend strata is located to the south (Figure 5.2). We believe that a similar 
context can be applied to the case of the K02-02 well, where a basal conglomerate 
has been found that could be attributed to the Lower Rotliegend rather than to a 
younger interval (H. Mijnlieff personal communication).  
The lithofacies distribution of the youngest Lower Rotliegend interval (RV3, Figure 
5.4) shows a different palaeogeographic trend than the previous intervals, with 
coarser strata located to the south and a lower net-to gross area to the north. A SSW 
to NNE sediment transport direction is inferred for this period. 
 
The relationship between the Grensen Formation in the UK sector and the Lower 
Rotliegend of the Dutch Northern Offshore is discussed in Appendix 2.2. However, 
the palaeogeographic map constructed for the oldest section of the Lower 
Rotliegend (RV1, Figure 5.2) indicates that the Grensen Formation can be found in 
the northern tip of the Dutch offshore, but was confined to the south by a 
palaeotopographic high and to the east by predominantly volcanic terrain. 
In contrast, the palaeogeographic map for RV2 shows that the depositional system 
during this period was not topographically confined, but had a NW/SE oriented 
palaeo-coastline extending across the UK and Dutch sectors. The relationship 
between the Grensen Formation in the UK sector and the Lower Rotliegend strata in 
the Dutch offshore get more difficult to establish for the younger Lower Rotliegend 
interval (RV3) due to the presence of an eroded area (base Zechstein erosion) at the 
northern tip of the Dutch offshore. 
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Figure 5.1: Legend for the Rotliegend palaeogeographic maps presented below.
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Figure 5.2:  Depositional 
for legend and appendix 7.02 for a high detailed version including wells
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Figure 5.4: Depositional
5
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the thickness of the Lower Rotliegend is (Figure 4.8), which highlight the complex 
palaeotopography configuration of the basin at the time.  
Several syn-depositional faults may have been active during or prior to the 
deposition of the Lower Rotliegend. However, due to the limited preservation of 
these deposits (due to the subsequent Saalian erosional event) it is very difficult to 
establish if those syn-depositional faults were truly active during this period. A 
detailed seismic mapping could reduce the uncertainties described above.  
 

5.2.2 Upper Rotliegend 
 
The Upper Rotliegend has a much larger depositional extent within the study area 
than the Lower Rotliegend. Only a few limited areas show post-depositional erosion 
(e.g. west of the Elbow Spit High).  
Many publications have discussed the depositional systems of the Rotliegend in the 
Southern Permian Basin and only a few key points will be discussed below to 
explain the stratigraphy complexities observed within the study area. The simple 
depositional model presented in Figure 5.5 (A) show the proximal to distal trend 
within a saline lake. The proximal zone is composed of highlands and fluvial (often 
ephemeral) depositional systems that are subject to aeolian processes and the 
formation of large dune fields. Local alluvial fans can be observed around the 
piedmont as fringes. Fluvial systems drain large areas and are connected to the lake 
by distributaries (Figure 5.6). The sand flat area is composed of mixed depositional 
facies with mudstone, siltstones and sandstones and transition distally to the playa 
zone that is predominantly composed of mudstone and evaporates (depending on 
climate effects with wet and dry alternating conditions). The formation of small deltas 
is also possible when the fluvial systems carry large enough sediment charge into 
the lake (Figure 5.5, B and Figure 5.7). This simple depositional model highlights 
that the proximal zone area (piedmont to shoreline) is sand-rich and the distal zone 
(playa margin to lake axis) is sand poor to sand starved. Therefore, the identification 
of the successive positions of the lake shoreline through time is crucial to establish 
the location of reservoir quality strata in such a depositional context. 
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Figure 5.5: Conceptual depositional models for the fluvially dominated Slochteren Formation in the Netherlands. A) 
Block diagram (based on Geluk, 2007) illustrating the main facies associations and their interpreted lateral 
relationships. B) More detailed conceptual fluvial model, modified after Moscariello (2005) with the inclusion 
of stranded highstand lacustrine shoreline and deltaic facies dissected by lowstand fluvial and terminal 
splay complexes. From McKie (2011) 
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Figure 5.7:  Marginal fluvial input into the Salar de Uyuni in Bolivia. From McKie (2011)
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5.2.2.1.1 Basin birth: Initiation of the Silver Pit Lake (RO1) 
 
The Silver Pit Lake started as an E/W elongated basin (Figure 5.8), 50 to 60 km wide 
with sandy coastlines to the north and south (marked respectively by the [2] and [1] 
in Figure 5.8). The southern sediment source (Figure 5.8) is related to the Lower 
Slochteren depositional system and will not be discussed in detail in this report due 
to the amount of detailed work previously done on the subject. The northern sandy 
margin was narrower than the southern margin likely due to a steeper northern basin 
margin, similar to what is shown in Figure 5.9. This good analogous conceptual 
model for the Silver Pit lake palaeogeography was published by Evan (1989), and 
shows an asymmetric lacustrine basin with a narrow margin to the right and a wide 
margin to the left. This configuration is likely similar to the Silver Pit Lake in the 
western side of the Southern Permian Basin during the Upper Rotliegend time. 
However, some specific results differ from the simple model of Evans (1989). The 
northern margin of the lake during RO1 period is complex and irregular and is locally 
fault-bounded. A topographic high was present along the northern margin of the lake 
in the south-western part of the study area. This high separated two depo-centres, 
one the UK sector and one in the Dutch sector.  
The exact geometry of the northern coastline is difficult to establish in this central 
part of the study area due to limited well and seismic control. However, the sandy 
northern margin of the lake should be present in this area but have not been drilled 
yet. 
The northern part of the study area was sub aerially exposed and likely provided 
sediment southward through the erosion of Lower Rotliegend and Carboniferous 
strata in the A and B blocks and farther north. 
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Figure 5.8: Depositional maps of 
strait) basin with sandy coastlines to the north [2] and south 
version including wells
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Figure 5.9: Conceptual diagram of a saline basin. From Veeken and van Moerkerken (2013), modified after Evans 
(1989). Note the asymmetric nature which is caused by a high on the right side, resulting in a narrow margin 
to the right and a wide margin to the left. 

 

5.2.2.1.2 Basin Growth: The expansion of the Silver Pit Lake (RO2-4) 
 
The three following stratigraphic units of the Upper Rotliegend (RO2-4) show a 
northward displacement (around 60km) of the northern sandy basin margin. The 
northern basin margin displacement through time records the growth and widening 
of Silver Pit Lake and the lacustrine transgression over the northern continental area 
(Block A and B). The northward migration of the basin margin can be observed also 
in the stratigraphic correlation panels (e.g. Figure 5.13, where the low angle onlap of 
successive sandy deposits can be observed. The western part of the northern basin 
margin migrated faster than the eastern part due to the presence of a major 
bounding fault oriented NW/SE (Fault 1, Figure 5.13). This fault created had a 
significant topographic expression that impeded the northward migration of the 
coastline at this location. This can be observed by the change of map view geometry 
of the sand-rich basin margin between RO2 (Figure 5.10) and RO3 (Figure 5.12). A 
thicker sedimentary succession (mainly reservoir facies) has accumulated on the 
down thrown side of this syn-sedimentary fault (Figure 5.18). The limited map-view 
extent of the northern basin margin area during RO4 time (Figure 5.15) is likely due 
to later uplift in the UK, German and Danish sectors (e.g. erosion at the base of 
Chalk). 
 
The growth of the Silver Pit Lake during RO2-4 period can also be observed by the 
increased aerial extent of the halite units during this period (Figure 5.10, Figure 5.12 
and Figure 5.15). The halite-rich zone extent during RO4 (Figure 5.15) is the 
maximum extent the halite unit reaches during the existence of the Silver Pit Lake. 
This illustrates the expansion of the basin axis westward toward the UK sector. 
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However, the topographic high (southern extent of the Mid-North Sea High) 
separating the Dutch and UK sector remained a topographic high until the end of 
RO4 (Figure 4.40, Figure 5.14) and could be related to differential subsidence rather 
than active syn-depositional activity at this location. 
 
The sediment transport direction for the northern basin margin deposits during this 
period is believed to be from the north to the south, but a strong aeolian component 
is also likely contributing to sediment accumulation along the lake margin. An 
easterly to north-easterly wind direction is frequently proposed for this period 
(George & Berry, 1997). 
 
The exact relationship between the northern basin margin deposits and the 
topography along the Elbow Spit High has not been clearly resolved in this study. On 
most of the palaeogeographic maps in this report, the Elbow Spit High shows as an 
empty area (e.g. Figure 5.12). It was either always a topographic high with no 
Rotliegend strata on the crest of the Elbow Spit High, or it was originally draped by 
Rotliegend strata and later eroded. However, the seismic interpretation around the 
Elbow Spit High seems to suggest onlap onto the Elbow Spit High and later erosion 
of Rotliegend strata on the eastern flank of the structure that may suggest a draping 
followed by erosion. Future work needs to be carried out to clearly conclude on this 
matter.  
 
Some irregular coastline trend of the Silver Pit Lake can be observed and may have 
some significance in the detailed geometry of the reservoir rocks in this area. Note 
the trend of the pink line in Figure 5.10, that represent the farthest extent of a single 
halite unit for RO2 interval, shows a convoluted geometry. This convoluted geometry 
can be representing a real embayment at the time of deposition, similar to the 
geometry of the saline lake Etosha Pan in Namibia (Figure 5.11). If this analogy is 
true, such information can be used to track the position of fluvial systems and spits 
along the margin of the Silver Pit Lake. 
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Figure 5.11: Aerial photo of the 
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Figure 5.12: Depositional maps of

Figure 5.13: WSE-ENE oriented stratigraphic correlation panel illustrating the stratigraphy of the Upper Rotliegend along 
the northern basin margin.
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Figure 5.14: E
southern tip of the Mid North Sea High (MNSH) and separating the Dutch and UK sectors.
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north-eastern and south
interpretation has not been able to clearly demonstrate this interpretation. Further 
detailed seismic analysis (of high resolution data) and mapping may be able to sh
some light on such a model. The presence of conglomerates in well 39/11
UK sector has been interpreted as indicative of coarse fluvial deposits in the north
western part of the study area during RO5 time. This fluvial system may 
been structurally confined but its significance in terms of a major sediment input in 
this part of the basin is still unclear.
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5.2.2.2 Syn-depositional fault activity during the Upper Rotliegend time. 
 
Several authors have demonstrated that syn-depositional fault activity occurred 
during deposition of the Rotliegend. Most published results highlight a predominantly 
NW-SE trend in the orientation of those syn-depositional structures. Below are some 
of the main publications on this subject: 
 
• George & Berry (1993, 1997): Dowsing Fault Zone and the Texel-IJsselmeer 

High with alluvial-fan and fan-delta development. 
• Chadwick & Evans (1995): NW-SE in southern Britain.  
• Glennie (1998): Dextral strike slip, development of a number of sub-basins, Sole 

Pit, Silver Pit and Broad Fourteens Basins, NW and WNW trending fault systems.  
• Jan de Jager (2007): “It is likely that the major faults delineating the Terschelling 

Basin (Hantum and Rifgronden fault zones) were already in existence in Early 
Permian times.” 

 

 

Figure 5.17: Rotliegend tectono-stratigraphic map, Modified after George and Berry (1997) 

 
In the present study new results on syn-depositional activity in the Dutch Northern 
Offshore are presented. These structures are often challenging to identify on seismic 
and may often be overlooked during regional seismic interpretations. A few major 
and minor faults have been analysed with a certain level of detailed in the present 
study, but many more faults may be of significance but were not included in this 
project because of the project scope. Additional mapping and fault analysis could 
however increase our understanding on the detailed relationship between active 
faulting and reservoir presence, distribution and geometry. 
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A Base Zechstein / Top Rotliegend time structure map was constructed using all the 
available 3D data within the study area (Figure 5.19). This map was very useful to 
identify faults that intercept the Base Zechstein and to locate faults that may have 
been active during Rotliegend time.  
 
A major fault (Fault 1) was identified in the eastern part of the study area (Fault 1, 
Figure 5.18). This fault offset the Lower Rotliegend and part of the Upper Rotliegend 
and is a major topographic boundary affecting the depositional of the Rotliegend in 
this part of the Dutch Offshore. This fault was the only one that has been studied in 
greater detail in the present study but other faults in the study area may also be on 
significance and should require some analysis in future research. Fault 1 likely 
resulted in the accumulation of coarser strata in the downthrown side of the fault. 
 
Additional seismic analysis demonstrated that this fault is actually a complex fault 
zone that presents a flower structure geometry symptomatic of strike slip motion 
(Figure 5.20 and Figure 5.21). Note the over thicken Upper Rotliegend interval in the 
downthrown side of the fault (Figure 5.20). On the flattened version of the same 
seismic line (Figure 5.21) the Upper Rotliegend seems to onlap onto a 
palaeotopographic high, which is interpreted as the degraded footwall block adjacent 
to the fault plane, and the subsequent resulting slope located above the fault zone. 
Similar geometry is shown in Figure 5.22 and can be used as an analogue for Upper 
Rotliegend stratal geometry around these degraded syn-depositional strike slip 
structures. This result indicates that syn-depositional strike slip structures with 
topographic expressions were active during Rotliegend deposition. These structures 
could have locally offsetting particular deposits laterally and may have generated 
local pop ups structures and/or pull apart minibasins (depending on the geometry of 
the linked fault segments).  
 
Another aspect to consider while dealing with strike slip faults is that they are often 
extensive in map view and can be traced for many tens of kilometres. Therefore, 
structures aligned with such faults may be related or affected by the strike slip 
motion and be important feature for additional analysis of the Rotliegend in the study 
area (e.g. NW-SE trending structure in the Dutch Central Graben and Step Graben 
that are aligned with Fault 1, Figure 5.23). Several faults have been interpreted as 
potential syn-depositional structure active during Rotliegend time (red faults in Figure 
5.24) with some of them displaying echelon type configuration in map view (Figure 
5.25) symptomatic of dextral strike slip features. Note that all faults represented in 
George and Berry (1997) maps are also strike slip structures and have a dextral 
component (Figure 5.17). 
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Figure 5.18: N-S stratigraphic correlation panel. Note the two faults highlighted with arrows.
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Figure 5.19: Base Zechstein time structure map constructed by auto tracking using all 2D and 3D seismic data from the 
Northern Offshore Petrel Project.  
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Figure 5.20: NE-SW oriented seismic line illustrating Fault 1 geometry. Random line within the B Block seismic cube. 
Note the over thicken
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Figure 5.21: Flatten NE
5
horizon while the base Upper Rotliegend is shown as a yellow horizon.
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Flatten NE-SW oriented seismic line illustrating Fault 1 geometry. This is the same line shown in
5.20 Random line within the B Block seismic cube. The base Lower Rotliegend is shown as an orange 
horizon while the base Upper Rotliegend is shown as a yellow horizon.
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Figure 5.22: Example of successive footwall degradation of a fault scar at the surface. From McCalpin (1987) 

 

McCalpin, 1987 
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Figure 5.23: Base Zechstein 
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Figure 5.24: Base Zechstein fault map. Red
Blue box: 
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Base Zechstein fault map. Red
Blue box: Figure 5.26. 
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Base Zechstein fault map. Red-coloured faults are interpreted as being active during Rotliegend deposition.
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Figure 5.25: Base Zechstein fault map of the central and eastern part of the study area (see 
Red faults are faults interpreted as being active during Rotliegend deposition.
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Figure 5.26: The fault system between wells F10
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5.3 Source Rock Maturity 

5.3.1 Scremerston Formation. 
 
The modelled wells are located on the north-eastern flank of the Elbow Spit High. 
According to the models, potential Dinantian source rocks (such as the Scremerston 
Formation), are generally in the hydrocarbon generating window (Figure 4.61 to 
Figure 4.68). In the southern flank of the Elbow Spit High, the Dinantian appears to 
be immature (well E02-02). To the north of the Elbow Spit High, hydrocarbon 
generation and expulsion have taken place in the Tertiary (Palaeogene) and 
continued to present-day. The presence of the Dinantian source rocks is the main 
uncertainty since it has not been encountered in wells in the Netherlands. The 
models show that if the formations are thermally in the mature window the area 
appears to have potential in terms of timing of generation and maturity.  
 

5.3.2 Westphalian 
 
Maturity models show that in the majority of the wells, Westphalian source rocks are 
in the hydrocarbon generating window (Figure 5.27). There has been active 
hydrocarbon generation and expulsion from Westphalian rocks in the Step Graben 
and the Dutch Central Graben. The Palaeogene and Neogene are important phases 
of hydrocarbon generation and expulsions from the Westphalian source rocks. In 
many wells, generation and expulsion continues to present-day. This late generation 
and expulsion could have led to charging of existing structural traps. The models 
also show that there have been generation of hydrocarbons from the Westphalian 
already in the Triassic and the Jurassic and in many locations continued in the 
Tertiary. The modelled transformation ratio at the location of the selected wells 
indicates that the Westphalian has not been depleted of transformable organic 
matter and thus it has the potential for generation.  
 

5.3.3 Mature Source rock areas  
 
Although the produced maturity map (Figure 4.71) of the Westphalian is based on a 
simplified approach and should be taken with caution, it does represent the 
variations of maturity at the top of the Westphalian. This maturity map, which is 
calibrated to modelled present-day maturities at the location of the modelled wells, 
shows that the Westphalian has higher maturity in the deeper parts of the Step 
Graben and therefore is capable of hydrocarbon generation (See Appendix 7.11). 
 
The generation rates from the available or assumed source rocks in all the modelled 
wells are presented in (Figure 5.27). The figure demonstrate that two main phase of 
hydrocarbon generation can be observed in the area; the Early Triassic and the 
Tertiary. Some generation activities are also observed at some locations in the 
Middle and Late Jurassic. The amplitude of the generation peaks in all the wells are 
generally comparable and fall within the same range.  
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Figure 5.27: Modelled generation rate at the location of the modelled wells. 
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With these comments in mind, it is possible to extract important information from 
these summary maps. The most promising areas showing sand rich strata are 
located along NW-SE trends (areas II to IV, Figure 5.28). These area are likely 
locally structurally confined along topographic highs (e.g. area I along the south-
western flank of the Elbow Spit High) and along syn-depositional faults (area III, 
Figure 5.28). Such regional scale stacking can be used as a guideline for additional 
research or investigation to analyse in detail the geometry of Upper Rotliegend. The 
presence of Zechstein salt above the interval of interest will unfortunately always 
constitute an imaging challenge in tracking such sandy Rotliegend reservoirs on 
seismic. Nevertheless, additional seismic interpretation and mapping could be 
performed and add valuable information in mapping such reservoir strata along 
topographic and structural trends. 
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Figure 5.29: Net sand map of the Rotliegend (Upper and Lower). The total sand thickness is the highest in the A15 and 
B13 blocks. 

 

5.5 Prospective regions 
 
When the maturity map of the Westphalian or Scremerston is combined with the 
sand maps (see Figure 5.30), prospective regions can be identified. In these regions, 
potential source rock and reservoir rock are interpreted to be present, although other 
aspects of the petroleum system, such as trap occurrence and preservation, 
hydrocarbon migration pathways, and reservoir sealing, are not taken into account in 
this exercise. With this caveat in mind, the most promising prospective regions are: 
1) The A15 and B13 blocks, where the Westphalian has it highest maturity and the 

Rotliegend contains the most prevalent and proven sands, and 
2) the F01, F02, F04, F05 blocks where the Westphalian is also mature, and where 

significant amounts of reservoir sands are expected to have been deposited 
along the downthrown side of fault F1 (unfortunately only proven with one well 
(F04-02A)). 
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Figure 5.30: By overlaying the Westphalian maturity map with the Rotliegend sand map, prospective regions (that 
contain both mature source rocks and reservoir rocks) can be identified.  

 
In the western part of block A the Westphalian strata are not preserved, since they 
were eroded, while Rotliegend reservoir sands are still present there. However, we 
still expect Namurian and Dinantian source rocks to be present in these regions 
since the erosion over the ESH didn’t reach the deeper part of the Carboniferous. 
For three modelled wells located in block A (39/07-1, A11-01, A15-01), the 
Scremerston source rock show maturities in the gas window as well as a late 
generation (Tertiary; Figure 4.61 to Figure 4.66). The Scremerston Formation could 
not be mapped within this part of the study area and therefore, no maturity mapping 
could be performed. However, when combining the 1D modelled maturities of the 
Scremerston for wells (39/07-1, A11-01 and A15-01) with the Rotliegend sand 
distribution map (Figure 5.31), the entire block A and part of Block B (B10 and B13) 
are most likely prospective.  
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Figure 5.31: The maturity of the Scremerston Fm (in colour) overlain by the combined sand map of the Rotliegend 
(dashed), shows that the western A blocks are prospective.  

 

5.6 Petroleum systems 
 
This part of the study focussed on source rocks (Westphalian and Scremerston Fm.) 
and the distribution of Rotliegend reservoir sands. Other elements of a petroleum 
system, such as seal, trap formation, timing and preservation were not studied. Two 
wells (A15-01 and B10-02), that lie within the prospective region, have gas shows. 
This indicates that hydrocarbon migration pathways and/or trapping did not favour 
accumulation and preservation of hydrocarbons. A petroleum event chart was made 
for the study area (Figure 5.32) and shows all elements of the petroleum system. 
Note that the trap formation and preservation is one of the major unknowns in this 
chart and should be investigated. Finally, it is important to consider shallower 
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reservoir layers, which could be charged and have preserved traps (structural and/or 
combined traps). Evidence for this was found in the block F, were Triassic strata 
show a flat-spot, indicating the presence of a gas accumulation. Gas chimneys are 
observed underneath this Triassic accumulation and originate from the Westphalian. 
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6 Conclusions 

This multidisciplinary project has drastically improved our understanding of the 
Permo-Carboniferous in the Dutch Northern Offshore and has shown real 
exploration potential for the Rotliegend. The Westphalian is considered to be the 
best potential source rock in this part of the basin and is aerially extensive in the 
Step Graben. Basin modelling results show that two different Carboniferous source 
rocks (Dinantian and Westphalian) are mature in the study area. Initially a series of 
twelve specific questions were asked. Now, at the end of the project, all can be 
answered.   
 

6.1 Rotliegend stratigraphy 
 
The presence of a “Northern Fringe Sand”, as initially proposed, is still a valid model 
but is now better constrained in terms of distribution and stratigraphic evolution. The 
Rotliegend in this part of the Southern Permian Basin is divided into two groups, the 
Lower Rotliegend (clastics, volcano-clastics and volcanics) and the Upper 
Rotliegend (clastics). The Lower Rotliegend, equivalent to the Grensen Formation in 
UK, is only present in the NE part of the Dutch Northern Offshore since it was 
eroded (Saalian event) in the rest of the study area. The stratigraphic evolution of 
the Upper Rotliegend can be summarized as a growing and widening saline lake 
associated, in the proximal setting to the north, with alluvial fans as well as aeolian, 
fluvial and coastal depositional systems that form the bulk of the so called “Northern 
Fringe Sands”. This sandy area migrated northward during the Upper Rotliegend 
time (retrogradation) and its distribution and geometry was highly affected by syn-
depositional deformation and the presence of topographic features along the basin 
margin.  
 

6.2 Source rocks 
 
The supposed absence of an adequate source rock was one of the main reasons the 
Northern Offshore remained under explored. After the well reinterpretation and 
regional seismic mapping, the Westphalian, known as an effective source in other 
part of the Basin, is believed to be present in a large part of the Dutch Northern 
Offshore, including in the Step Graben. In the deepest part of the Step Graben (e.g. 
block A15) the basin modelling predicts the highest maturity for the Westphalian-age 
Maurits Formation source rocks. The Westphalian source rocks are in the gas 
window within a 100km long, 30km wide area from the F07 block in the South, to the 
A15 block in the North (see appendix 7.12) 
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6.3 Reservoir rocks 
 
The occurrence, distribution and geometry of sandy strata within the Rotliegend is 
now better understood. The Lower Rotliegend contains good amounts of sand 
(overall 20-30%) but its complex depositional setting and the presence of 
interbedded and locally thick volcano-clastics and volcanics makes it a challenging 
target. However, more detail seismic mapping should be performed and this interval 
should be closely evaluated in terms of reservoir potential in the Dutch Northern 
Offshore. The Upper Rotliegend is a good reservoir target in this part of the Dutch 
Offshore. It has an overall lower proportion of sand (5%) than the Lower Rotliegend, 
but the occurrence, distribution and geometry of these reservoir sands are more 
predictable than the Lower Rotliegend reservoir sand. The sandy deposits of the 
Upper Rotliegend are locally thick and are distributed across large areas along the 
northern margin of the Silver Pit Lake, which make them prime targets for future 
exploration within the DEFAB area. 
 

6.4 Prospective regions 
 
The most promising prospective regions in the Dutch Northern Offshore are: 
1) the A15 and B13 blocks, where the Westphalian has it highest maturity and the 

Rotliegend contains the most prevalent and proven sands, and 
2) the F01, F02, F04, F05 blocks where the Westphalian is also mature, and where 

significant amounts of reservoir sands are expected to have been deposited 
along the downthrown side of fault F1 (unfortunately only proven with one well 
(F04-02A)). 

Other areas can also be of interest for future exploration, especially if other source 
than the Westphalian rocks are clearly identified (e.g. Scremerston Formation) or if 
additional Rotliegend reservoir sand accumulations are identified (e.g. along other 
syn-depositional faults or paleo-reliefs) 
 

6.5 Research Questions  
 
Q1: Are Stephanian sediments present in the Grabens? Does the conglomerates of 

K2-2, E12-4 correlate to the Step Graben section in F10-2? 
A1: Based on the seismic interpretation, new biostratigraphic results and the 

literature review, it was concluded that there are no Stephanian deposits in our 
study area. Therefore, the conglomerates found in K02-02 are most likely 
Lower Rotliegend in age. The sediments with high TOC found in F10-02 are of 
Westphalian age. 

 
Q2: Are the organic-rich strata in F10-2 part of a more extensive organic-rich 

(lacustrine?) depo-centre in the Dutch Central Graben?  
A2: As mentioned above, the organic rich intervals are of Westphalian age and they 

are present in a large parts of the study area. 
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Q3: Can they be effective source-rocks in the study area? 
A3: Yes, the Westphalian is known to be an effective source. In the deepest part of 

the Step Graben the basin modelling predicts the highest maturity.  
 
Q4: When are these source rocks in the right maturity window? 
A4: The Westphalian source rocks have two phases of gas production, during the 

Triassic and Cenozoic. 
 
Q5: What is the reservoir potential of the conglomerates, and are there laterally 

interfingering with sands?  
A5: As mentioned above, the conglomerates are believed to be of Lower Rotliegend 

age. Unfortunately, we have too little core data to clearly answer this question. 
Nevertheless, significant amounts of sand are present in the Lower Rotliegend 
(30% of the overall sediments are sands). 

 
Q6: What is the lithological infill between wells A15-02 and B10-02? 
A6: This question predates the well re-interpretation when both wells were 

considered to have Upper Rotliegend strata overlaying the Millstone Grit 
Formation. However, after the well-reinterpretation was performed, the Lower 
Rotliegend strata where identified in both well, which drastically changed the 
initial correlation model. The Upper Rotliegend is onlapping on the Lower 
Rotliegend, which consists of interbedded sands and shales. 

 
Q7: What is the E-W lateral extent of the Rotliegend sands within the Step Graben? 
A7: The distribution of the sands are deposited along a, broadly, E-W basin margin 

and are linked to paleotopography, syn-depositional faults and follow a 
retrogradational trends trough out the Upper Rotliegend time. However, some 
unexplained bright amplitudes are seen on seismic, that could not be explained 
by a sand-shale alternation. These bright amplitudes could be caused by 
intrusive rocks or halite, but this remains unclear. 

 
Q8: Is there a sand filled corridor (N-S) through the Ringkøbing Fyn High? 
A8: There is no sand filled corridor towards the north. The lower Rotliegend sands 

are not continuous towards the north and interfinger with volcanics in the North 
(Denmark, Germany and UK). The Upper Rotliegend is not present towards the 
north. 

 
Q9: What is the sand development on the west flank of the Elbow Spit High? 
A9: A series of onlapping sands that extend into the Cygnus field are found on the 

western and also the southern flanks of the Elbow Spit High. 
 
Q10: What is the source of gas shows in well B10-02? 
A10: At the start of the project there was no prolific source rock identified at this 

well’s location. After the seismic interpretation and well re-interpretation was 
completed, a Westphalian source rock is proposed as the most likely source of 
the gas shows observed in the B10-02 well.  
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Q11: What happens between wells B10-1 and B10-2? 
A11: There is a fault between those wells 
 
Q12: Is there a stratigraphic connection between the Northern and the Southern 

Fringe sands in the deepest part of the basin? 
A12: No, the Northern Fringe sands are not connected to the Southern Fringe sands 

in the study area. Only at well E12-02 are both sands present but are 
separated by low net-to-gross strata. The relationship between the two fringes 
are however less constrained in the Dutch Central Graben and stacked sands 
from different sedimentary sources can possibly occur. 
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7 Further research 

Even if significant progress has been made during this project, regarding the 
tectono-stratigraphy and petroleum system of the Dutch Northern Offshore, 
numerous questions still remain and new ones have arisen. It is our opinion that 
several research topics could, and preferably should, be further investigated. 
Preferably as an integrated research project, possibly as part of a larger 
“programme”. Below some brief examples of possible follow up work is presented.  
 

7.1 Detailed structural analysis, especially around the Elbow Spit High 
 
The Dutch Northern Offshore is a structurally complex area, especially when 
considering the poorly imaged Permo-Carboniferous section. For example the 
presence of the Old Red Group to the North of the Elbow Spit High (ESH) and just 
across the UK border, needs to be taken into account when Investigating the lateral 
distribution of potential source rocks such as the Scremerston coals. One of the 
goals of such study could be to further refine the Base Permian subcrop map by 
integrating a robust structural framework based on detailed fault mapping of the 
Carboniferous and Permian. Such a detailed structural analysis around the ESH will 
also improve the understanding of the distribution of Devonian and Lower 
Carboniferous source and reservoir rocks. This study would also contribute to the 
identification of the structures that might have been active during the deposition of 
the Rotliegend and so may have affected the local distribution of reservoir sands 
(e.g. along NW-SE trending faults). 
 

7.2 Extend the study area 
 
The Lower Rotliegend (including the Grensen Formation) proved to be 
stratigraphically heterogeneous and complex, yet it holds some reservoir potentials. 
The study area could be extended towards the North (Denmark, Southern Norway, 
UK) and to the East and Southeast (SW Dutch Offshore, Germany) where Lower 
Rotliegend stratigraphy is preserved and has been locally targeted (e.g. by Hanza 
Hydrocarbons in G18, H16, M3 and N1 blocks, Cram et al., 2014).  
 

7.3 2-D structural restorations in combination with basin modelling 
 
2-D structural restoration of across the study area, for example from the western 
flank of the elbow Spit High to the Dutch Central Graben or in the axis of the Step 
Graben, would clearly add tremendous value in understanding the tectonic history of 
the Dutch Northern Offshore. Such study would increase our understanding of the 
compressional and extensional events that affected the area since the 
Carboniferous, as well as giving more precise insights on the main erosional events 
and the complex salt tectonic history in the area. Such 2-D structural restorations 
could be combined with 2-D petroleum system modelling, give insights into the 
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relationship between burial, local deformation, timing and location of source rock 
maturation, hydrocarbon migration and trap timing and preservation.  
 

7.4 3-D basin modelling and fluid migration study (chimneys) 
 
Seismically imaged chimneys are observed in the study area that originate from the 
Westphalian source rocks and end in shallow gas fields, the Trias and in other 
overlying intervals. For example, five shallow gas fields are found in a halo around 
the high Westphalian maturity zone defined in the present project. The timing of 
expulsion and modelled migration pathways could be compared to seismic chimney 
configuration, in order to better understand migration dynamics and charging.  
 

7.5 Extended isotope analyses for the Rotliegend Group 
 
Good chronostratigraphic control is essential to enable high-resolution regional 
stratigraphic correlation in an area with lateral facies variability. In absence of robust 
biostratigraphic information, such as in the Rotliegend, carbon isotope stratigraphy 
represents an alternative method for obtaining additional chronostratigraphical 
controls. In continental red-bed settings, it is important to develop a regional 
standard curve, which can be correlated to the global curve, and that could be used 
as a new local correlation tool in an accurate way. For this project we propose to 
study approximately 50 wells (cutting samples) across the basin. 
 

7.6 3-D seismic attribute analysis  
 
A few tests have been carried out in this project using 3D seismic attributes to 
identify sands in the Rotliegend. Spectral decomposition showed some promising 
results, even if the obtained signals were difficult to interpret. An in-depth study is 
needed to establish whether Rotliegend sands could be delineated in seismic data 
available in the study area. First, seismic modelling is needed to establish the 
hypothetical visibility of sands. If it is indeed possible, seismic attributes analysis 
should be carried out on higher quality 3D seismic data. Several techniques will be 
tested, including spectral decomposition, sweetness, waveform segmentation 
(seismic facies), and seismic inversion (property predictions, such as porosity). 
Additionally, fluid substitution modelling can be proposed to study whether or not the 
presence of gas is detectable in the Rotliegend using seismic data.  
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consisting of W
estpahlian (and older?) – Stephanian or R

otliegend reservoir- and source rocks. In 
order to reach this aim

 an integrated m
ultidisciplinary approach is proposed, w

hich is underbuilt by 
tectono-sedim

entary reasoning, and focuses on integrating sedim
entology, biostratigraphy, sequence 

stratigraphy, w
ell log analysis, seism

ic interpretation and petroleum
-system

 m
odelling. B

ased on the 
integrated results, the research w

ill provide a description of potential areas in the N
orthern 

N
etherlands offshore that m

ight becom
e subject of future exploration activities.   

 1 
Introduction 

In the light that gas can take a roll as a flexible, low
 C

O
2  em

itting fuel tow
ards a durable energy 

supply realizing possible new
 resources is very w

elcom
e. For years the only developm

ents of oil and 
gas in the D

utch N
orthern offshore w

ere in the U
pper Jurassic F3-FB

 and the C
halk F2-H

anze fields. 
R

ecently, this trend changed and a series of stranded fields cam
e on production, shallow

 (Tertiary) gas 
fields becom

e exploited and the developm
ent of the U

pper Jurassic F2-FA
 field have started. D

espite 
these encouraging developm

ents the D
utch northern offshore rem

ains a relatively underexplored area. 
This especially holds for the Pre-Zechstein reservoir- and source rocks of the Rotliegend G

roup and 
underlying C

arboniferous strata. U
nderexploration is m

ainly based on a num
ber of assum

ptions: 
- 

These tw
o stratigraphic units are devoid of adequate source rocks and reservoir sequences; 

- 
If reservoir- and source rocks are present they have been buried too deep and are tight and 
over m

ature.  
- 

Salt 
w

ithdraw
al 

associated 
w

ith 
activity 

of 
m

ajor 
deep 

seated 
basin-bounding 

faults 
com

prom
ised the sealing capacity of the Zechstein seal.  

 N
otw

ithstanding, three encouraging new
 discoveries underline the need for additional research as 

proposed herein:  
 

1) 
R

ecent research on the C
leaverbank Platform

 (Petroplay, C
arboniferous study) and Elbow

 
Spit H

igh (van den H
em

el, 2010) continuously im
proved the facies distribution m

odels in 
tilted sub-B

PU
 rocks (D

evonian, Carboniferous). This calls for a higher-detailed view
 on the 

presence of source- and reservoirs rock, trapping geom
etries and possible H

C
 m

igration 
pathw

ays. 
 

2) 
The find of the C

ygnus field in the U
K

 sector proved the presence of a R
otliegend reservoir 

section on the N
orthern fringe of the Southern Perm

ian B
asin (SPB). The presence of gas 

proves the presence of a source rock w
hich tim

ely generated gas w
ith respect to the form

ation 
of the trap. In the D

utch sector thin R
otliegend sandstones have been encountered on the 

SPB
’s northern fringe in for exam

ple w
ell A

16-1. A
 C

ygnus equivalent m
ay w

ell be present 
in the D

utch northern offshore.  
 

3) 
The increased understanding of the W

estphalian A
 to C

/D
 series com

bined w
ith the new

 
insights in the palaeo-depositional environm

ent (based on palynology) of the youngest 
C

arboniferous sedim
ents  and the recently published R

otliegend depositional m
odels (results 

from
 TN

O
 project “Explore”) m

ay be beneficial to the understanding of the youngest 
C

arboniferous strata (W
estphalian D

 to Stephanian). A
 large part of the C

entral G
raben and 

Step G
raben have the Step G

raben Form
ation (of presum

ed Stephanian age) as subcrop of the 
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Perm
ian. Several lines of stratigraphic, geobiological, tectonic and sedim

entological evidence 
suggest that:  
 a) 

Source 
rocks 

and 
reservoirs 

exist 
on 

stratigraphically 
higher 

levels 
in 

the 
C

arboniferous (W
estphalian D

 to Stephanian) 
b) 

H
itherto unknow

n basin structures m
ay have form

ed traps in  these rocks  
c) 

Petroleum
 system

 developm
ent on underexplored local highs in these basins m

ay 
deviate from

 the regional trend of over-m
aturing.  

 Inspired by these discoveries, interest in the exploration of the Pre Zechstein sequences renew
ed after 

years of neglect. Follow
ing this renew

ed interest new
 2D

 and 3D
 seism

ic surveys have been shot to 
fill the gaps in the seism

ic coverage and im
prove the efficiency of exploration activities. The recent 

seism
ic acquisitions have been designed to im

age the deep pre-Zechstein (Perm
o-C

arboniferous) 
series appropriately. In order to help exploration, the next logical step is to develop a theory that 
supports the likely presence of (additional) reservoir and source rocks. In this study w

e propose to 
investigate the Perm

o-C
arboniferous reservoir and source rock potential of the C

entral G
raben and 

Step G
raben area in the N

orthern offshore and focusing on the three aforem
entioned them

es. W
e aim

 
at finding and delineating those “hot” spots w

here the right source-reservoir-seal conditions are m
et, 

both spatially and in term
s of (tim

ing of) H
C

 generation, -m
igration and trapping.  

 1.1 
Proposed research strategy  

The set-up of this project is to test a new
 hypotheses (see next section for details) for the Perm

o-
C

arboniferous structural-sedim
entological developm

ent of the C
entral and Step G

raben and the 
im

plications for play types consisting of W
estpahlian (and older?) – Stephanian or R

otliegend 
reservoir- and source rocks.  
 The project aim

s to focus on the geology around the Elbow
 Split high and D

utch C
entral G

raben (A
, 

B
, D

, E and F blocks) in order to identify and evaluate the reservoir and source rock potential in rock 
sequences from

 the latest Carboniferous to earliest R
otliegend. In order to reach this aim

 an integrated 
m

ultidisciplinary approach is obligatory. The hypothesis is built on a tectono-sedim
entary reasoning 

w
ith a strong link to biostratigraphy. Intricate integration of sedim

entology of cores, biostratigraphic 
analysis of rock sam

ples, (sequence)stratigraphic evaluation of logs, interpretation of key seism
ic 

lines and analysis of petroleum
 system

 scenarios is proposed.  
 2 

C
urrent state of know

ledge and intended innovation  

2.1 
C

urrent level  
The N

orthw
est European C

arboniferous B
asin (N

W
EC

B
) or A

nglo-D
utch B

asin developed in the 
D

evonian and C
arboniferous in response to lithospheric stretching and Late C

arboniferous flexural 
subsidence (K

om
brink et al, 2008) along the southern m

argin of the O
ld Red C

ontinent (m
ore or less 

the southern m
argin of the R

henohercynian Zone; Ziegler, 1990, O
ncken et al., 1999; B

urgess &
 

G
ayer, 2000; N

arkiew
icz, 2007) The basin consisted of a series of W

N
W

-trending half-grabens in the 
southern N

orth Sea, sim
ilar to E-W

 basins described in the B
ritish offshore (e.g. Fraser &

 G
aw

thorpe, 
1990) in w

hich a thick pile of D
evonian and Low

er Carboniferous sedim
ents w

as deposited, sourced 
from

 the M
id G

erm
an C

rystalline H
igh in the south and the O

ld R
ed C

ontinent in the north. 
 D

uring the W
estphalian, the V

ariscan deform
ation front continued to m

igrate northw
ard and the 

N
am

urian sedim
ent package of the R

henohercynian zone w
as deform

ed into m
ajor thrust and nappe 
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 com
plexes (Ziegler et al., 2004). The m

ain depocenter of the N
W

EC
B

 progressively m
oved 

northw
ard from

 a position near the R
uhr V

alley G
raben in N

am
urian to the Em

s D
eep in the 

Stephanian, during various com
pression-extension cycles. The end of orogenic activity in the 

V
ariscan Fold B

elt during the latest W
estphalian w

as follow
ed by the establishm

ent of a dextral and 
sinistral w

rench-fault system
 (Ziegler, 1990a; Ziegler et al., 2006) that led to the developm

ent of 
transtensional and pull-apart basins. The m

ost im
portant exam

ple of this type of basin system
 in the 

N
W

EC
B

 is the Em
s B

asin (a north–south-trending belt of Stephanian deposits in north-w
est 

G
erm

any). This Stephanian basin probably developed due to the underlying Teisseyre-Tornquist Zone 
and is considered to be the result of a secondary shear system

 linking the m
ajor system

s, such as the 
Teisseyre-Tornquist Zone (Ziegler et al., 2006). 
 

 
 Figure 1: Structural elem

ents of the C
arboniferous N

W
EC

B
.  

 Several studies in the D
utch offshore also suggest a changing Late Carboniferous (Stephanian) 

tectonic configuration. For instance a Late Stephanian – late A
utunian initiation of a precursor of the 

C
entral G

raben (proto C
G

) is assum
ed by A

drichem
 B

oogaert &
 K

ouw
e (1993) based on the 

preservation of Low
er Rotliegend and Stephanian volcaniscs on the flanks of the graben and isopach 

patterns of the Perm
ian succession (see also A

ppendix 1).  
A

lso, the H
orn G

raben (H
G

; in the G
erm

an part of the N
orth Sea), show

s a sim
ilar N

-S pattern of 
preserved ?Low

er R
otliegend deposits that m

ay hint at a com
parable and contem

poraneous form
ation 

m
echanism

. M
O

N
A

-LISA
 deep seism

ic lines across the H
G

 reveal substantial occurrences of low
er 

and upper Paleozoic strata below
 the graben. This is seen as an indication that the H

orn G
raben 

developed as a Paleozoic graben structure during the late Paleozoic in the form
er C

aledonian foredeep 
(A

bram
ovitz &

 Thybo,1999). 
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 2.2 
Intended innovation 

The m
ain innovation of this project is the postulation of a new

 and alternative, hypothesis for the Late 
C

arboniferous-Perm
ian structural- and sedim

entological developm
ent of the D

utch N
orthern O

ffshore.  
This hypothesis, w

hich differs im
portantly from

 current accepted view
s, is outlined below

: 
 D

uring the latest C
arboniferous on-going N

-S com
pression, as a consequence of the northerly 

prograding V
ariscan front, results in folding of older C

arboniferous strata, inversion of specific 
structural elem

ents and, m
ost im

portantly for the hypothesis, E-W
 extension. The E-W

 extension is 
concentrated in for exam

ple the C
entral- &

 Step G
raben area and the H

orn G
raben (Figure 2). These 

areas form
 (m

ild) depressions or alternatively accom
m

odation space for firstly latest C
arboniferous 

sedim
ents and later R

otliegend sedim
ents. Sedim

ents from
 both eras are thought to have been 

deposited in a terrestrial environm
ent. This m

eans that fluvial drainage system
 w

ould direct itself into 
the depression resulting in a sand-prone sequence. A

dditionally, being in a depression the depositional 
surface w

ill be closer to the w
ater table w

hich on the one hand increases possibility to form
 vegetated 

area’s and on the other hand increases the preservation potential of organic m
atter resulting in the 

form
ation of source rocks. 

 A
 

 

B
 

 
Figure 2: Sketch m

aps of the presum
ed tectonic evolution of the larger study area.  

A
) 

D
uring the Early C

arboniferous the structural grain w
as N

W
-S

E
 in a predom

inately extensional 
setting creating block and basins. O

n the high block the reefal build ups w
ere situated. 

B
) 

The end stage of the Variscan orogeny resulted in a rearrangem
ent of structural elem

ents. A
 N

-S 
oriented graben system

 developed as a result of N
-S com

pression. D
iantian structural elem

ents 
w

ere split and. The various new
 blocks started to invert w

ith respect to D
inantian m

ovem
ents. 

  Figure 3 depicts a schem
atic E-W

 cross-section over the southern part of the Step &
 C

entral G
raben. 

D
uring the latest C

arboniferous the Step and Central G
raben started to subside w

ith respect to its 
neighbouring blocks as for exam

ple the C
leaver B

ank H
igh. W

ithin the depression the Step G
raben 

sequence w
as deposited and preserved. O

n the flanking highs condensed sequences m
ay have been 

deposited and sparsely preserved. This configuration persisted in the R
otliegend w

here the depression 
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 m
ay have entrenched sand prone sedim

ents sourced by the SPB
 fluvial system

s from
 the south and 

north (Elbow
 Spit, M

id N
orth Sea and R

ingkøbing-Fyn H
ighs and possibly the N

orthern Perm
ian 

B
asin). The incipient Step- and C

entral G
rabens m

ay have acted as a passage for sand from
 north to 

south. A
s base level rose, the N

-S basins w
ere flooded and filled w

ith clay prone sedim
ents. 

 O
bservations and argum

ents supporting the hypothesis: 
 

1. 
The preservation of Stephanian red-bed deposits in- and across incipient N

-S structures, such 
as the Step G

raben, the D
utch C

entral G
raben and presum

ably the H
orn G

raben. These 
suggest a configuration of N

-S depressions in w
hich latest C

arboniferous sedim
ents w

ere 
deposited either / or preserved from

 “Saalian” erosion. (A
ppendix A

) 
2. 

The occurrence of non- to poorly dated reddish conglom
erates underlain by a m

ature soil 
horizon on the Cleaverbank H

igh (M
ijnlieff et al., 2011), indicating  the presence of a 

(?U
pper C

arboniferous) conglom
eratic drape betw

een an intra-C
arboniferous unconform

ity 
and the base Perm

ian unconform
ity. 

3. 
A

 thicker (sandprone?) equivalent in the high accom
m

odation space incipient Step G
raben 

and C
entral G

raben.  
4. 

N
ew

 TN
O

 analysis show
s the occurrence of sm

all organic rich intercalations in red-bed facies 
contained palynoflora’s characteristic for coal-forest vegetation on the edge of the Step 
G

raben. 
5. 

Palynological data revealed that on the edge of the Step G
raben sm

all organic rich 
intercalations 

in 
red-bed 

facies 
contained 

palynoflora’s 
characteristic 

for 
coal-forest 

vegetation in com
bination w

ith dry upland-elem
ents of late Stephanian – Early Perm

ian age. 
For these elem

ents to have survived red-bed conditions, w
et refugia should have been present 

nearby. If the grabens w
ere structural low

s already during the Latest C
arboniferous (a view

 
supported here), they could have acted as refugia for these hydrophytic com

m
unities and 

possibly contain coal-m
easure facies of W

estphalian D
 – Stephanian age. W

estphalian D
 –

Stephanian coal-bearing facies is not uncom
m

on in U
K

 onshore basins (e.g. Forest of D
ean), 

onshore G
erm

any (e.g. Saar-N
ahe basin) and Spain (C

antabria). In m
ost A

ppalachian coal-
basins, coal deposition continued into the Stephanian. R

ecent studies revealed that chem
ical 

com
position of these young C

arboniferous coals differs from
 those of the classic coal 

m
easures (R

EF). Throughout the latest C
arboniferous a shift in coal-form

ing vegetation 
occurred w

hich has a postulated effect on the chem
ical com

position of the coal. This m
ight 

had have an effect on gas-com
position w

hich should be traceable in the gas-com
positions 

m
easured 

 2.3 
R

esearch questions  
To test the hypothesis and to see if and w

here additional C
arboniferous–Perm

ian plays exist the 
follow

ing know
ledge needs to be developed: 

 
 

W
hat is the tectonic evolution of the Step and C

entral G
raben in conjunction w

ith its 
neighbouring blocks during the late C

arboniferous to Rotliegend tim
es? 

 
W

hat is the facies distribution and basin configuration during the latest Carboniferous 
 

Is there additional evidence for coal deposition in the G
rabens during the W

estphalian D
 – 

Stephanian? 
 

W
ould they have generated hydrocarbons and w

hen? 
 

Is the chem
ical com

position of W
estphalian D

 – Stephanian coal traceable in the m
easured 

chem
ical com

position of gas (from
 w

w
w

.nlog.nl), i.e. is this coal an additional source to 
proven fields?  
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W

hat is the structural developm
ent (incl. erosion, tim

ing unconform
ities) of the potential 

reservoir sands in relation the source and m
igration of H

C
s 

 
W

hat is the likelihood of the four play scenarios as listed in Figure 3. 
 

 
W

hat is the distribution of the m
arginal ”northern fringe” R

otliegend (Silverpit equivalents) 
deposits in the area of interest? 

 
W

hat is their potential source? 
 

 
Is their potential for additional sourcing from

 stratigraphically older C
arboniferous levels in 

the Elbow
 Spit area, w

hich can be seen as the tilted footw
all to the SG

 and D
C

G
? 

 

 
Figure 3: E

-W
 schem

atic cross-section over southern end of the S
tep- &

 C
entral G

raben supporting the 
hypothesis. B

ased on seism
ic section show

n in A
ppendix B

. Table show
s play scenarios to be tested. 

 3 
Project plan   

3.1 
W

ork plan and w
ork packages 

Testing the innovative hypothesis for the C
arboniferous-Perm

ian tectonosedim
entary developm

ent of 
the area w

ill m
ainly occur through traditional techniques and m

ethods such as seism
ic interpretation 

and analyses of w
ell-, core- and gas data. The results w

ill be integrated w
ith both traditional and 

new
ly established stratigraphic techniques, enabling to m

ake significant im
provem

ents in the 
stratigraphic- and palaeo-environm

ental interpretation of the considered stratigraphic interval.  
 3.1.1 

D
efinitions of the w

ork packages 
 W

P
1 – Acquiring, review

ing and loading data (total 100 m
an hours) 

 W
ithin this w

ork package data essential for the project is acquired, Q
C’ed and loaded in the to-be-

used softw
are and m

odels. 
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  W
hen all data deem

ed necessary is review
ed and loaded onto w

orkstations and the softw
are to be 

used M
ilestone M

01 (Table 3) is reached. 
 W

P2 - Regional geology and Structural G
eology (total 400 m

an hours) 
 W

ithin this w
ork package the public literature w

ill be screened on relevant inform
ation on the Perm

o-
C

arboniferous evolution of the study area. This w
ill result in a com

prehensive sum
m

ary of the 
tectono-stratigraphic evolution of the study area in the light of the regional geologic picture. This w

ill 
be delivered as  (interm

ediate) Petrel m
odel (deliverable D

01) w
ith structural m

odel, w
ell log 

correlations of sedim
entological, bio-, chem

o- and isotope stratigraphy and supported by report. 
Secondly, this review

 w
ill help in detailing and supporting a hypothesis/concept on the regional 

evolution of the C
arboniferous-Perm

ian period. This concept w
ill constitute sketch m

aps and cross-
sections and w

ill be supported by m
ulti 1D

 Petroprob m
odels to assess the tectonics history and heat-

flow
 evolution.  

 This w
ill be reported in deliverable D

02.  
 A

t the end of W
P2 (M

ilestone M
02, See also Table 3) a w

orkshop w
ill be held discussing the progress 

m
ade and in w

hich the results so far are presented 
 W

P3 to 5 – Play types 1 to 3 
W

ithin these w
ork packages w

e investigate the various plays scenarios. In W
P3  the generation and 

m
igration in and through Late C

arboniferous cross-grabens and Stephanian source and reservoirs. In 
W

P4 package w
e investigate the play concept of the SPB

 N
orthern fringe reservoirs (e.g. C

ygnus 
field). A

nd in W
P5 the possible play concept of V

isean/N
am

urian onlap against D
evonian Elbow

 Spit 
H

igh granite and related facies distribution. 
 This w

ill be achieved by integrating structural, sedim
entological and stratigraphical inform

ation in 
petroleum

 system
 analysis. For m

ore detail see section 0 on the integrated w
orkflow

. 
 The results w

ill be reported in D
eliverables D

03 to D
05.   

 Each w
ork package w

ill be concluded (M
ilestone M

03 tot M
05) w

ith a w
orkshop, w

here progress, 
conclusions and the road ahead w

ill be discussed 
 W

P6 - Reporting 
 

 
Final Petrel m

odel w
ith integrated products and data sum

m
ary, this is D

eliverable D
06.  

 
A

 w
ritten report containing the evaluations of the Play types, structural fram

ew
ork, general 

conclusions and recom
m

endations. This is D
eliverable D

07, the end report 
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 W
P7 – Project m

anagem
ent 

Project m
anagem

ent is split up in content and procedural m
anagem

ent. The senior scientist is 
responsible for the content m

anagem
ent and the project coordinator for the procedural m

anagem
ent. 

 Table 1: W
ork package overview

 
 

 

3.1.2 
Integrated w

orkflow
 

 A
n integrated w

orkflow
, to test the play types 1 to 3 is described in m

ore detail below
. This w

orkflow
 

w
ill be applied in W

P3 to W
P5, as m

uch as possible and w
here applicable.  

 Structural geology  
In order to create a structural fram

ew
ork a selection of seism

ic lines w
ill be interpreted w

ith the focus 
on the Perm

o-C
arboniferous. For the purpose of basin m

odeling a few
 m

ain (Paleo-, M
eso, and 

C
enozoic) lithostratigraphic G

roup boundaries w
ill also be picked to quantify the overburden. The 

seism
ic interpretation w

ill focus on: 
1. 

V
erify and detail the proposed Perm

o-C
arboniferous tectonic and tectonic evolution m

odel  
2. 

Extract thickness trends and facies trends of the Perm
o-C

arboniferous strata.  
 To cope w

ith seism
ic coverage of deep targets across the D

C
G

, som
e lines of the Long offset N

orth 
Sea R

econnaissance data (Fugro/TG
S) can be used (A

ppendix B
) alongside publicly available data.  

 Sedim
entology  

A
vailable sedim

entological and petrographical core descriptions w
ill be re-evaluated and if deem

ed 
necessary described again in the light of the present know

ledge. These interpretations w
ill serve as an 

anchor point for m
ore regional depositional environm

ent interpretation of the R
otliegend and latest 

C
arboniferous. O

nly cores from
 the R

otliegend and presum
ed latest C

arboniferous w
ill be checked.  

W
e w

ill com
pile w

ell panels of key transects w
ith biostratigraphical and sedim

entological data. The 
structural fram

ew
ork w

ill be integrated into a (sequence) stratigraphical correlation. A
ppendix C

 gives 
a quick inventory of w

ells w
hich m

ay be included in the study.  

W
P 

W
ork Packages nam

e 
Short description 

Contra
ctor 

Result 
D

elivarable or 
M

ilestone 
Start and 
End date 

1 
A

cquiring, review
ing 

and loading data 
- 

TN
O 

- 
M

01 
1/1/13 – 
9/13/13 

2 
R

egional geology and 
Structural G

eology  
R

egional evolution of the 
study area 

TN
O 

Tectono-stratigraphic 
m

odel &
 detail 

descriptions of plays 

M
02 &

 D
02 

10/21/13- 
1/31/14 

3 
Play type I 

 
TN

O 
R

eport 
M

03 &
 D

03 
2/4/14 – 
7/15/14 

4 
Play type II 

 
TN

O 
R

eport 
M

04 &
 D

04 
7/17/14 – 
12/25/14 

5 
Play type III 

 
TN

O 
R

eport 
M

05 &
 D

05 
12/29/14-
6/8/15 

6 
R

eporting 
 

TN
O 

Final report &
 Petrel 

project 
M

06 &
 D

06, D
07 

6/10/15 – 
7/13/15 

7 
Project M

anagem
ent 

Progress, m
eetings etc.  

TN
O 

 
 

1/1/13 – 
7/14/15 
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  Source rock evaluation, kerogen typing &
 palynology (partially optional) 

 The organic m
atter in the latest C

arboniferous w
ill be geochem

ically analysed for kerogen typing and 
m

aturity value. 
 The link betw

een geo-chem
ical com

position of coals and vegetation developm
ent during the 

W
estphalian D

 –Stephanian can (is optional) be evaluated by using com
bined palynology and geo-

chem
istry data of analogue basins. In order to study a possible sourcing from

 Stephanian source rocks, 
available data on gas-com

position and fluid inclusions can be evaluated.  
 C

hem
o-, Bio- and isotope Stratigraphy 

 
 

To unravel the stratigraphy of the Late C
arboniferous strata w

e w
ill apply a m

ultidisciplinary 
approach on a num

ber of key w
ells. A

vailable chem
ostratigraphy and sparse biostratigraphy w

ill be 
lined up w

ith tim
e lines provided by stable isotope stratigraphy. D

uring the W
estphalian D

 / 
Stephanian the usability of biostratigraphy as a high resolution chronostratigraphical tool becom

es 
ham

pered by the overprint of facies related occurrences of species (van H
oof et al., in press), but 

m
ajor shifts in 

13C
 records have been proven to be good chronostratigraphical anchor points in 

terrestrial setting. A
vailable chem

ostratigraphical and biostratigraphical correlations w
ill be verified 

by developing high resolution carbon 13 records from
 selected key w

ells.  
For all play types the results w

ill include: 
 

 
W

here applicable, a standard isotope geochem
ical fram

ew
ork for the late C

arboniferous-
Perm

ian interval considered based  on a com
pilation of key w

ells. 
 

A
 stratigraphical fram

ew
ork based on isotope geochem

istry and palynology focusing on the 
stratigraphic interval of interest and based on a selected num

ber of key-w
ells 

   Petroleum
 system

 analysis and –scenario testing 
 W

e w
ill m

odel (in 1 and/or 2 D
) the burial, tem

perature, m
aturity and H

C
 generation history of the 

source rocks identified in the C
entral G

raben and Step G
raben. The preservation of generated gas w

ill 
be evaluated by com

paring the tim
ing of gas generation w

ith tim
ing of seal and trap form

ation, tim
ing 

of periods of fault (re)activation during tectonic phases. Sim
ple m

igration and charging m
odeling m

ay 
be part of the evaluation and w

ill serve to test the likelihood of the proposed play scenarios.  
For the evaluation of all play types the Petroleum

 system
s description w

ill include: 
 

 
R

eservoir distribution sketch m
aps 

 
Q

ualitative description of play w
ith proof of concepts from

 w
ell and outcrop/analogue data 

 
Petroleum

 system
s scenarios (generation and m

igration) of the hydrocarbons, including 
source rock m

aturity and H
C

 generation history in relation to seal-trap form
ation history.  

 
D

escription 
of 

potential 
areas 

in 
the 

N
orthern 

N
etherlands 

offshore 
area 

based 
on 

interdisciplinary integrated results 
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 3.2 
R

esults, D
eliverables and M

ilestones 
 

Table 2: List of deliverables 
D

eliverable 
T

itle 
D

ue date 
D

01 
Interm

ediate Petrel m
odel 

2/3/14 
D

02 
R

eview
 of Tectono-stratigraphic evolution including 

Palealeogeogra phic sketch m
aps and cross-sections, i.e. 

detailed form
ulation of and support for the m

ain research 
hypothesis 

2/3/14 

D
03 

Evaluation Play type 1 
7/16/14 

D
04 

Evaluation Play type 2 
11/28/14 

D
05 

Evaluation Play type 3 
5/12/15 

D
06 

Final Petrel m
odel w

ith integrated products and data sum
m

ary 
6/30/15 

D
07 

Final R
eport 

6/30/15 
 Table 3: List of m

ilestones 
M

ilestone 
T

itle 
D

ue date 
M

01 
C

onclude acquisition, review
 and loading of data 

10/21/13 
M

02 
C

onclusion of regional w
ork, start of detailed analysis of plays 

2/3/14 
M

03 
C

onclusion of evaluation of Play type 1 
7/16/14 

M
04 

C
onclusion of evaluation of Play type 2 

11/28/14 
M

05 
C

onclusion of evaluation of Play type 3 
5/12/15 

M
06 

C
onclusion of evaluation of final deliverables 

6/30/15 
 3.3 

R
isks and alternatives 

Success of the project is to great extend dependent on the possibility to visualize the sub Zechstein 
salt stratigraphy in seism

ic data and to tie this to the available w
ell and core m

aterial. The quality of 
the publically available seism

ic data that can be used is (for the targeted stratigraphy) of m
oderate 

quality, but in deep basin areas the data m
ight be of too low

 a quality to provide the required detail. 
So it seem

s that the success of this project for a large part is dependent on the seism
ic data Fugro is 

contributing. 

3.4 
Follow

 up of the project 
B

ased on the outcom
e of this project scope m

ay lie in further detailing areas, either through additional 
2D

 lines, 3D
 data sets and/or w

ell data. O
r possibly analyzing m

ore new
 play types in the N

orthern 
O

ffshore and possibly elsew
here. 
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 4 
Project organization 

4.1 
C

ollaboration betw
een contractor and partners 

Parties involved: 
1. 

“TN
O

, N
etherlands O

rganisation for applied scientific research” (contractor), registered 
office at Schoenm

akerstraat 97, 2628 V
K

 D
elft, The N

etherlands. 
2. 

“W
intershall N

ederland B
.V

.”, registered office at B
ogaardplein 47, 2284 D

P Rijsw
ijk 

(ZH
), The N

etherlands. 
3. 

“EB
N

 B
.V

.”, registered office at M
oreelsepark 48, 3511 EP, U

trecht, The N
etherlands. 

4. 
‘’C

hevron Exploration and Production N
etherlands B

.V
.’’, registered office at 

A
ppelgaarde 4, 2272 TK

  V
oorburg, The N

etherlands  
5. 

‘’C
entrica Production N

ederland B
.V

.’’, registered office at Polarisavenue 39-Transpolis, 
2132JH

, H
oofddorp, The N

etherlands. 
6. 

“TO
TA

L E&
P N

ederland B
.V

.”, registered office at B
ordew

ijklaan 18, 2591 X
R

, D
en 

H
aag, The N

etherlands. 
7. 

‘’Fugro G
eoServices B

.V
.’’, registered office at V

eurse A
chterw

eg 10, 2264 SG
, 

Leidschendam
, The N

etherlands. 
8. 

“N
A

M
, N

ederlandse A
ardolie M

aatschappij B
.V

.”, registered office at Schepersm
aat 2, 

9405 TA
, A

ssen, The N
etherlands. 

 A
 steering com

ity (SC
), consisting of JIP Participant representatives, needs be form

ed w
ithin the 

JIP. The SC
 shall be chaired by a JIP Participant. The SC

 shall be responsible for the 
m

anagem
ent of the overall progress and quality w

ithin the JIP.  
 The SC

 shall gather as often as it deem
s necessary, but at least annually, in order to discuss the 

progress of the research and results.  
 The SC

 shall decide on the follow
ing m

atters: 
 

1. 
Proposals regarding the scope of the research; 

2. 
Evaluation of the progress of the research; 

3. 
Evaluation of results; 

4. 
Entry of late participants and the conditions thereof; 

5. 
The height of a late participant fee to be paid by a late participant in excess of the 
participation fee; 

6. 
A

ny other key executive decision that the SC
 deem

s necessary to decide on during the 
course of the JIP; 

7. 
The review

 of publications. 
 TN

O
 has provided a project coordinator for the JIP (V

incent V
andew

eijer). The SC
 chairm

an 
shall be the single point of contact for the project coordinator w

ithin the SC
. The project 

coordinator shall be the single point of contact for the SC
 chairm

an w
ithin the project 

m
anagem

ent team
.   

 Project coördinator: TNO
 

Project M
anager: Vincent Vandew

eijer 
Principal Scientist: Johan ten Veen 
Business D

eveloper: Yvonne Schavem
akers 
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 4.2 
Planning  
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 4.3 
M

eetings 
  N

ote: A
dditional m

eetings can be scheduled if deem
ed necessary by the SC

 or project m
anager.  

 4.4 
Financing  

 
C

O
N

TR
A

C
T

O
R

S 
E

xecution of the project 
B

udget per 
contractor 2012 (€) 

C
larification 

TN
O

 
€ 720.000 

 

TO
TA

L B
U

D
G

ET
 

€ 720.000 
 

 
FIN

A
N

C
ER

S 
Financial contributions 

C
ontribution per 

partner 2012 (€) 
C

larification 

C
A

SH
 contribution 

 
 

TO
TA

L E&
P  

C
entrica  

W
intershall 

EB
N

 
C

hevron 
N

A
M

 
T

otal  

€   65.000 
€   65.000 
€   65.000 
€   65.000 
€   65.000 
€   65.000 
€ 390.000  

Equally divided (€ 65.000) by six 
com

panies: 

IN
K

IN
D

 contribution 
 

 

FU
G

R
O

  
TN

O
 

T
otal 

 

€   65.000  
€   65.000  
€ 130.000 

Seism
ic D

ata 
R

esults K
IP Explore (T. D

onders) 

Subsidy E
L

&
I 

 
€ 330.000  

Innovation contract subsidy U
pstream

 
EL&

I budget 

TO
TA

L B
U

D
G

ET 
€ 850.000  

Total project am
ount. 

 D
ate 

M
eeting 

Short description of the m
eeting 

2013.09.09 
K

ick off m
eeting 

SC
 installation &

 discuss project plan  
2014.02.03 

M
ilestone M

02 m
eeting 

SC
 m

eeting &
 D

iscuss results W
P2 and decide on execution of the 

analysis of play types 
2014.07.14 

M
ilestone M

03 m
eeting 

D
iscuss results W

P3, evaluate progress and apply in w
ork ahead 

2014.12.26 
M

ilestone M
04 m

eeting 
D

iscuss results W
P4, evaluate progress and apply in w

ork ahead 
2015.05.12 

M
ilestone M

05 m
eeting 

D
iscuss results W

P5, evaluate progress 
2015.06.30 

Final closing m
eeting 

SC
 m

eeting &
 D

iscuss end results &
 recom

m
endations 
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 4.5 
B

reakdow
n of the project costs 

 

W
P 

Total 
(k€) 
 

L
abour 

T
N

O
 

 (k€) 

L
abour 

external 
 (k€) 

Project startup &
 initialisation 

20 
20 

 
1 

Acquiring, review
ing and loading data 

25 
25 

 
2 

Regional geology and Structural G
eology 

100 
80 

20 
3 

Play types 1 
160 

140 
20 

4 
Play types 2 

145 
140 

5 
5 

Play types 3 
145 

140 
5 

6 
Reporting 

40 
40 

 
7 

Project m
anagem

ent 
85 

85 
 

T
otal 

720 
 

 
 N

ote: am
ounts are estim

ations 
 5 

D
issem

ination and com
m

unication 
 Possible dissem

ination to the outside w
orld could go through conferences like: 

1. 
EA

G
E  

2. 
Petex  

3. 
Prospects 

 N
o final decision is taken yet, as this dissem

ination is highly dependent on the progress and outcom
e 

of the project. 
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 6 
R

eferences 
A

bram
ovitz, T. &

 Thybo, H
. 1999, Pre-Zechstein structures around the M

O
N

A
 LISA

 deep seism
ic lines in the southern 

H
orn G

raben area. B
ulletin of the G

eological Society of D
enm

ark. V
ol 45. pp 99-116. 

 B
urgess, P.M

. &
 G

ayer, R
.A

. (2000): Late C
arboniferous tectonic subsidence in South W

ales; im
plications for V

ariscan 
basin evolution and tectonic history in SW

 B
ritain. Journal of the G

eological Society 157: 93-104. 
 D

oornenbal, J.C
. &

 Stevenson, A
. G

. (editors). 2010. Petroleum
 G

eological A
tlas of the Southern Perm

ian B
asin area. 

EA
G

E Publications (H
outen). 

 EB
N

, TN
O

 en M
inisterie van Econom

ische Zaken, Landbouw
 &

 Innovatie, 2010, Poster 8, Shallow
 gas prospectivity 2010, 

Posters 
en 

presentatie 
Prospectfair 

London, 
decem

ber 
2010, 

http://w
w

w
.nlog.nl/resources/Posters/prospectfair2010/Poster%

20M
ijnlief%

2010H
B

-
08%

20Shallow
%

20gas%
20lage%

20res.pdf 
 EB

N
, TN

O
 en M

inisterie van Econom
ische Zaken, Landbouw

 &
 Innovatie, 2011, Poster 4, 3D

 seism
ic D

ataposition, Posters 
en 

presentatie 
Prospectfair 

London, 
decem

ber 
2011, 

http://w
w

w
.nlog.nl/resources/Posters/prospectfair2011/ 

Poster_3D
seis_%

20Prospex2011.pdf 
 Fraser, A

.J., N
ash, D

.F., Steele, R
.P. &

 Ebdon, C
.C

. (1990): A
 regional assessm

ent of the intra-C
arboniferous play of 

northern England. In: J. B
rooks (Ed): C

lassic Petroleum
 Provinces. G

eological Society Special Publications (London): 417-
440. 
 H

em
el, van den T.E. 2010. D

evonian and Low
er C

arboniferous geology of the northern D
utch offshore. K

eyw
ords: 

D
evonian, C

arboniferous, V
iséan, N

am
urian, shallow

 m
arine, ESH

. Supervisors: B
oer, P.L. de, M

ijnlieff, H
.F., K

om
brink, 

H
. 

 K
om

brink, H
., Leever, K

.A
., V

an W
ees, J.D

., V
an B

ergen, F., D
avid, P. &

 W
ong, T.E. (2008): Late C

arboniferous foreland 
basin form

ation and Early C
arboniferous stretching in N

orthw
estern Europe - Inferences from

 quantitative subsidence 
analyses in the N

etherlands. B
asin R

esearch 20: 377-395. 
 M

ijnlieff, H
.F. van O

ijk, K
. N

ortier, J. O
kkerm

an, J.A
., G

aupp, R
. &

 G
rötsch, J. (2011): Core A

tlas. In: J. G
rötsch &

 R. 
G

aupp (Eds.): The Perm
ian R

otliegend of the N
etherlands: C

ore A
tlas. SEPM

 Spec. Publ. 98, A
ppendix B

. 
 N

arkiew
icz, M

. (2007): D
evelopm

ent and inversion of D
evonian and C

arboniferous basins in the eastern part of the V
ariscan 

foreland (Poland). G
eological Q

uarterly 51: 231-265. 
 O

ncken, O
., von W

interfeld, C
. &

 D
ittm

ar, U
. (1999): A

ccretion of a rifted passive m
argin; the late Paleozoic 

R
henohercynian fold and thrust belt (m

iddle European V
ariscides). Tectonics 18: 75-91. 

 Schroot, B
.M
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an B
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.A
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an Eijs, R

. &
 V

eld, H
. (2006) H

ydrocarbon potential of the Pre-
W
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(U
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 V

an A
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 B
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ouw
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enclature of The N
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G

D
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O
G

EPA
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, G
eneral. M

ededelingen R
ijks G

eologische D
ienst 50: 1-40. 

 V
an H

oof, T.B
. Falcon-Lang, H

.J., H
artkopf-Froder C

. and K
erp H
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onifer-dom

inated palynofloras in the 
M

iddle Pennsylvanian strata of the D
e-Lutte-6 borehole, the N

etherlands: im
plications. 

 Ziegler, P.A
. (1990): G

eological A
tlas of W

estern and C
entral Europe (2nd edition). Shell Internationale Petroleum

 
M

aatschappij B
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.; G
eological Society Publishing H

ouse (B
ath): 239 pp. 

 Ziegler, P.A
., Schum

acher, M
.E., D

èzes, P., van W
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. &
 C

loetingh, S. (2006): Post-V
ariscan evolution of the 

lithosphere in the area of the European C
enozoic rift system

. G
eological Society of London, M

em
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 Ziegler, P.A
., Schum

acher, M
.E., D

èzes, P., van W
ees, J.D
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 C

loetingh, S.A
.P.L. (2004): Post-V

ariscan evolution of the 
lithosphere in the R

hine G
raben area; constraints from

 subsidence m
odelling. In: M

. W
ilson, E.R. N

eum
ann, G

.R
. D

avies, 
M

.J. Tim
m

erm
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. H
eerem

ans and B
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o-C
arboniferous M
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atism
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G
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 A
ppendix A

 
  Top Pre-Perm

ian distribution m
ap 
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  A
ppendix B 

 

 
Long offset N

S
R

 data, courtesy of Fugro and TG
S

. R
ef: P

oster 8, S
hallow

 gas prospectivity. 
(EBN

 et al 2010) 

 
S

eism
ic line from

 the C
leaverbank H

igh tow
ards the Elbow

 S
pit H

igh From
 the new

 3D
 long cable 

S
pec survey (E

B
N

 et al 2011) 
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 A
ppendix C

 
 Prelim

inary selection of w
ells in the northern D

utch offshore that penetrate Low
er C

arboniferous rocks. 
(from

: van den H
em

el 2010) 

W
ell 

X-C
oord (U

TM
-

3) 
Y-C

oord (U
TM

-
3) 

Total 
depth 

(m
) 

Strat at TD
 

C
lient 

nam
e 

R
esult 

Year 

A
11-01 

535448 
6147143 

3900 
M

illstone 
G

rit 
Fm

 
P

lacid 
D

ry 
10/31/198
1 

A
14-01 

538868 
6117385 

3014 
E

lleboog Fm
 

N
A

M
 

D
ry 

6/4/1982 

A
15-01 

544753 
6117561 

3912 
M

illstone 
G

rit 
Fm

 
P

lacid 
G

as 
show

s 
4/13/1987 

A
16-01 

516154 
6108805 

2708 
Farne G

roup 
E

lf 
P

etroland 
D

ry 
6/10/1974 

A
17-01 

542083 
6097329 

3044 
P

lutonic rock 
M

obil 
D

ry 
4/27/1972 

B
10-01 

574439 
6142306 

3188 
V

isean-N
am

ur 
Am

oco 
D

ry 
8/25/1977 

B
10-02-

s1 
566941 

6133197 
3972 

Y
oredale Fm

 
Am

oco 
D

ry 
9/21/1982 

B
17-04 

594727 
6099868 

4657 
M

aurits Fm
 

A
R

C
O

 
D

ry 
2/21/1990 

E
02-01 

537297 
6091503 

2595 
Tayport Fm

 
N

A
M

 
D

ry 
4/1/1972 

E
02-02 

523748 
6088759 

2647 
E

lleboog Fm
 

M
obil 

D
ry 

11/13/199
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O
verview

 of the tectono-sedim
entary evolution of the D

utch northern 
offshore w

ithin the N
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ith em

phasis on the proto-Central Graben area during the Late 
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y

: F
ran

k
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R
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y

: R
en

au
d

 B
o

u
ro

u
llec an

d
 Jo

h
an

 H
. ten

 V
een

 

1 
Introduction 

T
h

is rep
o

rt su
m

m
arizes th

e resu
lts o

f a literatu
re rev

iew
 an

d
 d

ata
-in

teg
ratio

n
 exercise o

n
 th

e 

L
ate-P

alaeo
zo

ic ev
o

lu
tio

n
 o

f th
e W

est E
u

ro
p

ean
 b

asin
 (P

alaeo
zo

ic) sy
stem

 an
d

 su
cceed

in
g

 

S
o

u
th

ern
 

P
erm

ian
 

B
asin

. 
T

h
e 

m
ain

 
fo

cu
s 

is 
o

n
 

th
e 

d
ev

elo
p

m
en

t 
o

f 
th

e 
area 

th
at 

n
o

w
 

co
m

p
rises th

e D
u

tch
 n

o
rth

ern
 o

ffsh
o

re.  T
h

is is a relativ
ely

 u
n

d
erex

p
lo

red
 p

art o
f th

e D
u

tch
 

o
ffsh

o
re secto

r th
at m

ay
 co

n
trib

u
te to

 fu
tu

re reserv
es.  

T
h

e area en
co

m
p

asses th
e N

-S
 alig

n
ed

 D
u

tch
 C

en
tral G

rab
en

 (F
ig

. 1), a m
ain

ly
 M

eso
zo

ic 

ex
ten

sio
n

al b
asin

, w
h

ich
 m

ay
 h

av
e b

een
 activ

e as a g
en

tly
 su

b
sid

in
g

 featu
re d

u
rin

g
 th

e latter 

p
art o

f th
e P

alaeo
zo

ic E
ra. A

 n
u

m
b

er o
f b

asem
en

t h
ig

h
s an

d
 p

latfo
rm

s are lo
cated

 o
n

 b
o

th
 

sid
e, an

d
 are d

iscu
ssed

 in
 d

etail in
 th

e n
ex

t sectio
n

. 

T
h

is an
aly

sis co
n

sists o
f th

ree p
arts: 

1. 
a co

m
p

reh
en

siv
e literatu

re o
v

erv
iew

 o
f th

e tecto
n

o
-sed

im
en

tary
 ev

o
lu

tio
n

 o
f th

e stu
d

y
 

area w
ith

 th
e N

W
 E

u
ro

p
ean

 larg
er-scale fram

ew
o

rk
, an

d
 

2. 
an

 in
teg

ratio
n

 o
f av

ailab
le d

ata fro
m

 p
art 1 to

 p
ro

d
u

ce reg
io

n
al m

ap
s w

ith
 th

e aim
 o

f 

d
ev

elo
p

in
g

 n
ew

 in
sig

h
ts w

ith
 resp

ect to
: 

a. 
tecto

n
ic h

isto
ry

 

b
. 

so
u

rce area ev
o

lu
tio

n
 

c. 
sed

im
en

t d
isp

ersal p
attern

s 

3. 
g

en
eral co

n
clu

sio
n

s ab
o

u
t th

e tecto
n

o
-sed

im
en

tary
 ev

o
lu

tio
n

 o
f th

e N
o

rth
ern

 o
ffsh

o
re. 

2 
Sum

m
ary of structural elem

ents 
In

 th
e n

o
rth

ern
 o

ffsh
o

re area, th
e fo

llo
w

in
g

 m
ain

 stru
ctu

ral elem
en

ts are d
istin

g
u

ish
ed

 (F
ig

. 

1): 

G
rabens - D

u
tch

 C
en

tral G
rab

en
, N

o
rth

 S
ea C

en
tral G

rab
en

 an
d

 S
tep

 G
rab

en
. 

Platform
s and H

ighs – M
id

 N
o

rth
 S

ea H
ig

h
 (w

ith
 su

b
-elem

en
t E

lb
o

w
 S

p
it H

ig
h

), R
in

g
k

ø
b

in
g

-

F
y

n
 H

ig
h

, C
leav

er B
an

k
 P

latfo
rm

 an
d

 S
ch

ill G
ru

n
d

 P
latfo

rm
. 
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F
ig

u
re 1: S

tru
ctu

ral elem
en

ts in
 th

e N
eth

erlan
d

s o
n

- an
d

 o
ffsh

o
re

 (after D
e Jag

er 2007). 

T
h

e g
eo

m
etry

 o
f th

ese lo
w

s an
d

 h
ig

h
s is larg

ely
 th

e resu
lt o

f M
eso

zo
ic tecto

n
ics (A

tlan
tic 

ex
ten

sio
n

/riftin
g

), b
u

t m
an

y
 so

u
rces rep

o
rt th

at th
ese stru

ctu
res w

ere alread
y

 activ
e d

u
rin

g
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th
e P

alaeo
zo

ic (D
e Jag

er, 2007; G
elu

k
, 2007; V

an
 A

d
rich

em
 B

o
o

g
aert an

d
 K

o
u

w
e, 1993; 

M
ay

n
ard

 et al., 1997), w
h

ich
 is d

ealt w
ith

 in
 m

o
re d

etail in
 later sectio

n
s. 

2.1 
N

orth Sea Central G
raben 

T
h

e 
N

o
rth

 
S

ea 
C

en
tral 

G
rab

en
 

(o
r 

sh
o

rt: 
C

en
tral 

G
rab

en
) 

to
g

eth
er 

w
ith

 
its 

n
o

rth
w

ard
 

ex
ten

sio
n

 –th
e V

ik
in

g
 G

rab
en

- co
n

stitu
tes th

e m
ain

 p
art o

f th
e N

o
rth

 S
ea riftin

g
 sy

stem
. 

R
iftin

g
 

started
 

in
 

th
e 

T
riassic 

u
n

d
er 

E
-W

 
ex

ten
sio

n
 

an
d

 
tran

sected
 

th
e 

N
o

rth
ern

 
an

d
 

S
o

u
th

ern
 P

erm
ian

 B
asin

s (P
h

arao
h

, 2010). T
h

e N
o

rth
 S

ea C
en

tral G
rab

en
 h

as a p
resen

t-d
ay

 

N
W

-S
E

 o
rien

tatio
n

 (F
ig

. 2). It ap
p

ro
x

im
ately

 co
in

cid
es w

ith
 th

e b
o

u
n

d
ary

 o
f A

v
alo

n
ia (in

 

th
e S

o
u

th
) an

d
 th

e N
o

rw
eg

ian
 C

aled
o

n
ian

 H
ig

h
lan

d
s (F

ig
. 2; (G

len
n

ie, 1990; C
o

w
ard

, 1990)). 

2.2 
D

utch Central G
raben 

T
h

e D
utch C

en
tral G

rab
en

 is th
e so

u
th

erly
, N

N
E

-S
S

W
 tren

d
in

g
, ex

ten
sio

n
 o

f th
e N

o
rth

 S
ea 

C
en

tral G
rab

en
 (F

ig
. 1). T

h
e ch

an
g

e o
f o

rien
tatio

n
 m

ay
 b

e related
 to

 th
e p

o
ssib

le w
estw

ard
 

ex
ten

sio
n

 o
f th

e T
ran

s E
u

ro
p

ean
 fau

lt (G
len

n
ie, 1997), w

h
ich

 ru
n

s p
arallel to

 th
e T

o
rn

q
u

ist 

L
in

e (F
ig

. 2) an
d

 co
in

cid
es w

ith
 th

e b
o

u
n

d
ary

 b
etw

een
 A

v
alo

n
ia an

d
 th

e F
en

n
o

-S
can

d
ian

 

crato
n

. 

T
h

e D
u

tch
 C

en
tral G

rab
en

 ex
p

erien
ced

 in
creased

 su
b

sid
en

ce d
u

rin
g

 th
e T

riassic, in
d

icated
 

b
y

 th
ick

en
ed

 T
riassic seq

u
en

ces an
d

 in
fillin

g
 p

rim
arily

 b
y

 Ju
rassic m

arin
e seq

u
en

ce (F
ig

. 3) 

(D
e Jag

er, 2007). 

A
cco

rd
in

g
 to

 v
ario

u
s so

u
rce a p

ro
to

-D
u

tch
 C

en
tral G

rab
en

 w
as alread

y
 activ

e d
u

rin
g

 th
e 

L
ate P

alaeo
zo

ic (D
e Jag

er, 2007; V
an

 A
d

rich
em

 B
o

o
g

aert an
d

 K
o

u
w

e, 1993
). S

u
ch

 claim
s 

h
o

w
ev

er fin
d

 lim
ited

 su
p

p
o

rt in
 iso

p
ach

 d
ata (V

an
 A

d
rich

em
 B

o
o

g
aert an

d
 K

o
u

w
e, 1993). 

T
h

e G
rab

en
 in

v
erted

 d
u

rin
g

 th
e L

ate C
retaceo

u
s. 

2.3 
Step G

raben 

T
h

e S
tep

 G
rab

en
 is a p

arallel featu
re to

 th
e w

est o
f th

e D
u

tch
 C

en
tral G

rab
en

 (F
ig

. 1) th
at 

su
b

sid
ed

 at a slo
w

er p
ace an

d
 th

erefo
re co

n
tain

s a th
in

n
er T

riassic-Ju
rassic seq

u
en

ce (D
e 

Jag
er, 2007). In

 co
n

trast w
ith

 th
e D

u
tch

 C
en

tral G
rab

en
, th

e S
tep

 G
rab

en
 is v

iew
ed

 as a 

M
eso

zo
ic rift stru

ctu
re an

d
 n

o
 P

alaeo
zo

ic activ
ity

 is ex
p

ected
 to

 h
av

e o
ccu

rred
 (D

e Jag
er, 

2007; 
V

an
 

A
d

rich
em

 
B

o
o

g
aert 

an
d

 K
o

u
w

e, 
1993). 

T
h

e 
S

tep
 

G
rab

en
 

serv
ed

 
as 

a 
slo

w
ly

 

su
b

sid
in

g
 sh

o
u

ld
er p

latfo
rm

 to
 th

e m
ain

 D
u

tch
 C

en
tral G

rab
en

 d
u

rin
g

 M
eso

zo
ic riftin

g
 (F

ig
. 

3). 
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F
ig

u
re 2: P

alaeo
zo

ic tecto
n

ic fram
ew

o
rk

 o
f N

W
 E

u
ro

p
e w

ith
 C

aled
o

n
ian

 an
d

 V
ariscan

 o
ro

g
en

ic 

situ
atio

n
s d

ep
icted

 (after G
len

n
ie

 1990). 
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F
ig

u
re 3: C

ro
ss-sectio

n
s th

ro
u

g
h

 th
e D

u
tch

 C
en

tral G
rab

en
/S

tep
 G

rab
en

/C
leav

er B
an

k
 P

latfo
rm

 

rift sy
stem

s, an
d

 accro
ss th

e E
lb

o
w

 S
p

it H
ig

h
. T

ak
en

 fro
m

 D
e Jag

er (2007). 

2.4 
M

id N
orth Sea H

igh-Ringkøbing-Fyn H
igh 

T
h

ese tw
o

 h
ig

h
s fo

rm
ed

 an
 E

-W
 alig

n
ed

 lo
w

-relief area p
rim

arily
 d

u
rin

g
 th

e P
erm

ian
 an

d
 

T
riassic. 

Its 
o

rien
tatio

n
 m

ay
 

b
e 

related
 

to
 

th
e E

-W
 

alig
n

ed
 

T
ran

s 
E

u
ro

p
ean

 
F

au
lt 

zo
n

e 

lin
eam

en
t. 

T
h

e 
stru

ctu
ral 

rid
g

e 
w

as 
tran

sected
 

b
y

 
th

e 
(p

ro
to

?) 
D

u
tch

 
C

en
tral 

G
rab

en
 

ex
ten

sio
n

al sy
stem

. D
u

rin
g

 th
e C

arb
o

n
ifero

u
s, th

e M
id

 N
o

rth
 S

ea H
ig

h
 w

as an
 area o

f slo
w

 

su
b

sid
en

ce (C
o

p
e et al., 1992). 

2.5 
Elbow

 Spit H
igh 

T
h

e E
lb

o
w

 S
p

it H
ig

h
 is a S

S
E

 tren
d

in
g

 ex
ten

sio
n

 o
f th

e M
id

 N
o

rth
 S

ea H
ig

h
 th

at p
ro

tru
d

es 

in
to

 D
u

tch
 territo

rial w
aters. T

h
e area ex

p
erien

ced
 d

ep
o

sitio
n

 th
ro

u
g

h
o

u
t th

e C
arb

o
n

ifero
u

s 

b
u

t, d
u

e to
 M

eso
zo

ic (rift-sh
o

u
ld

er) u
p

lift, th
e L

o
w

er C
arb

o
n

ifero
u

s is n
o

w
 tru

n
cated

 an
d

 

o
v

erlain
 b

y
 C

retaceo
u

s d
ep

o
sits (F

ig
. 3). 

2.6 
Cleaver Bank Platform

/ Schill G
rund Platform
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T
h

e C
leav

er B
an

k
 P

latfo
rm

 w
as a slo

w
ly

 su
b

sid
in

g
 stru

ctu
re d

u
rin

g
 th

e (L
ate) P

erm
ian

 an
d

 

T
riassic. It w

as a stab
le p

latfo
rm

 d
u

rin
g

 th
e Ju

rassic/C
retaceo

u
s an

d
 serv

ed
 as a rift sh

o
u

ld
er 

to
 th

e D
u

tch
 C

en
tral/S

tep
 G

rab
en

 ex
ten

sio
n

 sy
stem

 (F
ig

. 2
 &

 3). A
cco

rd
in

g
 to

 Q
u

irk
 (1993) 

th
is h

ig
h

 is b
o

u
n

d
ed

 at its n
o

rth
w

estern
 an

d
 so

u
th

eastern
 sid

es b
y

 m
ajo

r C
aled

o
n

ian
 N

W
-

S
E

 tren
d

in
g

 lin
eam

en
ts. 

D
u

rin
g

 th
e C

arb
o

n
ifero

u
s, th

e area w
as p

art o
f th

e m
ain

 co
al b

asin
 an

d
 ex

p
erien

ced
 u

n
ifo

rm
 

su
b

sid
en

ce (Q
u

irk
, 1993), b

u
t strata m

ay
 th

in
 o

v
er th

e h
ig

h
 (V

an
 A

d
rich

em
 B

o
o

g
aert an

d
 

K
o

u
w

e, 1993). 

T
h

e S
ch

ill G
ro

u
n

d
 P

latfo
rm

 is a so
u

th
erly

 ex
ten

sio
n

 o
f th

e R
in

g
k

ø
b

in
g

-F
y

n
 H

ig
h

, w
h

ich
 

serv
ed

 as th
e eastern

 rift sh
o

u
ld

er o
f th

e D
u

tch
 C

en
tral/S

tep
 G

rab
en

 rift sy
stem

. 

N
o

te th
at th

ese p
latfo

rm
s w

ere k
n

o
w

n
 as h

ig
h

s p
rev

io
u

sly
 an

d
 h

av
e recen

tly
 b

een
 ren

am
ed

 

b
y

 K
o

m
b

rin
k

 et al. (2012). 

3 
Large-scale tectonic fram

ew
ork and evolution during the Caledonian and 

Variscan orogenic cycles 

3.1 
Introduction 

T
h

e P
alaeo

zo
ic sed

im
en

tary
 ev

o
lu

tio
n

 w
ith

in
 th

e N
W

 E
u

ro
p

ean
 b

asin
 sy

stem
 w

as p
rim

arily
 

co
n

tro
lled

 b
y

 th
e C

aled
o

n
ian

 an
d

 V
ariscan

 o
ro

g
en

ic cy
cles. F

ig
u

re 2 is a co
m

p
o

site m
ap

 

(G
len

n
ie, 1990) fo

r th
e L

ate P
alaeo

zo
ic, sh

o
w

in
g

 th
e m

ain
 elem

en
ts an

d
 th

eir o
rien

tatio
n

 fo
r 

b
o

th
 o

ro
g

en
ic sy

stem
s. 

T
h

e 
m

ap
 

sh
o

w
s 

h
o

w
 

th
e 

N
W

 
E

u
ro

p
ean

 
P

alaeo
zo

ic 
b

asin
 

sy
stem

 
co

in
cid

es 
w

ith
 

th
e 

A
v

alo
n

ian
 m

icro
co

n
tin

en
t, w

h
ich

 itself is en
clo

sed
 b

etw
een

 th
e F

en
n

o
-S

can
d

ian
 an

d
 th

e 

L
au

ren
tian

 co
n

tin
en

tal m
asses in

 th
e N

E
 an

d
 N

W
. T

h
e co

llisio
n

 o
f th

o
se tw

o
 co

n
tin

en
ts g

av
e 

rise to
 th

e C
aled

o
n

ian
 o

ro
g

en
 (Z

ieg
ler, 1990), an

d
 a n

u
m

b
er o

f sliv
ers o

f co
n

tin
en

tal cru
st in

 

th
e S

o
u

th
 m

ak
in

g
 u

p
 th

e V
ariscan

 in
tern

id
es (F

ig
. 2). 

In
 th

e fo
llo

w
in

g
 sectio

n
 a su

m
m

ary
 o

f ev
en

ts is g
iv

en
. 

 3.2 
Pre-Caledonian and Caledonian orogeny 

B
efo

re th
e co

llisio
n

 o
f B

altica an
d

 L
au

ren
tia d

u
rin

g
 th

e L
ate O

rd
o

v
ician

, th
e A

v
alo

n
ian

 

m
icro

co
n

tin
en

t, later to
 b

eco
m

e th
e N

W
 E

u
ro

p
ean

 P
alaeo

zo
ic b

asin
 sy

stem
, m

o
v

ed
 rap

id
ly

 

n
o

rth
w

ard
, fro

m
 a n

ear S
o

u
th

 P
o

le p
o

sitio
n

, o
n

ly
 to

 co
llid

e w
ith

 th
e C

aled
o

n
ian

 lan
d

m
ass 

(S
tam

p
fii et al., 2002). E

arlier, in
 its so

u
th

ern
 p

o
sitio

n
, th

e A
v

alo
n

ian
 m

icro
co

n
tin

en
t w

as 

p
art o

f an
 islan

d
 arc sy

stem
, w

ith
 activ

e su
b

d
u

ctio
n

 o
ccu

rrin
g

 in
 th

e n
o

rth
ern

 P
ro

to
-T

eth
y

s 

d
o

m
ain

 (F
ig

. 4).  

T
h

e m
ain

 p
h

ase o
f C

aled
o

n
ian

 o
ro

g
en

y
 to

o
k

 p
lace d

u
rin

g
 th

e L
ate O

rd
o

v
ician

 an
d

 S
ilu

rian
, 

an
d

 in
clu

d
es th

e clo
su

re o
f th

e N
-S

 o
rien

ted
 Iap

etu
s O

cean
, d

u
e to

 th
e E

-W
 d

irected
 co

llisio
n

 

o
f L

au
ren

tia (W
) an

d
 B

altica (E
) (F

ig
. 2). T

h
is resu

lted
 in

 th
e fo

rm
atio

n
 o

f a sy
m

m
etric N

S
 

alig
n

ed
 o

ro
g

en
ic rid

g
e w

ith
 th

ru
sts o

n
 eith

er sid
e (G

len
n

ie, 1990; Z
ieg

ler, 1990). S
u

b
seq

u
en

t 

o
ro

g
en

ic in
v

ersio
n

 resu
lted

 in
 u

p
lift o

f th
e sy

stem
 an

d
 fo

rm
atio

n
 o

f tw
o

 h
ig

h
lan

d
 rid

g
es 
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lo
cated

 E
 an

d
 W

 o
f th

e Iap
etu

s su
tu

re (S
co

ttish
 an

d
 N

o
rw

eg
ian

 C
aled

o
n

ian
 h

ig
h

lan
d

s). T
h

e 

su
tu

re zo
n

e later b
ecam

e th
e site o

f riftin
g

 w
h

en
 th

e V
ik

in
g

 G
rab

en
 later o

p
en

ed
 (G

len
n

ie, 

1990; C
o

w
ard

, 1990). 

T
h

ese h
ig

h
lan

d
s w

o
u

ld
 b

e th
e m

ain
 so

u
rce fo

r sed
im

en
t to

 th
e N

W
 E

u
ro

p
ean

 P
alaeo

zo
ic 

b
asin

 sy
stem

 d
u

rin
g

 D
ev

o
n

ian
 an

d
 C

arb
o

n
ifero

u
s, an

d
 to

 a lesser ex
ten

t, P
erm

ian
 tim

es (e.g
. 

C
o

p
e et al., 1992; Z

ieg
ler, 1990; G

len
n

ie, 1998; B
esly

, 1998) 

 

F
ig

u
re 4: P

alaeo
g

eo
g

rap
h

y
 d

u
rin

g
 th

e E
arly

 O
rd

o
v

ician
 (tak

en
 fro

m
 S

tam
p

fii et al., 2002) 
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3.3 
Variscan orogeny 

N
o

rth
w

ard
 

m
o

v
em

en
t 

o
f 

G
o

n
d

w
an

a, 
w

h
ich

 
m

o
v

ed
 

at 
a 

slo
w

er 
p

ace 
th

an
 

B
altica 

an
d

 

A
v

alo
n

ia (G
len

n
ie, 1990; S

tam
p

fii et al., 2002), u
ltim

ately
 resu

lted
 in

 an
 N

-S
 co

llisio
n

 an
d

 th
e 

fo
rm

atio
n

 o
f th

e L
au

ru
ssian

 m
eg

aco
n

tin
en

t (F
ig

. 2). In
 N

W
 E

u
ro

p
e, th

is co
n

tin
en

t-co
n

tin
en

t 

co
llisio

n
 started

 d
u

rin
g

 th
e L

ate C
arb

o
n

ifero
u

s (N
am

u
rian

), o
n

ly
 to

 cu
lm

in
ate d

u
rin

g
 th

e 

L
ate W

estp
h

alian
 (C

/D
) (C

o
w

ard
, 1990; Z

ieg
ler, 1990; L

eed
er et al., 1990). In

itially
, d

u
rin

g
 

th
e L

ate D
ev

o
n

ian
 an

d
 E

arly
 C

arb
o

n
ifero

u
s, th

e N
W

 E
u

ro
p

ean
 B

asin
, w

h
ich

 is v
iew

ed
 as a 

b
ack

-arc ex
ten

sio
n

al b
asin

 at th
at tim

e (C
o

w
ard

, 1990; Z
ieg

ler, 1990; L
eed

er, 1987; L
eed

er, 

1982), w
as lo

cated
 to

 th
e n

o
rth

 o
f a n

u
m

b
er o

f elo
n

g
ate m

icro
co

n
tin

en
tal sliv

ers. T
h

ese 

m
icro

co
n

tin
en

ts 
h

ad
 

d
etach

ed
 

fro
m

 
th

e 
n

o
rth

ern
 

m
arg

in
 

o
f 

G
o

n
d

w
an

a 
d

u
rin

g
 

th
e 

O
rd

o
v

ician
 (G

len
n

ie, 1990; Z
ieg

ler, 1990; S
tam

p
fii et al., 2002) an

d
 co

llid
ed

 w
ith

 A
v

alo
n

ia 

w
ell 

ah
ead

 
o

f 
G

o
n

d
w

an
a 

(C
o

w
ard

, 
1990). 

T
h

e 
R

h
eic 

O
cean

, 
lo

cated
 

b
etw

een
 

th
ese 

co
n

tin
en

tal 
sliv

ers 
an

d
 

G
o

n
d

w
an

a 
(F

ig
. 

4), 
q

u
ick

ly
 

n
arro

w
ed

 
b

y
 

th
e 

ap
p

ro
ach

 
an

d
 

su
b

d
u

ctio
n

 o
f G

o
n

d
w

an
a. 

T
h

e R
h

eic O
cean

 h
ad

 d
isap

p
eared

 en
tirely

 at th
e start o

f th
e N

am
u

rian
 (~330 M

a) w
h

en
 th

e 

actu
al co

n
tin

en
tal co

llisio
n

 co
m

m
en

ced
 (Z

ieg
ler, 1990). It w

o
u

ld
 tak

e so
m

e tim
e h

o
w

ev
er 

u
n

til en
o

u
g

h
 to

p
o

g
rap

h
y

 h
ad

 b
een

 created
 fo

r th
e V

ariscan
 o

ro
g

en
 to

 b
eco

m
e a m

ajo
r 

sed
im

en
t so

u
rce. 

T
h

e cu
lm

in
atio

n
 o

f th
ru

stin
g

 to
o

k
 p

lace d
u

rin
g

 th
e L

ate C
arb

o
n

ifero
u

s (W
estp

h
alian

 C
/D

) 

resu
ltin

g
 in

 th
e V

ariscan
 th

ru
st b

elt b
eco

m
in

g
 a sed

im
en

t so
u

rce to
 th

e N
W

 E
u

ro
p

ean
 B

asin
 

sy
stem

, w
h

ich
 u

p
 to

 th
en

 h
ad

 m
ain

ly
 receiv

ed
 sed

im
en

ts fro
m

 th
e n

o
rth

ern
 C

aled
o

n
id

es. 

T
h

e co
m

p
ressio

n
al p

h
ase, asso

ciated
 w

ith
 fo

ld
in

g
 an

d
 u

p
lift in

 th
e fo

relan
d

 b
asin

s, w
as 

asso
ciated

 w
ith

 m
ajo

r th
ru

stin
g

 (C
o

w
ard

, 1990; L
eed

er an
d

 H
ard

m
an

, 1990; W
aters et al., 

1994). 

3.4 
Late Variscan strike-slip and orogenic inversion 

O
n

ce th
e co

n
tin

en
t-co

n
tin

en
t co

llisio
n

 w
as co

m
p

leted
 d

u
rin

g
 th

e L
ate C

arb
o

n
ifero

u
s, strik

e 

slip
 

m
o

v
em

en
ts 

in
creasin

g
ly

 
acco

m
m

o
d

ated
 

o
n

g
o

in
g

 
co

m
p

ressio
n

al 
fo

rces 
b

etw
een

 

G
o

n
d

w
an

a an
d

 L
au

ru
ssia

, as th
e co

llisio
n

 b
etw

een
 th

e co
n

tin
en

ts w
as n

o
t h

ead
-o

n
 b

u
t 

o
ccu

rred
 at an

 an
g

le (G
len

n
ie, 1990). L

au
ru

ssia’s effectiv
e n

et m
o

v
em

en
t w

as to
 th

e N
W

, 

resu
ltin

g
 in

 d
ex

tral slip
 alo

n
g

 th
e m

ajo
r N

W
-S

E
 lin

eam
en

ts (F
ig

. 2), su
ch

 as th
e T

o
rn

q
u

ist 

lin
e 

an
d

 
T

ran
seu

ro
p

ean
 

F
au

lt 
zo

n
e, 

as 
w

ell 
as 

m
in

o
r 

lin
eam

en
ts 

an
d

 
fau

lts 
o

f 
sim

ilar 

o
rien

tatio
n

. 

A
cco

rd
in

g
 to

 Z
ieg

ler (1990), th
e reg

io
n

al stress p
attern

 in
 W

estern
 an

d
 C

en
tral E

u
ro

p
e 

ch
an

g
ed

 fu
n

d
am

en
tally

 at th
e tran

sitio
n

 fro
m

 W
estp

h
alian

 to
 S

tep
h

an
ian

, w
ith

 th
e p

rin
cip

le 

h
o

rizo
n

tal co
m

p
ressio

n
al 

stress-ax
is ro

tatin
g

 fro
m

 
n

o
rth

-so
u

th
 

to
 east 

w
est. 

D
u

rin
g

 
th

e 

S
tep

h
an

ian
 an

d
 A

u
tu

n
ian

, a co
m

p
lex

 sy
stem

 o
f co

n
ju

g
ate sin

istral an
d

 d
ex

tral sh
ear fau

lts 

cam
e in

to
 p

lace, cau
sin

g
 th

e fo
rm

atio
n

 o
f tran

sten
sio

n
al an

d
 p

u
ll-ap

art b
asin

s, as w
ell as 

tran
sp

ressio
n

al d
efo

rm
atio

n
. 

T
h

e strik
e-slip

 reg
im

e th
at w

as activ
e d

u
rin

g
 th

e S
tep

h
an

ian
 m

ay
 h

av
e b

een
 resp

o
n

sib
le fo

r 

th
e scarcity

 o
f S

tep
h

an
ian

 d
ep

o
sits th

ro
u

g
h

 th
e V

ariscan
 fo

relan
d

 (Z
ieg

ler, 1990), m
u

ch
 o

f 

w
h

ich
, in

 ad
d

itio
n

, h
as b

een
 rein

terp
reted

 as L
ate W

estp
h

alian
 (B

esly
 et al., 1993). T

h
o

se few
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(su
b

)b
asin

s 
th

at 
p

o
ssib

ly
 

d
id

 
accu

m
u

late 
S

tep
h

an
ian

 
d

ep
o

sits 
(e.g

. 
p

ro
to

-D
u

tch
 

C
en

tral 

G
rab

en
) m

ay
 rep

resen
t p

u
ll-ap

art b
asin

s in
 an

 o
v

erall tran
sp

ressiv
e sy

stem
. 

C
o

n
tem

p
o

ran
eo

u
sly

 w
ith

 th
e early

 S
tep

h
an

ian
 ro

tatio
n

 o
f co

m
p

ressio
n

al stress fro
m

 n
o

rth
-

so
u

th
 

to
 

east-w
est, 

th
e 

O
slo

 
G

rab
en

 
cam

e 
in

to
 

ex
isten

ce 
(Z

ieg
ler, 

1990) 
an

d
 

m
ag

m
atic 

activ
ity

 (300 M
a) w

as asso
ciated

 w
ith

 th
is ev

en
t (Z

ieg
ler, 1990). P

o
ssib

ly
 th

e H
o

rn
 G

rab
en

,  

i.e. th
e so

u
th

w
ard

 ex
ten

sio
n

 o
f th

e O
slo

 G
rab

en
 also

 d
ev

elo
p

ed
 at th

at tim
e. H

o
w

ev
er, 

S
tep

h
an

ian
 

an
d

 
A

u
tu

n
ian

 
d

ep
o

sits 
are 

m
issin

g
 

in
 

th
o

se 
g

rab
en

s, 
p

o
ssib

ly
 

p
o

in
tin

g
 

at 

th
erm

al elev
atio

n
 (Z

ieg
ler 1990). A

t th
e sam

e tim
e, th

e east-w
est tren

d
in

g
 M

id
 N

o
rth

 S
ea-

R
in

g
k

ø
b

in
g

-F
y

n
 H

ig
h

 w
as u

p
lifted

. 

T
h

is p
h

ase o
f strik

e-slip
 tecto

n
ics u

ltim
ately

 b
ro

u
g

h
t ab

o
u

t th
e co

llap
se o

f th
e V

ariscan
 

m
o

u
n

tain
 ran

g
e, w

h
en

 th
e V

ariscan
 o

ro
g

en
 an

d
 its fo

relan
d

 b
ecam

e tran
sected

 b
y

 m
ajo

r 

sin
istral 

an
d

 
d

ex
tral 

w
ren

ch
 

fau
lts 

(Z
ieg

ler, 
1990). 

 
T

h
e 

m
ain

 
elem

en
ts 

o
f 

th
is 

sy
stem

 

co
m

p
rised

 
th

e 
T

o
rn

q
u

ist-T
eissey

re 
an

d
 

th
e 

B
ay

 
o

f 
B

iscay
 fractu

re 
zo

n
es, w

ith
 

th
e 

area 

lo
cated

 
in

 
th

e 
m

id
d

le 
b

ein
g

 
d

issected
 

b
y

 
a 

co
m

p
lex

 
co

n
ju

g
ate 

fau
lt 

sh
ear 

sy
stem

. 
T

h
e 

p
rin

cip
le 

facto
r 

co
n

tro
llin

g
 

th
e 

L
ate 

C
arb

o
n

ifero
u

s 
tecto

n
ic 

ch
an

g
e 

fro
m

 
o

v
erall 

co
m

p
ressio

n
al to

 strik
e slip

 w
as lik

ely
 th

e d
ex

tral tran
slatio

n
 o

f N
o

rth
 A

frica relativ
e to

 

E
u

ro
p

e (Z
ieg

ler, 1990). 

T
h

e 
V

ariscan
 

fo
relan

d
 

w
as 

in
v

erted
, 

p
o

ssib
ly

 
b

ecau
se 

o
f 

iso
static 

u
n

ro
o

fin
g

, 
cau

sin
g

 

tru
n

catio
n

 o
f th

e th
ick

 L
ate C

arb
o

n
ifero

u
s seq

u
en

ce, ty
p

ically
 to

 W
estp

h
alian

 A
/C

 d
ep

th
 

(V
an

 
B

u
g

g
en

u
m

 
an

d
 

D
en

 
H

arto
g

 
Jag

er, 
2007). 

W
estp

h
alian

 
D

 
sed

im
en

ts 
seem

 
to

 
b

e 

p
reserv

ed
 o

n
ly

 in
 areas w

h
ere W

estp
h

alian
 C

/D
 co

m
p

ressio
n

 resu
lted

 in
 th

e creatio
n

 o
f 

(sy
n

d
ep

o
sitio

n
al) lo

w
s (L

eed
er an

d
 H

ard
m

an
, 1990; W

aters et al., 1994). 

T
h

e E
arly

 P
erm

ian
 is rep

resen
ted

 in
 m

o
st o

f N
W

 E
u

ro
p

e as a m
ajo

r (S
aalian

) u
n

co
n

fo
rm

ity
, 

rep
resen

tin
g

 so
m

e 20-30 M
y

 (Z
ieg

ler, 1990; G
len

n
ie, 1990; G

elu
k

, 2007). It rep
resen

ts ero
sio

n
 

asso
ciated

 
w

ith
 

a 
lo

n
g

-lastin
g

 
p

o
st-o

ro
g

en
ic 

p
h

ase 
o

f 
v

o
lcan

o
-th

erm
al 

ev
en

t. 
V

o
lcan

ic 

activ
ity

 cen
tered

 in
 G

erm
an

y
 (Z

ieg
ler, 1990; H

eerem
an

s, 2004), b
u

t w
as m

o
re w

id
esp

read
 

(M
artin

, 2002) an
d

 is ev
id

en
ce o

f th
e tran

sten
sio

n
al n

atu
re o

f E
arly

 P
erm

ian
 strik

e
-slip

 

d
efo

rm
atio

n
 (G

len
n

ie, 1990). 

A
t 

th
e en

d
 

o
f 

th
e A

u
tu

n
ian

 
(earliest 

P
erm

ian
), 

th
e 

d
ex

tral 
w

ren
ch

in
g

 
th

at 
affected

 
th

e 

V
ariscan

 fo
relan

d
 g

rad
u

ally
 a

b
ated

 an
d

 a p
h

ase o
f su

b
sid

en
ce b

eg
an

, u
ltim

ately
 resu

ltin
g

 in
 

th
e fo

rm
atio

n
 o

f th
e N

o
rth

ern
 an

d
 S

o
u

th
ern

 P
erm

ian
 b

asin
s (G

len
n

ie, 1997; Z
ieg

ler, 1990; 

C
o

rfield
 et al., 1996). T

h
ese tw

o
 b

asin
s are sep

arated
 b

y
 th

e ab
o

v
e-m

en
tio

n
ed

 S
tep

h
an

ian
-

A
u

tu
n

ian
 M

id
 N

o
rth

 S
ea-R

in
g

k
ø

b
in

g
-F

y
n

 tren
d

. S
u

b
sid

en
ce w

as p
rim

arily
 g

o
v

ern
ed

 b
y

 

th
erm

al relax
atio

n
 fo

llo
w

in
g

 S
tep

h
an

ian
/A

u
tu

n
ian

 w
ren

ch
in

g
 an

d
 in

v
o

lv
ed

 little fau
ltin

g
 

(Z
ieg

ler, 1990). T
h

e V
ariscan

 fo
ld

 b
elt w

as still ch
aracterized

 b
y

 co
n

sid
erab

le relief an
d

 

b
ecam

e p
ro

g
ressiv

e d
eg

rad
ed

, su
p

p
ly

in
g

 sed
im

en
t to

 th
e N

o
rth

ern
 an

d
 S

o
u

th
ern

 P
erm

ian
 

B
asin

s.  
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In
 th

e fo
llo

w
in

g
 sectio

n
, th

e sed
im

en
tary

 d
ev

elo
p

m
en

t o
f th

e stu
d

y
 area th

ro
u

g
h

o
u

t th
e L

ate 

P
alaeo

zo
ic is d

escrib
ed

 u
sin

g
 th

e ab
o

v
e-d

escrib
ed

 tecto
n

ic fram
ew

o
rk

. 

4 
Integration of data 

F
o

r a n
u

m
b

er o
f p

erio
d

s p
aleo

g
eo

g
rap

h
ic m

ap
s are p

resen
ted

 u
sin

g
 literatu

re-co
llected

 d
ata 

o
n

 b
asin

 stru
ctu

re, sed
im

en
t so

u
rcin

g
, sed

im
en

t tran
sp

o
rt ro

u
tes an

d
 v

ario
u

s o
th

er asp
ects. 

T
h

e m
ain

 p
u

rp
o

se w
as to

 an
aly

ze th
e d

etailed
 tecto

n
o

-sed
im

en
tary

 h
isto

ry
 o

f th
e D

u
tch

 

n
o

rth
ern

 o
ffsh

o
re area w

ith
in

 a w
id

er tecto
n

ic fram
ew

o
rk

 to
 g

ain
 in

sig
h

t in
to

 th
e h

isto
ry

 o
f 

th
e D

u
tch

 C
en

tral G
rab

en
 sy

stem
 an

d
 its v

icin
ity

. M
o

re sp
ecifically

 in
sig

h
t in

to
 th

e early
 

tecto
n

ic 
d

ev
elo

p
m

en
t 

o
f 

th
e 

sy
stem

 
an

d
 

th
e 

p
o

ssib
ility

 
o

f 
th

e 
d

ev
elo

p
m

en
t 

o
f 

related
 

reserv
o

ir ro
ck

s (L
ate W

estp
h

alian
/S

tep
h

an
ian

/R
o

tlieg
en

d
 san

d
sto

n
es) an

d
 so

u
rce p

o
ten

tial 

(late W
estp

h
alian

 to
 S

tep
h

an
ian

 co
al b

ed
s) o

f C
arb

o
n

ifero
u

s an
d

 P
erm

ian
 ag

e. 

M
ap

s are p
resen

ted
 fo

r th
e fo

llo
w

in
g

 ap
p

ro
x

im
ate p

erio
d

s: 

i. 
D

in
an

tian
/N

am
u

rian
 (F

ig
. 5) 

ii. 
W

estp
h

alian
 A

-early
 B

 (F
ig

. 6) 

iii. 
W

estp
h

alian
 B

- E
arly

 C
 (F

ig
. 7) 

iv
. 

W
estp

h
alian

 C
/D

 (F
ig

. 9) 

v
. 

S
tep

h
an

ian
 (F

ig
. 11) 

v
i. 

R
o

tlieg
en

d
 (F

ig
. 13) 

E
ach

 m
ap

 is acco
m

p
an

ied
 b

y
 a d

escrip
tio

n
 o

f m
ain

 o
b

serv
atio

n
s an

d
 co

n
clu

sio
n

s in
 th

e 

fo
llo

w
in

g
 sectio

n
. 

4.1 
D

inantian/N
am

urian 

D
u

rin
g

 th
is p

erio
d

, th
e N

W
 E

u
ro

p
ean

 B
asin

 sy
stem

 ex
p

erien
ced

 b
ack

-arc ex
ten

sio
n

s as a 

resu
lt o

f su
b

d
u

ctio
n

 o
f rem

n
an

t o
cean

ic p
late (R

h
eic O

cean
) w

ed
g

ed
 in

 b
etw

een
 A

v
alo

n
ia 

an
d

 n
o

rth
w

ard
 d

riftin
g

 G
o

n
d

w
an

a (C
o

w
ard

, 1990; L
eed

er, 1987; L
eed

er, 1982). T
h

e b
asin

 is 

ch
aracterized

 b
y

 a rem
ark

ab
le arc-sh

ap
ed

 b
lo

ck
-an

d
-b

asin
 stru

ctu
re (C

o
rfield

 et al., 1996), 

w
h

ich
 fits th

e b
ack

-arc ex
ten

sio
n

 situ
atio

n
 (F

ig
. 5), b

u
t th

e o
rig

in
 o

f w
h

ich
 is co

m
m

o
n

ly
 

attrib
u

ted
 to

 reactiv
atio

n
 o

f C
aled

o
n

ian
 fau

lts (C
o

llin
so

n
, 2005). N

o
te, h

o
w

ev
er, th

at th
e 

o
b

serv
ed

 arc-stru
ctu

re is also
 in

 lin
e w

ith
 an

 early
 O

rd
o

v
ician

 o
cean

ic arc, asso
ciated

 w
ith

 

P
ro

to
-T

eth
y

s o
cean

ic u
n

d
erp

latin
g

 u
n

d
ern

eath
 A

v
alo

n
ia (inset in

 F
ig

. 4). 

R
iftin

g
 o

ccu
rred

 fro
m

 th
e L

ate D
ev

o
n

ian
 o

n
w

ard
, u

n
til co

n
tin

en
tal co

llisio
n

 co
m

m
en

ced
 at 

th
e start o

f th
e N

am
u

rian
, resu

ltin
g

 in
 tecto

n
ic in

v
ersio

n
 (F

raser et al., 1990). 

T
h

e D
in

an
tian

 b
asin

s w
ere d

o
m

in
ated

 b
y

 carb
o

n
ate an

d
 (b

lack
) sh

ale d
ep

o
sitio

n
 (B

esly
, 

1998; 
C

o
llin

so
n

, 
2005; 

F
raser 

an
d

 
G

a
w

th
o

rp
e, 

1990), 
in

 
lin

e 
w

ith
 

th
e 

eq
u

ato
rial 

p
alaeo

p
o

sitio
n

. S
h

allo
w

 w
ater carb

o
n

ates accu
m

u
lated

 in
 p

latfo
rm

 p
o

sitio
n

s o
n

 to
p

 an
d

 

ad
jacen

t 
to

 
fo

o
tw

all 
fau

lt 
b

lo
ck

s, 
u

n
d

er 
sy

n
d

ep
o

sitio
n

al 
tecto

n
ic 

co
n

tro
l 

(L
eed

er, 
1987; 

L
eed

er an
d

 G
aw

th
o

rp
e, 1987). H

o
w

ev
er, clastic sed

im
en

ts w
ere su

p
p

lied
 fro

m
 th

e n
o

rth
,  

resu
ltin

g
 in

 d
o

m
in

an
ce o

f flu
v

ial an
d

 d
eltaic d

ep
o

sitio
n

al en
v

iro
n

m
en

ts th
ere (C

o
p

e et al., 

1992; C
o

llin
so

n
, 2005). C

lastic en
v

iro
n

m
en

ts w
ere p

resen
t at least d

o
w

n
 to

 D
u

tch
 licen

se 

b
lo

ck
s D

 an
d

 E
 an

d
 U

K
 b

lo
ck

s 41-44 (D
e Jag

er, 2007; V
an

 B
u

g
g

en
u

m
 an

d
 D

en
 H

arto
g

 Jag
er, 

2007; C
o

llin
so

n
, 2005).  
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T
h

ese clastic sy
stem

s in
clu

d
e m

ajo
r stack

ed
 flu

v
ial sy

stem
s, su

ch
 as th

e F
ell S

an
d

sto
n

e 

sy
stem

 (T
u

rn
er et al., 1993), th

e san
d

sto
n

e-d
o

m
in

ated
 d

ep
o

sits o
f w

h
ich

 are 100s o
f m

etres 

th
ick

 in
 p

laces (C
o

llin
so

n
, 2005). In

 m
o

re d
istal areas, d

ep
o

sits are o
f flu

v
io

-d
eltaic o

rig
in

 

an
d

 co
m

p
rise cy

clo
th

em
ic (co

al-b
earin

g
) 10m

-scale altern
atio

n
s o

f flu
v

ial san
d

sto
n

es an
d

 

d
eltaic sh

ales/co
al (C

o
llin

so
n

, 2005; F
ield

in
g

, 1988). 

D
u

rin
g

 
th

e 
N

am
u

rian
, th

e 
sam

e 
b

lo
ck

-an
d

-b
asin

 
to

p
o

g
rap

h
y

 w
as 

in
 p

lace 
an

d
 b

ecam
e 

p
ro

g
ressiv

ely
 filled

, d
u

e to
 a stro

n
g

 in
crease o

f (p
rim

arily
 fin

e-g
rain

ed
) sed

im
en

t in
flu

x
, 

w
h

ich
 is th

o
u

g
h

t to
 b

e related
 to

 th
e o

n
set o

f co
n

tin
en

tal co
llisio

n
 (B

esly
, 1998; C

o
rfield

 et 

al., 1996; F
raser et al., 1990). T

h
is in

flu
x

 o
f clastics fro

m
 th

e so
u

th
 resu

lted
 in

 ch
o

k
in

g
 o

f th
e 

carb
o

n
ate-p

ro
d

u
cin

g
 

sy
stem

, 
p

o
ssib

ly
 

d
u

e 
to

 
lack

 
o

f 
lig

h
t 

p
en

etratio
n

. 
T

h
e 

N
am

u
rian

 

d
ep

o
sitio

n
al sy

stem
 w

as ch
aracterized

 b
y

 clay
-d

o
m

in
ated

 d
eep

er-w
ater d

eltaic sy
stem

s (in
 

th
e b

asin
s) an

d
 larg

e feed
er ch

an
n

els (F
ig

. 5; in
 y

ello
w

), flo
w

in
g

 acro
ss th

e stru
ctu

ral b
lo

ck
s 

an
d

 o
n

 to
p

 o
f in

filled
 b

asin
s (C

o
llin

so
n

 et al., 1993). 

P
alaeo

cu
rren

t 
d

ata 
w

ere 
co

llected
 

fro
m

 
v

ario
u

s 
so

u
rces, 

as 
w

ell 
as 

in
fo

 
o

n
 

san
d

sto
n

e 

d
istrib

u
tio

n
 p

attern
s, an

d
 p

lo
tted

 in
 F

ig
. 5 (C

o
p

e et al., 1992; F
ield

in
g

, 1988). T
h

ese d
ata 

p
o

in
t at a n

o
rth

ern
 sed

im
en

t so
u

rce, v
ery

 lik
ely

 a p
o

in
t so

u
rce w

ith
 th

e p
o

in
t o

f o
rig

in
 b

ein
g

 

th
e so

u
th

ern
 tip

 o
f th

e p
ro

to
-V

ik
in

g
 G

rab
en

, w
h

ich
 lin

es u
p

 w
ith

 th
e C

aled
o

n
ian

 Iap
etu

s 

su
tu

re 
sep

aratin
g

 
th

e 
S

co
ttish

 
an

d
 

N
o

rw
eg

ian
 

C
aled

o
n

ian
 

h
ig

h
lan

d
s 

(F
ig

. 
2). 

T
h

is 
is 

su
p

p
o

rted
 b

y
 th

e sed
im

en
t co

m
p

o
sitio

n
, w

h
ich

 is in
d

icativ
e o

f an
 o

rig
in

 in
 th

e N
o

rw
eg

ian
 

an
d

/o
r G

reen
lan

d
 C

aled
o

n
id

es b
elt (C

o
llin

so
n

, 2005). If th
e sed

im
en

t in
d

eed
 cam

e fro
m

 th
e 

p
ro

to
-V

ik
in

g
 G

rab
en

, th
en

 b
ein

g
 a su

ccesso
r-stru

ctu
re to

 th
e C

aled
o

n
ian

 su
tu

re lin
e, th

is 

m
ay

 p
o

in
t at early

 activ
ity

 o
f th

e (later) N
o

rth
 S

ea rift sy
stem

. 

T
h

e P
alaeo

cu
rren

t d
ata p

o
in

t at a d
isp

ersal p
attern

 aw
ay

 fro
m

 th
e estim

ated
 p

o
in

t so
u

rce, 

b
u

t w
ith

 an
 o

v
erall w

estw
ard

 co
m

p
o

n
en

t (F
ig

. 5). T
h

e N
am

u
rian

 feed
er ch

an
n

els, m
ap

p
ed

 

b
y

 
C

o
llin

so
n

 
et 

al. 
(1993), 

sh
o

w
 

esp
ecially

 
a 

stro
n

g
 

ten
d

en
cy

 
to

 
flo

w
 

aw
ay

 
fro

m
 

th
e 

N
o

rw
eg

ian
 C

aled
o

n
ian

 h
ig

h
lan

d
s. T

h
is m

ay
 p

o
in

t at h
ig

h
er su

b
sid

en
ce rates in

 th
e w

estern
 

p
art o

f th
e b

asin
, an

d
 m

ay
 in

v
o

lv
e a su

b
d

u
ed

-h
ig

h
 p

o
sitio

n
 o

f th
e area, later to

 b
eco

m
e th

e 

N
o

rth
 

S
ea 

C
en

tral 
G

rab
en

/S
tep

 
G

rab
en

/D
u

tch
 

C
en

tral 
G

rab
en

 
rift 

sy
stem

. 
H

en
ce, 

th
e 

sed
im

en
t d

isp
ersal sy

stem
 seem

s to
 in

d
icate th

at an
y

 C
arb

o
n

ifero
u

s ex
ten

sio
n

 in
 th

at sy
stem

 

h
ad

 n
o

t b
een

 in
itiated

 y
et. 

O
n

 th
e o

th
er h

an
d

, D
e Jag

er (2007) m
en

tio
n

s th
e p

resen
ce o

f a “D
ev

o
n

ian
 S

eaw
ay

”, as an
 

elem
en

t 
o

f 
accelerated

 
su

b
sid

en
ce, 

acro
ss 

th
e 

N
eth

erlan
d

s 
in

 
th

e 
L

ate 
D

ev
o

n
ian

 
an

d
 

D
in

an
tian

 
reco

n
stru

ctio
n

s 
o

f 
(Z

ieg
ler, 

1990), 
an

d
 

in
terp

rets 
th

is 
as 

a 
p

o
ssib

le 
early

 

m
an

ifestatio
n

 
o

f 
th

e 
p

ro
to

-D
u

tch
 

cen
tral 

G
rab

en
. 

N
o

te 
h

o
w

ev
er 

th
at 

th
is 

“D
ev

o
n

ian
 

S
eaw

ay
” strik

es N
W

-S
E

, essen
tially

 lin
in

g
 u

p
 w

ith
 th

e later V
lielan

d
 B

asin
 (F

ig
. 1) an

d
 is in

 

fact at an
 (ap

p
ro

x
. 60°) an

g
le w

ith
 th

e later D
u

tch
 C

en
tral G

rab
en

. It lin
es u

p
 fairly

 w
ell, 

h
o

w
ev

er, w
ith

 th
e S

tep
 G

rab
en

 sy
stem

. T
h

is m
ay

 h
in

t at early
 activ

ity
 o

f th
e latter sy

stem
, 

w
h

ich
 is also

 seen
 in

 W
estp

h
alian

 d
ep

o
sitio

n
al p

attern
s (see n

ex
t sectio

n
s). 
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F
ig

u
re 5: P

alaeo
g

eo
g

rap
h

ic m
a

p
 fo

r th
e D

in
an

tian
/N

am
u

rian
 p

erio
d

. R
ed

 arro
w

s in
d

icate o
v

erall 

sed
im

e
n

t tran
sp

o
rt d

irectio
n

s. F
au

lts co
m

p
iled

 fro
m

 C
o

rfield
 et al. (1997), D

e Jag
er (2007) an

d
 

G
len

n
ie (1997) an

d
 S

tem
m

erik
 (2000). N

am
u

rian
 ch

an
n

el sy
stem

s fro
m

 C
o

llin
so

n
 (1993). 
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4.2 
W

estphalian A
-Early B 

W
ith

 th
e start o

f th
e W

estp
h

alian
, a p

erio
d

 o
f th

erm
al su

b
sid

en
ce co

m
m

en
ced

 (F
raser an

d
 

G
aw

th
o

rp
e, 

1990), 
w

h
ich

 
is 

reflected
 

in
 

a 
m

u
ch

 
m

o
re 

u
n

ifo
rm

 
su

b
sid

en
ce 

p
attern

 
an

d
 

in
creased

 reg
io

n
al co

rrelatab
ility

 o
f d

ep
o

sitio
n

al seq
u

en
ces. D

u
rin

g
 th

e fin
al stag

es o
f th

e 

N
am

u
rian

, all rem
ain

in
g

 b
lo

ck
-an

d
-b

asin
 to

p
o

g
rap

h
y

 h
ad

 b
een

 filled
, cau

sin
g

 lev
elin

g
 o

f 

th
e d

ep
o

sitio
n

al su
rface all acro

ss th
e N

W
 E

u
ro

p
ean

 b
asin

 sy
stem

 (B
esly

, 1998; L
eed

er an
d

 

H
ard

m
an

, 
1990). 

T
h

is 
allo

w
ed

 
th

e 
fo

rm
atio

n
 

o
f 

ex
ten

siv
e 

co
al 

b
ed

s, 
an

d
 

d
ep

o
sitio

n
 

th
ro

u
g

h
o

u
t th

e W
estp

h
alian

 A
- early

 C
 w

as d
o

m
in

ated
 b

y
 reg

u
lar altern

atio
n

s o
f co

al b
ed

s, 

(m
arg

in
al m

arin
e) d

eltaic sh
ales an

d
 flu

v
ial san

d
sto

n
es (C

o
llin

so
n

 et al., 1993; F
ield

in
g

, 

1984b
; 

F
ield

in
g

, 
1984a; 

G
u

io
n

 
an

d
 

F
ield

in
g

, 
1988), 

d
riv

en
 

b
y

 
g

lacio
-eu

static 
sea-lev

el 

flu
ctu

atio
n

s (G
reb

 et al., 2008; H
eck

el, 2008; V
an

 d
en

 B
elt et al., 2012). 

D
u

rin
g

 th
e E

arly
 W

estp
h

alian
, th

e V
ariscan

 th
ru

sts w
ere still rem

o
te an

d
 th

e d
ev

elo
p

in
g

 

o
ro

g
en

 h
ad

 n
o

t b
eco

m
e a m

ajo
r sed

im
en

t so
u

rce area y
et (B

esly
, 1998; C

o
llin

so
n

 et al., 1993). 

O
n

ly
 d

u
rin

g
 th

e W
estp

h
alian

 C
 w

o
u

ld
 m

ajo
r san

d
sto

n
es b

e d
ep

o
sited

 in
 th

e so
u

th
ern

 p
arts 

o
f th

e V
ariscan

 fo
relan

d
 (Jo

n
es an

d
 G

lo
v

er, 2005; D
ro

zd
zew

sk
i, 1993). 

F
lu

v
ial 

san
d

sto
n

e 
d

ep
o

sitio
n

 
w

as 
co

m
m

o
n

, 
h

o
w

ev
er, 

in
 

th
e 

n
o

rth
ern

 
p

arts 
o

f 
th

e 
N

W
 

E
u

ro
p

ean
 B

asin
 sy

stem
, esp

ecially
 in

 its n
o

rth
w

estern
 p

arts (F
ig

. 6). T
h

is is rem
in

iscen
t o

f 

th
e D

in
an

tian
 situ

atio
n

, alth
o

u
g

h
 th

e co
arse-clastic d

ep
o

sitio
n

al area b
ecam

e m
o

re ex
ten

siv
e 

an
d

 
th

e 
p

o
in

t 
so

u
rce 

seem
ed

 
to

 h
av

e 
w

id
en

ed
 

to
 

a lin
e 

so
u

rce co
v

erin
g

 
p

rim
arily

 th
e 

S
co

ttish
 C

aled
o

n
ian

 h
ig

h
lan

d
, i.e. th

e area to
 th

e w
est o

f th
e p

ro
to

-V
ik

in
g

 G
rab

en
 (F

ig
. 2). 

T
h

ro
u

g
h

o
u

t th
e w

estern
 p

art o
f th

e S
o

u
th

ern
 N

o
rth

 S
ea an

d
 o

n
sh

o
re U

.K
. d

eltaic seq
u

en
ces 

co
n

tain
 co

m
m

o
n

 in
tercalated

 flu
v

ial san
d

sto
n

es (V
an

 A
d

rich
em

 B
o

o
g

aert an
d

 K
o

u
w

e, 1993; 

B
esly

, 
1998; 

C
o

llin
so

n
 

et 
al., 

1993; 
C

o
llin

so
n

 
et 

al., 
1993). 

H
o

w
ev

er, 
th

ick
 

flu
v

ial 

in
tercalatio

n
s are rare to

 ab
sen

t in
 m

o
st o

f th
e D

u
tch

 o
ffsh

o
re an

d
 o

n
sh

o
re. S

u
ch

 th
ick

 san
d

s 

are restricted
 to

 th
e w

estern
m

o
st q

u
ad

ran
ts o

f th
e o

ffsh
o

re (F
ig

. 6). E
x

am
p

les o
f th

e ab
sen

ce 

o
f th

ick
er san

d
sto

n
es are fo

u
n

d
 in

 w
ells p

u
b

lish
ed

 in
 th

e D
u

tch
 stratig

rap
h

ic n
o

m
en

clatu
re 

(V
an

 A
d

rich
em

 B
o

o
g

aert an
d

 K
o

u
w

e, 1993), e.g
. M

01-01, S
teen

w
ijk

erw
o

ld
-1, G

o
ld

h
o

rn
-1, in

 

(B
esly

, 1998) an
d

 in
 T

N
O

 (2009), e.g
. w

ells in
 th

e G
17/18 licen

se b
lo

ck
s. 

T
h

e p
ro

n
o

u
n

ced
 east-w

est co
n

trast co
n

cern
in

g
 flu

v
ial so

u
rcin

g
 in

d
icates a stru

ctu
ral co

n
tro

l 

alo
n

g
 a rid

g
e th

at p
arallels th

e p
ro

to
-D

u
tch

 C
en

tral G
rab

en
 sy

stem
. P

alaeo
cu

rren
t d

ata fro
m

 

C
o

p
e et al. (1992) su

g
g

est th
at th

e sed
im

en
t d

isp
ersal d

irectio
n

s m
ay

 h
av

e p
aralleled

 th
is 

d
iv

id
e (F

ig
. 6). It m

ay
 p

o
in

t at a m
o

re elev
ated

 p
o

sitio
n

 o
f th

e p
ro

to
-C

en
tral G

rab
en

 an
d

 

p
o

ssib
ly

 o
f th

e area east o
f it. H

o
w

ev
er, L

o
w

er W
estp

h
alian

 in
terv

als are v
ery

 th
ick

 in
 w

ells 

fro
m

 
th

e 
n

o
rth

ern
 

D
u

tch
 

o
n

sh
o

re 
(V

an
 

A
d

rich
em

 
B

o
o

g
aert 

an
d

 
K

o
u

w
e, 

1993), 
w

h
ich

 

su
g

g
ests th

at it is n
o

t th
e en

tire eastern
 area th

at is m
o

re elev
ated

 b
u

t th
at th

e elev
ated

 zo
n

e 

m
ay

 in
d

eed
 b

e elo
n

g
ate. 

T
h

e p
ro

to
-S

tep
 G

rab
en

 itself, esp
ecially

 its w
estern

 p
art m

ay
 h

av
e b

een
 an

 alread
y

 su
b

d
u

ed
 

elem
en

t, b
u

t d
ata in

 th
e L

o
w

er W
estp

h
alian

 is to
o

 im
p

recise to
 accu

rately
 m

ap
 flu

v
ial 

san
d

sto
n

e d
istrib

u
tio

n
. 
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F
ig

u
re 6: P

alaeo
g

eo
g

rap
h

ic m
ap

 fo
r th

e W
estp

h
alian

 A
- E

arly
 B

 p
erio

d
. R

ed
 arro

w
s in

d
icate o

v
erall 

sed
im

en
t tran

sp
o

rt d
irectio

n
s. Y

ello
w

 in
d

icates p
resen

ce o
f co

m
m

o
n

 flu
v

ia
l san

d
sto

n
e so

u
rced

 

fro
m

 N
. B

lack
 arro

w
s sh

o
w

 lo
cal (m

easu
red

) p
alaeo

cu
rren

ts fro
m

 (C
o

p
e et al., 1992) an

d
 v

ario
u

s 

o
th

er so
u

rces (e.g
. B

esly
 &

 K
ellin

g
, 1988; V

an
 A

d
rich

em
 B

o
o

g
aert &

 K
o

u
w

e, 1993; C
o

llin
so

n
 et al., 

2005). 
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4.3  
W

estphalian B-Early C 

A
lth

o
u

g
h

 th
e o

v
erall sed

im
en

tary
 sty

le d
u

rin
g

 th
e W

estp
h

alian
 B

 an
d

 E
arly

 C
 is co

m
p

arab
le 

to
 th

at o
f th

e W
estp

h
alian

 A
 (d

o
m

in
ated

 b
y

 cy
clo

th
em

ic flu
v

io
-d

eltaic sed
im

en
ts), a d

rastic 

an
d

 rap
id

 reo
rg

an
izatio

n
 o

f flu
v

ial sed
im

en
t d

isp
ersal is o

b
serv

ed
. 

T
h

e 
n

o
rth

ern
 

C
aled

o
n

ian
 

h
ig

h
lan

d
s 

rem
ain

ed
 

th
e 

m
ain

 
so

u
rce 

area, 
b

u
t 

m
ajo

r 
flu

v
ial 

sy
stem

s seem
 to

 h
av

e retreated
 larg

ely
 fro

m
 th

e S
o

u
th

ern
 N

o
rth

 S
ea. T

h
is is q

u
ite clear in

 

w
ells fro

m
 th

e D
 an

d
 E

 b
lo

ck
s (F

ig
. 8; V

an
 A

d
rich

em
 B

o
o

g
aert an

d
 K

o
u

w
e (1993)). N

o
t far, 

ab
o

v
e 

th
e 

W
estp

h
alian

 
A

-B
 

b
o

u
n

d
ary

 
th

e 
san

d
sto

n
e-d

o
m

in
ated

 
seq

u
en

ce 
is 

ab
ru

p
tly

 

o
v

erlain
 b

y
 a m

u
d

sto
n

e an
d

 co
al-d

o
m

in
ated

 seq
u

en
ce; th

is is o
b

serv
ed

 reg
io

n
ally

. M
o

re to
 

th
e 

w
est, 

h
o

w
ev

er, 
m

ain
ly

 
o

n
sh

o
re 

U
K

, 
flu

v
ial 

sed
im

en
tatio

n
 

co
n

tin
u

ed
 

w
ell 

in
to

 
th

e 

W
estp

h
alian

 C
 (R

ip
p

o
n

 2005), O
'M

ara an
d

 T
u

rn
er 1999). 

H
en

ce, so
m

ew
h

ere d
u

rin
g

 early
 W

estp
h

alian
 B

, th
e b

o
u

n
d

ary
 b

etw
een

 th
e w

estern
 flu

v
ial 

d
o

m
in

ated
 an

d
 th

e eastern
 san

d
-starv

ed
 areas sh

ifted
 w

estw
ard

 ab
ru

p
tly

. B
ecau

se m
an

y
 

W
estp

h
alian

 seq
u

en
ces in

 th
e U

K
 o

n
sh

o
re are d

eep
ly

 tru
n

cated
, th

e ex
act b

o
u

n
d

ary
 is n

o
t 

accu
rately

 estab
lish

ed
, b

u
t it seem

s to
 lin

e u
p

 ap
p

ro
x

im
ately

 w
ith

 th
e so

u
th

w
ard

 ex
ten

sio
n

 

o
f th

e p
ro

to
-V

ik
in

g
 G

rab
en

. 

A
 p

o
ssib

le ex
p

lan
atio

n
 fo

r th
e retreat o

f flu
v

ial sy
stem

s o
u

t o
f th

e eastern
 S

o
u

th
ern

 N
o

rth
 

S
ea m

ig
h

t b
e th

e in
itiatio

n
 o

f ex
ten

sio
n

 in
 th

e p
ro

to
-N

o
rth

 S
ea C

en
tral G

rab
en

 (F
ig

. 7). N
o

te 

th
at it lin

k
s u

p
 to

 th
e N

W
 w

ith
 th

e p
ro

to
-V

ik
in

g
 G

rab
en

 an
d

 th
u

s sh
ield

s th
e eastern

 p
art o

f 

th
e S

o
u

th
ern

 N
o

rth
 S

ea fro
m

 C
aled

o
n

ian
 so

u
rces. A

n
y

 rem
ain

in
g

 san
d

 in
flu

x
 o

n
w

ard
s cam

e 

fro
m

 
th

e 
S

co
ttish

 
C

aled
o

n
ian

 
h

ig
h

lan
d

s 
an

d
 

m
aterial 

fro
m

 
th

e 
N

o
rw

eg
ian

 
C

aled
o

n
ian

 

h
ig

h
lan

d
s m

u
st h

av
e b

een
 ch

an
n

eled
 th

ro
u

g
h

 th
e p

ro
to

-V
ik

in
g

 G
rab

en
 (F

ig
. 2).  

It seem
s lik

ely
 th

at, if in
d

eed
 th

e p
ro

to
-N

o
rth

 S
ea C

en
tral G

rab
en

 started
 to

 su
b

sid
e m

o
re 

rap
id

ly
 th

an
 su

rro
u

n
d

in
g

 areas, it m
u

st h
av

e attracted
 m

u
ch

 o
f th

e san
d

 in
flu

x
 d

eriv
ed

 fro
m

 

N
o

rw
eg

ian
 C

aled
o

n
ian

 h
ig

h
lan

d
s. T

h
erefo

re, th
e C

en
tral G

rab
en

 area p
ro

b
ab

ly
 co

n
tain

s 

h
ig

h
er 

n
et-to

-g
ro

ss 
seq

u
en

ce 
th

an
 

th
e 

co
al-b

earin
g

 
W

estp
h

alian
 

B
/C

 
fo

rm
s 

th
e 

eastern
 

S
o

u
th

ern
 N

o
rth

 S
ea. W

h
eth

er th
is also

 in
v

o
lv

ed
 su

b
sid

en
ce o

f th
e (later) S

tep
 G

rab
en

 is 

u
n

certain
. 

4.4 
Late W

estphalian C-D
 

T
h

e cu
lm

in
atio

n
 o

f V
ariscan

 th
ru

stin
g

 b
ro

u
g

h
t ab

o
u

t a m
ajo

r reo
rg

an
izatio

n
 in

 th
e N

W
 

E
u

ro
p

ean
 B

asin
 sy

stem
. T

h
ru

st lo
ad

in
g

 cau
sed

 rap
id

 su
b

sid
en

ce in
 th

e so
u

th
-east, resu

ltin
g

 

in
 th

e fo
rm

atio
n

 o
f a a-sy

m
m

etric fo
relan

d
 b

asin
 alo

n
g

 th
e V

ariscan
 th

ru
st fro

n
t (R

u
h

r B
asin

) 

th
at receiv

ed
 a lo

t o
f san

d
 fro

m
 th

e m
id

 W
estp

h
alian

 C
 o

n
w

ard
s (Jo

n
es an

d
 G

lo
v

er, 2005; 

D
ro

zd
zew

sk
i, 1993; G

lo
v

er et al., 1996; D
reesen

 et al., 1995). T
h

ese areas rem
ain

ed
 sites o

f 

p
eat accu

m
u

latio
n

 an
d

 are co
al-b

earin
g

 u
p

 in
to

 E
arly

 W
estp

h
alian

 D
 (C

o
p

e et al., 1992; Jo
n

es 

an
d

 G
lo

v
er, 2005). F

u
rth

er to
 th

e n
o

rth
 L

ate W
estp

h
alian

, co
al d

im
in

ish
es in

 ab
u

n
d

an
ce an

d
 

is n
o

t p
resen

t ro
u

g
h

ly
 ab

o
v

e th
e lin

e L
iv

erp
o

o
l-D

en
 H

eld
er. T

h
ere seem

s to
 b

e a n
o

rth
w

ard
 

p
ro

tru
sio

n
 o

f co
al o

ccu
rren

ce in
 th

e v
icin

ity
 o

f th
e D

u
tch

 C
en

tral G
rab

en
 (F

ig
. 9), w

h
ich

 

m
ig

h
t b

e related
 to

 accelerated
 su

b
sid

en
ce in

 th
at area. 
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F
ig

u
re 7: P

alaeo
g

eo
g

rap
h

ic m
ap

 fo
r th

e W
estp

h
alian

 B
- E

arly
 C

 p
erio

d
. R

ed
 arro

w
s in

d
icate o

v
erall 

sed
im

en
t tran

sp
o

rt d
irectio

n
s. Y

ello
w

 in
d

icates p
resen

ce o
f co

m
m

o
n

 flu
v

ia
l san

d
sto

n
e so

u
rced

 

fro
m

 N
. B

lack
 arro

w
s sh

o
w

 lo
cal (m

easu
red

) p
alaeo

cu
rren

ts fro
m

 (C
o

p
e et al., 1992) an

d
 v

ario
u

s 

o
th

er so
u

rces (e.g
. B

esly
 &

 K
ellin

g
, 1988; V

an
 A

d
rich

em
 B

o
o

g
aert &

 K
o

u
w

e, 1993; C
o

llin
so

n
 et al., 

2005). 
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In
 th

e n
o

rth
ern

 p
arts o

f th
e b

asin
, th

e L
ate W

estp
h

alian
-C

 an
d

 W
estp

h
alian

 D
 are d

ev
elo

p
ed

 

as red
-b

ed
s (C

o
p

e et al., 1992; B
esly

, 2005). A
lso

 in
 th

e so
u

th
 su

ch
 red

-b
ed

s o
ccu

r (Jo
n

es an
d

 

G
lo

v
er, 2005), b

u
t th

ese o
v

erlie m
u

ch
 th

ick
er co

al-m
easu

res seq
u

en
ces. In

 th
e n

o
rth

, th
e red

-

b
ed

s ty
p

ically
 (ero

sio
n

ally
) o

v
erlie W

estp
h

alian
 B

/C
 co

al-m
easu

res (L
eed

er an
d

 H
ard

m
an

, 

1990; B
esly

 et al., 1993; T
N

O
, 2009; Jo

n
es et al., 2005). T

h
is is related

 to
 th

e L
ate W

estp
h

alian
 

in
v

ersio
n

 p
h

ase reco
g

n
ized

 in
 th

e N
W

 E
u

ro
p

ean
 b

asin
 sy

stem
 as in

v
ersio

n
 fau

lts/fo
ld

s 

(L
eed

er an
d

 H
ard

m
an

, 1990; W
aters et al., 1994; P

eace an
d

 B
esly

, 1997). 

T
h

e red
-b

ed
s are in

terp
reted

 as th
e d

ep
o

sits o
f flu

v
ial ch

an
n

els an
d

 th
eir o

v
erb

an
k

/su
b

strate 

(B
esly

, 
2005; 

B
esly

 
an

d
 

F
ield

in
g

, 
1989) 

th
at 

d
ev

elo
p

ed
 

u
n

d
er 

w
ell-drained 

co
n

d
itio

n
s 

(co
n

trastin
g

 w
ith

 th
e w

aterlo
g

g
ed

-co
n

d
itio

n
s fo

r th
e co

al m
easu

res). T
h

e tran
sitio

n
 fro

m
 

g
rey

 co
al m

easu
res to

 red
 b

ed
s is ty

p
ically

 ab
ru

p
t o

r tak
es p

lace in
 sh

o
rt v

ertical in
terv

als 

(Q
u

irk
, 1993; T

N
O

, 2009) an
d

 su
p

p
o

rts th
e id

ea th
at th

e facies tran
sitio

n
 w

as stru
ctu

rally
 

co
n

tro
lled

. 
It 

w
as 

o
rig

in
ally

 
attrib

u
ted

 
to

 
n

o
rth

w
ard

 
co

n
tin

en
tal 

m
o

v
em

en
t 

in
to

 
th

e 

su
b

tro
p

ical clim
ate zo

n
e (G

len
n

ie, 1990; B
esly

, 1998), b
u

t th
e ab

ru
p

tn
ess o

f th
e ch

an
g

e an
d

 

its co
in

cid
en

ce w
ith

 th
e cu

lm
in

atio
n

 o
f tecto

n
ic d

efo
rm

atio
n

 m
ay

 p
o

in
t at a tecto

n
ic cau

se. 

R
ed

 b
ed

-b
ed

s o
ccu

r in
 tro

u
g

h
s in

 b
etw

een
 m

ild
ly

 fo
ld

ed
 an

d
 can

n
ib

alized
 W

estp
h

alian
 A

-B
 

strata, w
ith

 th
o

se o
ld

er strata b
ein

g
 rew

o
rk

ed
 in

to
 th

e y
o

u
n

g
er red

-b
ed

 seq
u

en
ces in

 th
e 

su
rro

u
n

d
in

g
 lo

w
(er) ly

in
g

 areas (L
eed

er an
d

 H
ard

m
an

, 1990). T
h

e fo
rm

atio
n

 o
f red

 b
ed

s is 

th
en

 p
ro

b
ab

ly
 related

 to
 d

ep
o

sitio
n

 w
ell ab

o
v

e g
ro

u
n

d
-w

ater lev
el d

u
e to

 fo
ld

in
g

 o
f th

e 

n
o

rth
ern

 fo
relan

d
 to

 w
ell ab

o
v

e b
ase lev

el. M
o

re to
 th

e so
u

th
, in

 th
e v

icin
ity

 o
f th

e V
ariscan

 

th
ru

st zo
n

e, w
h

ere su
b

sid
en

ce rates w
ere m

u
ch

 h
ig

h
er (D

ro
zd

zew
sk

i, 1993), th
e sed

im
en

t 

su
rface p

o
ssib

ly
 rem

ain
ed

 at b
ase lev

el th
u

s allo
w

in
g

 p
eat g

ro
w

th
 an

d
 p

reserv
atio

n
 (to

 

b
eco

m
e co

al) w
ell in

to
 th

e W
estp

h
alian

 D
. 

 

F
ig

u
re 8: N

-S
 co

rrelatio
n

 p
an

el sh
o

w
in

g
 th

e ab
ru

p
t u

p
w

ard
 tran

sitio
n

 
fro

m
 flu

v
ia

l-d
o

m
in

ated
 

W
estp

h
alian

 A
 to

 co
al/sh

ale
-d

o
m

in
ated

 w
estp

h
alian

 B
/C

 (red
 lin

e). F
ro

m
 T

N
O

 (2009). 
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F
ig

u
re 9: P

alaeo
g

eo
g

rap
h

ic m
ap

 fo
r th

e L
ate W

estp
h

alian
 C

-D
 p

erio
d

. R
ed

 arro
w

s in
d

icate o
v

erall 

sed
im

e
n

t tran
sp

o
rt d

irectio
n

s. B
lack

 arro
w

s sh
o

w
 lo

cal (m
easu

red
) p

alaeo
cu

rren
ts fro

m
 v

ario
u

s 

so
u

rces e.g
. (C

o
p

e et al., 1992). C
-m

ark
ers an

d
 d

ash
ed

 lin
e in

d
icate o

ccu
rren

ce o
f late co

al in
 

so
u

th
ern

 p
arts o

f th
e b

asin
. S

o
lid

 b
lack

 lin
es in

d
icate fau

lts an
d

 fo
ld

s (re)activ
ated

 d
u

rin
g

 late 

W
estp

h
alian

 in
v

ersio
n

. D
o

u
b

le red
 arro

w
s in

d
icate in

terp
reted

 co
m

p
ressio

n
 d

irectio
n

. R
efer to

 text 

fo
r co

m
p

lete list o
f d

ata so
u

rces (e.g
. L

eed
er an

d
 H

artm
a

n
, 1990, W

ater et al., 1994). 
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T
h

e n
atu

re o
f L

ate W
estp

h
alian

 d
efo

rm
atio

n
 h

as b
een

 d
ealt w

ith
 in

 a n
u

m
b

er o
f p

u
b

licatio
n

s 

an
d

 p
o

in
ts at in

v
ersio

n
 o

f o
ld

er b
asin

 stru
ctu

res b
y

 m
ild

 fo
ld

in
g

 an
d

 fau
ltin

g
 (B

esly
, 1998). 

A
x

es o
f co

m
p

ressio
n

 h
av

e b
een

 d
o

cu
m

en
ted

 in
 S

taffo
rd

sh
ire, o

n
sh

o
re U

K
 (W

aters et al., 

1994) an
d

 in
 th

e S
o

u
th

ern
 N

o
rth

 S
ea (L

eed
er an

d
 H

ard
m

an
, 1990). T

h
ese ax

es are in
d

icated
 

in
 F

ig
. 9 as b

lack
 so

lid
 lin

es th
at lin

e u
p

 v
ery

 w
ell w

ith
 ex

istin
g

 (o
ld

er) fau
lt sy

stem
s. In

 F
ig

. 

10, th
ese axes are p

lo
tted

 as o
v

erlay
s o

n
 th

e D
in

an
tian

 b
lo

ck
-an

d
-b

asin
 stru

ctu
re, sh

o
w

in
g

 a 

g
o

o
d

 m
atch

 in
 o

rien
tatio

n
. T

h
is su

p
p

o
rts th

e reactiv
atio

n
 th

eo
ry

 an
d

 in
d

icates th
at th

e 

o
rien

tatio
n

 
o

f 
th

ese 
stru

ctu
res 

is 
a 

n
o

t 
a 

d
irect 

reflectio
n

 
o

f 
th

e 
L

ate 
W

estp
h

alian
 

co
m

p
ressio

n
 d

irectio
n

. 

T
h

e v
ariatio

n
 in

 th
e in

v
ersio

n
 ax

es o
f tw

o
 d

istin
ct areas (w

est U
K

 an
d

 S
W

 N
o

rth
 S

ea), each
 

w
ith

 d
ifferen

t o
rien

tatio
n

 (N
W

-S
E

 an
d

 N
N

E
-S

S
W

) g
iv

e an
 ap

p
ro

x
im

ate in
d

icatio
n

 o
f th

e 

o
v

erall co
m

p
ressio

n
 d

irectio
n

 b
ein

g
 N

N
W

-S
S

E
 (F

ig
. 8/10, d

o
u

b
le red

 arro
w

s). T
h

is d
irectio

n
 

p
arallels 

th
e 

o
rien

tatio
n

 
o

f 
th

e 
p

ro
to

-S
tep

 
G

rab
en

/N
o

rth
 

S
ea 

C
en

tral 
G

rab
en

 
sy

stem
. 

D
ep

en
d

in
g

 o
n

 th
e o

v
erall stress situ

atio
n

, th
is m

ay
 h

av
e p

erm
itted

 ex
ten

sio
n

 in
 th

e W
N

W
-

E
S

E
 d

irectio
n

 in
 th

e p
ro

to
-C

en
tral G

rab
en

 sy
stem

. 

 

F
ig

u
re 10: L

ate W
estp

h
alian

 in
v

ersio
n

 axes (b
lack

 so
lid

 lin
es) o

v
erlain

 o
n

 D
in

an
tian

 b
lo

ck
-an

d
-

b
asin

 stru
ctu

re
. S

ee F
ig

u
re 9 fo

r referen
ces. 

A
 n

u
m

b
er o

f p
u

b
licatio

n
s d

eal w
ith

 h
y

d
ro

carb
o

n
 field

s w
ith

in
 th

e red
-b

ed
 seq

u
en

ce o
f th

e 

S
o

u
th

ern
 

N
o

rth
 

S
ea, 

su
ch

 as 
in

 
th

e 
K

etch
 

an
d

 
S

ch
o

o
n

er fo
rm

atio
n

s 
(Jo

n
es et 

al., 
2005; 

M
ijn

ssen
, 

1997), 
b

u
t 

su
ch

 
stu

d
ies 

g
iv

e 
little 

fu
rth

er 
in

sig
h

t 
in

to
 

th
e 

d
ep

o
sitio

n
al 

en
v

iro
n

m
en

ts o
f th

ese red
-b

ed
 d

ep
o

sits o
r th

eir d
istrib

u
tio

n
 an

d
 co

rrelatab
ility

. 

4.5 
Stephanian 

L
ittle is k

n
o

w
n

 ab
o

u
t th

e p
alaeo

g
eo

g
rap

h
ic situ

atio
n

 in
 th

e N
W

 E
u

ro
p

ean
 b

asin
 sy

stem
 

d
u

rin
g

 th
e S

tep
h

an
ian

. T
h

is is d
u

e to
 tw

o
 reaso

n
s: 1) It co

n
cern

s th
e y

o
u

n
g

est C
arb

o
n

ifero
u

s 
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strata 
th

at 
w

ere 
rem

o
v

ed
 

d
u

rin
g

 
P

erm
ian

 
(S

aalian
) 

ero
sio

n
, 

an
d

 
2) 

d
u

e 
to

 
th

e 
h

ig
h

ly
 

o
x

id
ized

 red
-b

ed
 ch

aracter o
f th

e sed
im

en
ts h

am
p

ers p
aly

n
o

lo
g

ical is h
am

p
ered

. 

T
ro

u
g

h
 tim

e sed
im

en
ts in

 a n
u

m
b

er o
f areas h

av
e b

een
 assig

n
ed

 a S
tep

h
an

ian
 ag

e (F
ig

. 11), 

su
ch

 as in
 th

e U
K

, N
eth

erlan
d

s an
d

 G
erm

an
y

. A
ll th

ese sed
im

en
ts, h

o
w

ev
er, h

av
e b

een
 

rein
terp

reted
 as W

estp
h

alian
 D

, o
r earliest S

tep
h

an
ian

 (C
an

tab
rian

) at b
est (B

esly
 et al., 

1993). A
s an

 ex
am

p
le o

f su
ch

 u
n

certain
ty

, th
e d

ep
o

sits o
f th

e red
-b

ed
 k

ey
 w

ell D
e L

u
tte-6, in

 

th
e eastern

 o
n

sh
o

re N
eth

erlan
d

s h
av

e b
een

 in
terp

reted
 in

itially
 as p

rim
arily

 W
estp

h
alian

 D
 

w
ith

 p
o

ssib
le rem

n
an

t S
tep

h
an

ian
 at th

e to
p

 (V
an

 d
e L

aar an
d

 V
an

 d
er Z

w
an

, 1996), th
en

 to
 

d
o

m
in

an
tly

 S
tep

h
an

ian
 (V

an
 W

av
eren

 et al., 2008), an
d

 th
en

 b
ack

 to
 W

estp
h

alian
 D

 (V
an

 

H
o

o
f et al., 2012). 

C
u

rren
tly

, 
th

e 
o

n
ly

 
su

ccessio
n

 
w

ith
 

reliab
le 

in
d

icatio
n

s 
o

f 
S

tep
h

an
ian

 
ag

e, 
b

ased
 

o
n

 

p
aly

n
o

lo
g

y
, is fo

u
n

d
 at th

e b
ase o

f a lo
n

g
 co

red
 sectio

n
 o

f calcrete-rich
 red

-b
ed

s in
 w

ell F
10-

2 (T
N

O
, 2009). T

h
is b

asal u
n

it co
m

p
rises co

al-m
easu

re ty
p

e d
ep

o
sits, ju

st b
elo

w
 th

e red
-b

ed
s 

an
d

 b
ased

 o
n

 th
e p

resen
ce o

f Vittatina costabilis an
d

 a h
ig

h
 n

u
m

b
er o

f S
triate b

isaccate p
o

llen
 

in
 co

m
b

in
atio

n
 w

ith
 ab

u
n

d
an

t L
y

co
sp

o
ra sp

p
. th

ese strata are in
terp

reted
 as n

o
t o

ld
er th

an
 

S
tep

h
an

ian
. 

B
esid

es 
th

e 
p

aly
n

o
lo

g
ical 

co
n

ten
t, 

th
e 

p
resen

ce 
o

f 
co

m
m

o
n

 
carb

o
n

ate 

co
n

cretio
n

s w
ith

in
 th

e o
v

erly
in

g
 (u

p
p

er) red
-b

ed
 seq

u
en

ce m
ay

 p
o

in
t at a n

o
n

-W
estp

h
alian

 

D
 o

rig
in

 (cf. B
esly

 et al., 1993). 

T
h

e w
ell in

 q
u

estio
n

, F
10

-2, is p
o

sitio
n

ed
 in

 th
e so

u
th

ern
m

o
st tip

 o
f th

e p
ro

to
-S

tep
 G

rab
en

 

an
d

 th
erefo

re an
y

 S
tep

h
an

ian
 d

ep
o

sitio
n

 (an
d

 p
reserv

atio
n

) m
ay

 b
e related

 to
 co

n
tin

u
ed

 

su
b

sid
en

ce o
f th

e p
ro

to
-N

o
rth

 S
ea C

en
tral G

rab
en

/S
tep

 G
rab

en
 sy

stem
, th

at seem
s to

 h
av

e 

started
 d

u
rin

g
 th

e early
 W

estp
h

alian
 B

 (see p
rev

io
u

s sectio
n

). 

A
ll 

th
at 

is 
k

n
o

w
n

 
ab

o
u

t 
th

e 
d

ep
o

sitio
n

al 
sty

le 
in

 
th

e 
N

W
 

E
u

ro
p

ean
 

B
asin

 
d

u
rin

g
 

th
e 

S
tep

h
an

ian
 is w

h
at is k

n
o

w
n

 fro
m

 w
ell F

10
-2. In

 essen
ce, it resem

b
les th

e d
ep

o
sitio

n
al sty

le 

o
f th

e W
estp

h
alian

 D
 red

-b
ed

s, i.e. in
 term

s o
f ch

an
n

el th
ick

n
ess an

d
 stack

in
g

, an
d

 red
-b

ed
 

so
il ch

aracter. T
h

e o
n

ly
 d

ifferen
ce is th

e p
resen

ce o
f calcrete so

ils in
 th

e to
p

 sectio
n

 (T
N

O
, 

2009), so
m

eth
in

g
 n

o
t o

b
serv

ed
 in

 red
-b

ed
s fro

m
 th

e S
o

u
th

ern
 N

o
rth

 S
ea (B

esly
 et al., 1993). 

It m
u

st b
e n

o
ted

 th
at red

-b
ed

s in
 w

ell D
e L

u
tte-6, in

terp
reted

 as W
estp

h
alian

 D
 (V

an
 H

o
o

f et 

al., 2012) co
n

tain
 calcrete lev

els as w
ell, w

h
ich

 co
u

ld
 p

o
in

t at a p
o

ssib
le S

tep
h

an
ian

 u
p

p
er 

p
art. 

A
d

d
itio

n
al in

d
icatio

n
s o

f ex
ten

sio
n

al tecto
n

ics in
 th

e area are g
iv

en
 b

y
 th

e p
resen

ce o
f 

v
o

lcan
ics w

ith
in

 th
e g

rab
en

 sy
stem

s (F
ig

. 11; Z
ieg

ler, 1990). 

A
lso

 o
f in

terest is th
e p

o
ssib

le o
ccu

rren
ce o

f S
tep

h
an

ian
 o

r late W
estp

h
alian

 D
 co

al b
ed

s (as 

so
u

rce ro
ck

s o
f relativ

ely
 sh

allo
w

 b
u

rial) w
ith

in
 areas o

f accelerated
 su

b
sid

en
ce, su

ch
 as th

e 

p
ro

to
-N

o
rth

 S
ea G

rab
en

 sy
stem

. T
h

ere are in
d

icatio
n

s th
at d

ep
o

sitio
n

 u
n

d
er w

aterlo
g

g
ed

 

co
n

d
itio

n
s co

n
tin

u
ed

 lo
n

g
er w

ith
in

 th
e p

ro
to

-S
tep

 G
rab

en
 th

an
 in

 o
th

er p
arts o

f th
e N

W
 

E
u

ro
p

ean
 

B
asin

 
sy

stem
 

(T
N

O
, 

2009). 
K

n
o

w
n

 
o

ccu
rren

ces 
o

f 
S

tep
h

an
ian

 
co

al 
are 

fro
m

 

in
tram

o
n

tan
e in

 F
ran

ce an
d

 G
erm

an
y

, to
 th

e so
u

th
 o

f th
e V

ariscan
 th

ru
st (Z

ieg
ler, 1990), 

su
ch

 as th
e S

aar-N
ah

e B
asin

 (L
an

g
, 1976; S

ch
äfer, 1989). H

o
w

ev
er, th

ese co
als are fo

u
n

d
 in

 

o
v

erall g
rey

 clay
sto

n
es. C

o
als are ab

sen
t in

 th
e o

v
erly

in
g

 L
ate-S

tep
h

an
ian

 red
-b

ed
 p

art o
f 

th
e S

aar-N
ah

e su
ccessio

n
. 
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In
 g

en
eral, it m

u
st b

e n
o

ted
 th

at an
y

 o
th

er S
tep

h
an

ian
 co

als (e.g
. in

 U
S

A
 an

d
 S

p
ain

) are fro
m

 

b
asin

s th
at w

ere lo
cated

 in
 a m

o
re so

u
th

erly
, n

ear-eq
u

ato
rial p

alaeo
p

o
sitio

n
 d

u
rin

g
 th

e 

S
tep

h
an

ian
 (F

ig
. 12). T

h
is rem

ark
 h

o
ld

s fo
r th

e S
aar-N

ah
e B

asin
 as w

ell. 

 

 

F
ig

u
re 11: M

ap
 fo

r th
e S

tep
h

an
ian

 sh
o

w
in

g
 areas at so

m
e

 tim
e

 b
een

 in
terp

reted
 as S

tep
h

an
ian

 in
 

y
ello

w
 

(Z
ieg

ler, 
1990), 

b
u

t 
m

o
stly

 
rein

terp
reted

 
as 

W
estp

h
alian

 
D

 
(B

esly
, 

1993). 
S

tep
h

an
ian

 

v
o

lcan
ic in

d
icated

 in
 red

. F
au

lts co
m

p
iled

 fro
m

 C
o

rfield
 et al. (1997), D

e Jag
er (2007) an

d
 G

len
n

ie 

(1997) an
d

 S
tem

m
erik

 (2000). 
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F

ig
u

re 12: P
alaeo

g
eo

g
rap

h
ic reco

n
stru

ctio
n

s o
f C

arb
o

n
ifero

u
s b

asin
s (B

lak
ey

, 2012). W
estp

h
alian

 

b
asin

s all co
n

tain
 co

al; o
n

ly
 equatorial S

tep
h

an
ia

n
 b

asin
s co

n
tain

 co
al. F

ro
m

 m
a

n
y

 so
u

rces. 

4.6 
Rotliegend 

F
o

llo
w

in
g

 
th

e 
lo

n
g

 
p

erio
d

 
o

f 
L

ate-C
arb

o
n

ifero
u

s 
in

v
ersio

n
 

an
d

 
E

arly
 

to
 

m
id

d
le 

L
ate 

P
erm

ian
 

u
p

lift 
an

d
 

ero
sio

n
 

(S
aalian

 
u

n
co

n
fo

rm
ity

), 
d

ep
o

sitio
n

 
in

 
th

e 
stu

d
y

 
area 

w
as 

rein
itiated

 so
m

etim
e d

u
rin

g
 th

e T
artarian

 (G
len

n
ie, 1997). U

n
d

er a tran
sten

sio
n

al strik
e-slip

 

reg
im

e 
th

e 
S

o
u

th
ern

 
P

erm
ian

 
B

asin
, 

th
at 

h
ad

 
fo

rm
ed

 
m

u
ch

 
earlier 

in
 

G
erm

an
y

 
an

d
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p
ro

g
ressiv

ely
 w

id
en

ed
 w

estw
ard

, h
ad

 ex
ten

d
ed

 in
to

 th
e N

eth
erlan

d
s, S

o
u

th
ern

 N
o

rth
 S

ea 

an
d

 eastern
 U

.K
. (G

elu
k

, 2007; G
len

n
ie, 1990; G

len
n

ie, 1997; G
len

n
ie, 1998; G

ast et al., 2010). 

In
 th

e N
eth

erlan
d

s o
n

- an
d

 o
ffsh

o
re an

 u
p

 to
 so

m
e 300 m

etres th
ick

 R
o

tlieg
en

d
 seq

u
en

ce is 

p
resen

t, w
ith

in
 a w

id
e b

an
d

 o
f p

rim
arily

 arid
 flu

v
ial san

d
s an

d
 (rew

o
rk

ed
?) aeo

lian
 san

d
s 

alo
n

g
 th

e so
u

th
ern

 b
asin

 m
arg

in
. M

arg
in

al-lak
e d

ep
o

sits an
d

 d
esert-lak

e sh
ales/ev

ap
o

rites 

w
ere d

ep
o

sited
 in

 th
e n

o
rth

 (G
ast et al., 2010; V

erd
ier, 1996; G

eo
rg

e an
d

 B
erry

, 1993; G
eo

rg
e 

an
d

 B
erry

, 1997). In
 th

e far N
E

 o
f th

e D
u

tch
 o

ffsh
o

re, th
e lak

e seq
u

en
ce th

ick
en

s to
 m

o
re 

th
an

 600 m
 (G

elu
k

, 2007; V
an

 d
en

 B
elt an

d
 V

an
 H

u
lten

, 2011). 

T
h

e o
v

erall facies p
attern

 is sh
o

w
n

 in
 F

ig
. 13. S

an
d

y
 facies w

ere p
rim

arily
 d

eriv
ed

 fro
m

 th
e 

V
ariscan

 o
ro

g
en

 in
 th

e so
u

th
, an

d
 to

 a lesser ex
ten

t fro
m

 h
ig

h
s in

 th
e U

.K
. (G

elu
k

, 2007; 

G
len

n
ie, 1998; V

erd
ier, 1996). T

h
is is o

b
v

io
u

sly
 related

 to
 th

e p
o

sitio
n

 o
f th

e m
ain

 so
u

rce 

areas, b
u

t th
e o

v
erall d

irectio
n

 o
f (stab

le) p
alaeo

w
in

d
s, b

lo
w

in
g

 fro
m

 th
e E

 an
d

 N
E

 (G
len

n
ie, 

1998; V
erd

ier, 1996), also
 resu

lted
 in

 stack
in

g
-u

p
 o

f san
d

s ag
ain

st elev
ated

 to
p

o
g

rap
h

y
 in

 th
e 

so
u

th
 an

d
 so

u
th

w
est (V

an
 d

en
 B

elt an
d

 V
an

 H
u

lten
, 2011; M

ijn
lieff an

d
 G

elu
k

, 2011). 

A
lth

o
u

g
h

 in
 m

an
y

 m
ap

s san
d

y
 facies are d

raw
n

 alo
n

g
 th

e n
o

rth
ern

 ed
g

e o
f th

e S
o

u
th

ern
 

P
erm

ian
 B

asin
 (Z

ieg
ler, 1990), th

ere is little ev
id

en
ce fo

r m
u

ch
 san

d
y

 d
ev

elo
p

m
en

t th
ere 

(V
erd

ier, 1996), as ex
p

licitly
 reflected

 in
 a recen

t m
ap

 b
y

 (G
elu

k
, 2007). T

h
ere are a few

 

ex
p

lan
atio

n
s fo

r th
e p

au
city

 o
f san

d
s alo

n
g

 th
e n

o
rth

ern
 ed

g
e:  

F
irst, th

e M
id

 N
o

rth
 S

ea h
ig

h
, lo

cated
 to

 th
e n

o
rth

 is n
o

t lik
ely

 to
 h

av
e b

een
 a sig

n
ifican

t 

so
u

rce area (V
erd

ier, 1996). T
h

is is su
p

p
o

rted
 b

y
 th

e o
b

serv
atio

n
 th

at th
e “h

ig
h

”, w
h

ich
 

p
ro

b
ab

ly
 is b

etter referred
 to

 as a p
latfo

rm
, w

as co
v

ered
 b

y
 carb

o
n

ate p
latfo

rm
s d

u
rin

g
 th

e 

su
b

seq
u

en
t Z

ech
stein

 carb
o

n
ate-ev

ap
o

rite p
h

ase, u
n

lik
e th

e o
th

er p
o

ten
tial so

u
rce areas 

fu
rth

er to
 th

e n
o

rth
 an

d
 east (F

ig
. 13; (G

elu
k

, 2007)). H
en

ce, it seem
s th

at th
e M

id
 N

o
rth

 S
ea 

H
ig

h
 h

ad
 o

n
ly

 m
in

o
r to

p
o

g
rap

h
ic relief an

d
 th

erefo
re it h

ad
 little so

u
rcin

g
 p

o
ten

tial. V
erd

ier 

(1996) attrib
u

ted
 it to

 th
e fact th

at th
e C

aled
o

n
ian

 h
ig

h
lan

d
s, w

h
ich

 w
ere a m

ajo
r so

u
rce 

d
u

rin
g

 th
e C

arb
o

n
ifero

u
s, h

ad
 attain

ed
 an

 o
v

erall lack
 o

f to
p

o
g

rap
h

ic relief.  

S
eco

n
d

ly
, 

b
ased

 
o

n
 

th
e 

w
in

d
 

d
irectio

n
s 

(b
lo

w
in

g
 

fro
m

 
E

/N
E

) 
san

d
 

stack
in

g
 

ag
ain

st 

to
p

o
g

rap
h

y
 w

o
u

ld
 ty

p
ically

 o
ccu

r ag
ain

st so
u

th
erly

 an
d

 w
esterly

 h
ig

h
s. T

h
e p

resen
ce o

f 

(th
in

) L
o

w
er S

lo
ch

teren
 san

d
sto

n
es in

 th
e n

o
rth

w
est co

rn
er o

f th
e b

asin
 (F

ig
. 13, fro

m
 

(G
elu

k
, 2007)) is attrib

u
ted

 to
 a m

in
o

r w
estern

 so
u

rce area
 (i.e. th

e w
estern

 m
arg

in
 o

f th
e 

S
o

u
th

ern
 P

erm
ian

 B
asin

) p
o

ssib
ly

 in
tro

d
u

cin
g

 san
d

 alo
n

g
 th

e n
o

rth
ern

 frin
g

e v
ia flu

v
ial fan

s 

sy
stem

s. 
R

eg
ard

in
g

 
th

e 
o

v
erall 

w
in

d
 

d
irectio

n
, 

it 
seem

s 
th

at 
aeo

lian
 

sy
stem

s 
w

o
u

ld
 

g
en

erally
 co

u
n

teract sed
im

en
t d

isp
ersal alo

n
g

 th
e n

o
rth

ern
 frin

g
e. It is n

o
ted

 th
at L

o
w

er 

S
lo

ch
teren

 reserv
o

ir, recen
tly

 d
isco

v
ered

 in
 th

e n
o

rth
ern

 frin
g

e (C
y

g
n

u
s d

ev
elo

p
m

en
t, see 

F
ig

. 13; field
 lo

catio
n

 m
ark

ed
 w

ith
 asterisk

(*)), m
ig

h
t b

e ex
p

lain
ed

 as a w
estern

 frin
g

e san
d

, 

alth
o

u
g

h
 a th

in
 n

o
rth

ern
 frin

g
e co

u
ld

 b
e in

 p
lace. 
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F
ig

u
re 13: P

alaeo
g

eo
g

rap
h

ic m
a

p
 fo

r th
e R

o
tlieg

en
d

 (P
erm

ian
) sh

o
w

in
g

 facies b
elts (y

el: san
d

s, 

p
n

k
: b

asin
 m

a
rg

in
, g

rn
: d

esert lak
e) (G

elu
k

, 2007; G
len

n
ie, 1990/1997). P

alaeo
cu

rren
ts (b

lack
 

arro
w

s) an
d

 m
a

in
 flu

v
ial p

ath
w

ay
 (red

 arro
w

s) in
d

icated
 (G

eo
rg

e an
d

 B
erry

, 1993/1997; V
an

 d
en

 

B
elt &

 V
an

 H
u

lten
, 2011). C

lo
sed

 o
ran

g
e lin

es: P
erm

ian
 v

o
lcan

ics (Z
ieg

ler, 1990). 
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In
 th

e S
o

u
th

ern
 N

o
rth

 S
ea, a n

u
m

b
er o

f sed
im

en
tary

 tren
d

s are o
b

serv
ed

 th
at seem

 to
 

co
n

firm
 co

n
tin

u
ed

 activ
ity

 o
f th

e p
ro

to
-C

en
tral N

o
rth

 S
ea/S

tep
 G

rab
en

 sy
stem

. T
h

is in
clu

d
es 

a b
asin

-m
arg

in
 san

d
s p

ro
tru

sio
n

 alo
n

g
 th

e lin
e o

f th
e p

ro
to

-S
tep

 G
rab

en
 (F

ig
. 13), an

d
 

Z
ech

stein
 salts b

ein
g

 th
ick

er th
ere as w

ell (G
elu

k
, 2007). In

 ad
d

itio
n

, a m
ajo

r flu
v

ial ax
is is 

o
b

serv
ed

, activ
e p

articu
larly

 d
u

rin
g

 d
ep

o
sitio

n
 o

f th
e L

o
w

er S
lo

ch
teren

 (G
eo

rg
e an

d
 B

erry
, 

1993; G
eo

rg
e an

d
 B

erry
, 1997; V

an
 d

en
 B

elt an
d

 V
an

 H
u

lten
, 2011) an

d
 ru

n
n

in
g

 alo
n

g
 a S

E
-

N
W

 
to

 
N

-S
 

tren
d

 
acro

ss 
th

e 
D

u
tch

 
o

ffsh
o

re. 
T

h
is 

seem
s 

to
 

p
arallel 

th
e 

p
ro

to
-W

est 

N
eth

erlan
d

s/B
ro

ad
 F

o
u

rteen
s b

asin
s an

d
 th

en
 tu

rn
in

g
 n

o
rth

 to
w

ard
 th

e p
ro

to
 S

tep
 G

ra
b

en
, 

w
h

ere L
o

w
er S

lo
ch

teren
 san

d
s h

av
e b

een
 sh

ed
 m

u
ch

 fu
rth

er in
to

 th
e b

asin
 th

an
 m

o
re to

 th
e 

east o
r w

est (F
ig

. 13; (V
an

 d
en

 B
elt an

d
 V

an
 H

u
lten

, 2011)). 

5 
Conclusions 

T
h

e ab
o

v
e an

aly
sis h

as resu
lted

 in
 an

 im
p

ro
v

ed
 u

n
d

erstan
d

in
g

 o
f th

e ev
o

lu
tio

n
 o

f th
e 

n
o

rth
ern

 
o

ffsh
o

re 
area 

d
u

rin
g

 
th

e 
L

ate 
P

alaeo
zo

ic, 
w

h
ich

 
p

rim
arily

 
co

n
cern

s 
th

e 
early

 

activ
ity

 
an

d
 

tecto
n

o
-sed

im
en

tary
 

ev
o

lu
tio

n
 

o
f 

th
e 

p
ro

to
-C

en
tral 

N
o

rth
 

S
ea/S

tep
 

G
rab

en
 

sy
stem

 fro
m

 th
e E

arly
 W

estp
h

alian
 o

n
w

ard
s. 

In
 sh

o
rt, th

is h
isto

ry
 is illu

strated
 in

 F
ig

u
re 14. 

 

26 

Final report (©
 11 M

ay 2014) – F.J.G
. van den Belt 

 M
ain

 co
n

clu
sio

n
s/in

terp
retatio

n
s are su

m
m

arized
 as fo

llo
w

s: 

 
T

h
e ev

o
lu

tio
n

 o
f th

e p
ro

to
-C

en
tral N

o
rth

 S
ea/S

tep
 G

rab
en

 sy
stem

 seem
s to

 h
av

e stro
n

g
ly

 

co
n

tro
lled

 th
e d

istrib
u

tio
n

 o
f flu

v
ial san

d
s in

to
 th

e N
W

 E
u

ro
p

ean
 b

asin
 sy

stem
 d

u
rin

g
 

th
e C

arb
o

n
ifero

u
s an

d
 P

erm
ian

: 

o 
In

itially
, d

u
rin

g
 th

e D
in

an
tian

 an
d

 N
am

u
rian

, a p
o

in
t so

u
rce ex

isted
 th

at ro
u

g
h

ly
 

co
in

cid
ed

 w
ith

 th
e so

u
th

ern
 tip

 o
f th

e p
ro

to
-V

ik
in

g
 G

rab
en

. 

o 
T

o
w

ard
s th

e W
estp

h
alian

 A
, th

e C
aled

o
n

ian
 h

ig
h

lan
d

s seem
 to

 h
av

e d
ev

elo
p

ed
 

to
w

ard
s a m

o
re ex

ten
siv

e lin
e so

u
rce, b

u
t th

e area east o
f th

e S
tep

 G
rab

en
 d

id
 n

o
t 

receiv
e sig

n
ifican

t flu
v

ial san
d

. T
h

is su
g

g
ests th

at th
e p

ro
to

-S
tep

 G
rab

en
 sy

stem
 m

ay
 

h
av

e acted
 as a d

iv
id

e rath
er th

an
 a lo

w
. 

o 
D

u
rin

g
 th

e E
arly

 W
estp

h
alian

 B
 flu

v
ial sy

stem
s ab

ru
p

tly
 retreated

 fro
m

 m
o

st o
f th

e 

S
o

u
th

ern
 

N
o

rth
 

S
ea, 

w
h

ich
 

m
ig

h
t 

b
e 

related
 

to
 

th
e 

in
itiatio

n
 

o
f 

th
e 

p
ro

to
-

C
en

tral/S
tep

 G
rab

en
 sy

stem
 as an

 ex
ten

sio
n

al sy
stem

. A
ccelerated

 su
b

sid
en

ce m
ay

 

h
av

e cau
sed

 flu
v

ial sy
stem

s to
 stay

 w
ith

in
 th

e sy
stem

 (p
o

ten
tial reserv

o
ir) an

d
 n

o
 

lo
n

g
er p

ro
g

rad
e o

u
t in

to
 th

e b
asin

. 

o 
T

h
e L

ate W
estp

h
alian

 co
m

p
ressio

n
al d

irectio
n

 seem
s to

 p
arallel th

e g
en

eral d
irectio

n
 

o
f th

e g
rab

en
 sy

stem
, allo

w
in

g
 fo

r ex
ten

sio
n

 d
u

rin
g

 th
e V

ariscan
 cu

lm
in

atio
n

. T
h

is 

m
ay

 ex
p

lain
 th

e p
resen

ce o
f th

ick
 W

estp
h

alian
 D

 an
d

 p
o

ssib
ly

 S
tep

h
an

ian
 strata in

 

th
e 

S
tep

 
G

rab
en

. 
F

u
rth

erm
o

re, 
accelerated

 
su

b
sid

en
ce 

m
ay

 
h

av
e 

allo
w

ed
 

lo
n

g
er 

accu
m

u
latio

n
 o

f p
eat in

 th
ese g

rab
en

s as su
b

sid
en

ce m
ay

 h
av

e k
ep

t th
e sed

im
en

t 

su
rface at g

ro
u

n
d

-w
ater lev

el (u
n

lik
e in

 th
e m

ain
 b

asin
). 

o 
D

u
rin

g
 th

e P
erm

ian
, th

e g
rab

en
 sy

stem
 rem

ain
ed

 activ
e as a lo

w
, as reflected

 in
 th

e 

m
ajo

r flu
v

ial p
ath

w
ay

 ru
n

n
in

g
 N

-S
 to

w
ard

 th
e S

tep
 G

rab
en

 sy
stem

.  

 
T

h
ick

 R
o

tlieg
en

d
 “n

o
rth

ern
 frin

g
e” san

d
s can

 b
e ex

p
ected

 to
w

ard
s th

e w
est, d

u
e to

 a 

co
m

b
in

atio
n

 o
f o

v
erall p

alaeo
w

in
d

 d
irectio

n
 (b

lo
w

in
g

 (so
u

th
)w

estw
ard

) an
d

 th
e ab

sen
ce 

o
f n

o
rth

ern
 so

u
rce. 

 
T

h
e resu

lts o
f th

is stu
d

y
 sh

o
w

 th
at an

y
 p

rev
io

u
s co

n
clu

sio
n

s ab
o

u
t P

alaeo
zo

ic activ
ity

 o
f 

a p
ro

to
-D

u
tch

 C
en

tral G
rab

en
 m

ay
 p

o
ssib

ly
 ap

p
ly

 to
 th

e p
ro

to
-S

tep
 G

rab
en

. 

  ---



27 

Final report (©
 11 M

ay 2014) – F.J.G
. van den Belt 

 

F
ig

u
re 14: S

u
m

m
ary

 o
f m

a
in

 tecto
n

o
-sed

im
e

n
tary

 ev
en

ts in
 th

e N
W

 E
u

ro
p

ean
 b

asin
 sy

stem
 an

d
 

C
ro

ss G
rab

en
 sy

stem
s. R

efer to
 text fo

r referen
ces. 

28 

Final report (©
 11 M

ay 2014) – F.J.G
. van den Belt 

6 
References  

B
én

ard
 an

d
 B

o
u

ch
é, 1991, A

sp
ects o

f th
e p

etro
leu

m
 g

eo
lo

g
y

 o
f th

e V
ariscan

 fo
relan

d
 o

f 

W
estern

 E
u

ro
p

e. G
en

eratio
n

, accu
m

u
latio

n
, an

d
 p

ro
d

u
ctio

n
 o

f E
u

ro
p

e’s h
y

d
ro

carb
o

n
s 

S
p

ecial P
u

b
licatio

n
 o

f th
e E

u
ro

p
ean

 A
sso

ciatio
n

 o
f P

etro
leu

m
 G

eo
scien

tists, N
o

. 1, p
p

. 

119-138.  

B
esly

, B
.M

., 2005, L
ate C

arb
o

n
ifero

u
s red

b
ed

s o
f th

e U
K

 so
u

th
ern

 N
o

rth
 S

ea, v
iew

ed
 in

 a 

reg
io

n
al 

co
n

tex
t. in 

C
o

llin
so

n
, J.D

., 
E

v
an

s, 
D

.J. 
an

d
 Jo

n
es, J.A

., ed
s., C

arb
o

n
ifero

u
s 

h
y

d
ro

carb
o

n
 g

eo
lo

g
y

; th
e S

o
u

th
ern

 N
o

rth
 S

ea an
d

 su
rro

u
n

d
in

g
 o

n
sh

o
re areas, p

.225
-

226.  

B
esly

, B
.M

., 1998, C
arb

o
n

ifero
u

s. in G
len

n
ie, K

.W
., ed

., P
etro

leu
m

 G
eo

lo
g

y
 o

f th
e N

o
rth

 S
ea: 

B
asic co

n
cep

ts an
d

 recen
t ad

v
an

ces: O
x

fo
rd

, B
lack

w
ell, p

.104
-136.  

B
esly

, B
.M

., B
u

rley
, S

.D
., an

d
 T

u
rn

er, P
., 1993, T

h
e late C

arb
o

n
ifero

u
s 'B

arren
 R

ed
 B

ed
' p

lay
 

o
f th

e S
ilv

er P
it area, S

o
u

th
ern

 N
o

rth
 S

ea. in P
ark

er, J.R
., ed

., P
etro

leu
m

 g
eo

lo
g

y
 o

f 

n
o

rth
w

est E
u

ro
p

e: p
ro

ceed
in

g
s o

f th
e 4th

 co
n

feren
ce: L

o
n

d
o

n
, G

eo
lo

g
ical S

o
city

, p
.727

-

740.  

B
esly

, B
.M

., an
d

 F
ield

in
g

, C
.R

., 1989, P
alaeo

so
ls in

 W
estp

h
alian

 co
al-b

earin
g

 an
d

 red
-b

ed
 

seq
u

en
ces, 

cen
tral 

an
d

 
n

o
rth

ern
 

E
n

g
lan

d
: 

P
alaeo

g
eo

g
rap

h
y

, 
P

alaeo
clim

ato
lo

g
y

, 

P
alaeo

eco
lo

g
y

, v
. 70, p

. 303-330. 

B
esly

, B
.M

. an
d

 K
ellin

g
, G

., ed
s., S

ed
im

en
tatio

n
 in

 a sy
n

-o
ro

g
en

ic b
asin

 co
m

p
ex

: th
e U

p
p

er 

C
arb

o
n

ifero
u

s o
f n

o
rth

w
est E

u
ro

p
e. B

lack
ie, G

lasg
o

w
, 276 p

. 

B
lak

ey
, 

R
., 

, 
L

ib
rary

 
o

f 
p

aleo
g

eo
g

rap
h

y
: 

h
ttp

://w
w

w
.cp

g
eo

sy
stem

s.co
m

/p
aleo

m
ap

s.h
tm

l 

2012).  

C
o

llin
so

n
, J.D

., 2005, D
in

an
tian

 an
d

 N
am

u
rian

 d
ep

o
sitio

n
al sy

stem
s in

 th
e so

u
th

ern
 N

o
rth

 

S
ea. in C

o
llin

so
n

, J.D
., E

v
an

s, D
.J., H

o
llid

ay
, D

.W
. an

d
 Jo

n
es, N

.S
., ed

s., C
arb

o
n

ifero
u

s 

h
y

d
ro

carb
o

n
 

g
eo

lo
g

y
 

- 
T

h
e 

so
u

th
ern

 
N

o
rth

 
S

ea 
an

d
 

su
rro

u
n

d
in

g
 

o
n

sh
o

re 
areas, 

Y
o

rk
sh

ire G
eo

lo
g

ical S
o

ciety
, p

.35-56.  

C
o

llin
so

n
, J.D

., Jo
n

es, C
.M

., B
lack

b
o

u
rn

, G
.A

., B
esly

, B
.M

., A
rch

ard
, G

.M
., an

d
 M

cM
ah

o
n

, 

A
.H

., 1993, C
arb

o
n

ifero
u

s d
ep

o
sitio

n
al sy

stem
s o

f th
e S

o
u

th
ern

 N
o

rth
 S

ea. in P
ark

er, 

J.R
., ed

., P
etro

leu
m

 G
eo

lo
g

y
 o

f N
o

rth
w

est E
u

ro
p

e: P
ro

ceed
in

g
s o

f th
e 4th

 C
o

n
feren

ce: 

L
o

n
d

o
n

, G
eo

lo
g

ical S
o

ciety
, p

.677-687. 

C
o

llin
so

n
, J.D

., E
v

an
s, D

.J., H
o

llid
ay

, D
.W

. an
d

 Jo
n

es, N
.S

., ed
s., C

arb
o

n
ifero

u
s h

y
d

ro
carb

o
n

 

g
eo

lo
g

y
 - T

h
e so

u
th

ern
 N

o
rth

 S
ea an

d
 su

rro
u

n
d

in
g

 o
n

sh
o

re areas, Y
o

rk
sh

ire
 G

eo
lo

g
ical 

S
o

ciety
 O

ccasio
n

al P
u

b
licatio

n
 10, 240 p

. 



29 

Final report (©
 11 M

ay 2014) – F.J.G
. van den Belt 

C
o

p
e, 

J.C
.W

., 
G

u
io

n
, 

P
.D

., 
S

ev
asto

p
u

lo
, 

G
.D

., 
an

d
 

S
w

an
, 

A
.R

.H
., 

1992, 
C

arb
o

n
ifero

u
s: 

G
eo

lo
g

ical S
o

ciety
, L

o
n

d
o

n
, M

em
o

irs, v
. 13, n

o
. 1, p

. 67
-86.  

C
o

rfield
, 

S
.M

., 
G

aw
th

o
rp

e, 
R

.L
., 

G
ag

e, 
M

., 
F

raser, 
A

., 
an

d
 

B
esly

, 
B

.M
., 

1996, 
In

v
ersio

n
 

tecto
n

ics o
f th

e V
ariscan

 fo
relan

d
 o

f th
e B

ritish
 Isles: Jo

u
rn

al o
f th

e G
eo

lo
g

ical S
o

ciety
 o

f 

L
o

n
d

o
n

, v
. 153, p

. 17-32.  

C
o

w
ard

, M
.P

., 1990, T
h

e P
recam

b
riu

m
, C

aled
o

n
ian

 an
d

 V
ariscan

 fram
ew

o
rk

 to
 N

W
 E

u
ro

p
e. 

in H
ard

m
an

, R
.F

.P
. an

d
 B

ro
o

k
s, J., ed

s., T
ecto

n
ic ev

en
ts resp

o
n

sib
le fo

r B
ritain

's o
il an

d
 

g
as reserv

es: L
o

n
d

o
n

, G
eo

lo
g

ical S
o

ciety
 55; 55, p

.1
-34.  

D
e Jag

er, J., 2007, G
eo

lo
g

ical D
ev

elo
p

m
en

t. in W
o

n
g

, T
.E

., B
atjes, D

.A
.J. an

d
 D

e Jag
er, J., 

ed
s., G

eo
lo

g
y

 o
f th

e N
eth

erlan
d

s: A
m

sterd
am

, K
N

A
W

, p
.5-26.  

D
reesen

, R
., B

o
ssiro

y
, D

., D
u

sar, M
., F

lo
res, R

.M
., an

d
 V

erk
aeren

, P
., 1995, O

v
erv

iew
 o

f th
e 

in
flu

en
ce o

f sy
n

-sed
im

en
tary

 tecto
n

ics an
d

 p
alaeo

-flu
v

ial sy
stem

s o
n

 co
al seam

 an
d

 

san
d

 
b

o
d

y
 

ch
aracteristics 

in
 

th
e 

W
estp

h
alian

 
C

 
strata, 

C
am

p
in

e 
B

asin
, 

B
elg

iu
m

: 

G
eo

lo
g

ical S
o

ciety
, L

o
n

d
o

n
, S

p
ecial P

u
b

licatio
n

s, v
. 82, n

o
. 1, p

. 215-232.  

D
ro

zd
zew

sk
i, 

G
., 

1993, 
T

h
e 

R
u

h
r 

co
al 

b
asin

 
(G

erm
an

y
): 

stru
ctu

ral 
ev

o
lu

tio
n

 
o

f 
an

 

au
to

ch
th

o
n

o
u

s fo
relan

d
 b

asin
: In

tern
atio

n
al Jo

u
rn

al o
f C

o
al G

eo
lo

g
y

, v
. 23, n

o
. 1-4, p

. 

231-250.  

F
ield

in
g

, C
.R

., 1988, D
eltaic sed

im
en

tatio
n

 in
 an

 u
n

stab
letecto

n
ic en

v
iro

n
m

en
t - th

e L
o

w
er 

L
im

esto
n

e G
ro

u
p

 (L
o

w
er C

arb
o

n
ifero

u
s) o

f E
ast F

iv
e, S

co
tlan

d
: G

eo
lo

g
ical M

ag
azin

e, 

v
. 125, p

. 241-255.  

F
ield

in
g

, C
.R

., 1984a, A
 co

al d
ep

o
sitio

n
al m

o
d

el fo
r th

e D
u

rh
am

 C
o

al M
easu

res o
f N

E
 

E
n

g
lan

d
: Jo

u
rn

al o
f th

e G
eo

lo
g

ical S
o

ciety
, L

o
n

d
o

n
, v

. 141, n
o

. 5, p
. 919-931.  

F
ield

in
g

, 
C

.R
., 

1984b
, 

U
p

p
er 

d
elta 

p
lain

 
lacu

strin
e 

an
d

 
flu

v
io

lacu
strin

e 
facies 

fro
m

 
th

e 

W
estp

h
alian

 o
f th

e D
u

rh
am

 co
alfield

, N
E

 E
n

g
lan

d
: S

ed
im

en
to

lo
g

y
, v

. 31, p
. 547

-567.  

F
raser, A

., an
d

 G
aw

th
o

rp
e, R

.L
., 1990, T

ecto
n

o
stratig

rap
h

ic d
ev

elo
p

m
en

t an
d

 h
y

d
ro

carb
o

n
 

h
ab

itat o
f th

e C
arb

o
n

ifero
u

s in
 n

o
rth

ern
 E

n
g

lan
d

. in H
ard

m
an

, R
.F

.P
. an

d
 B

ro
o

k
s, J., 

ed
s., T

ecto
n

ic ev
en

ts resp
o

n
sib

le fo
r B

ritain
's o

il an
d

 g
as reserv

es: L
o

n
d

o
n

, G
eo

lo
g

ical 

S
o

ciety
 55; 55, p

.49-86.  

F
raser, 

A
.J., 

N
ash

, 
D

.F
., 

S
teele, 

R
.P

., 
E

b
d

o
n

, 
C

.C
., 

an
d

 
F

raser, 
A

.J., 
1990, 

A
 

reg
io

n
al 

assessm
en

t o
f th

e in
tra-C

arb
o

n
ifero

u
s p

lay
 o

f N
o

rth
ern

 E
n

g
lan

d
: G

eo
lo

g
ical S

o
ciety

, 

L
o

n
d

o
n

, S
p

ecial P
u

b
licatio

n
s, v

. 50, n
o

. 1, p
. 417

-440.  

G
ast, 

R
.E

., 
D

u
sar, 

M
., 

B
reitk

reu
z, 

C
., 

et 
al., 

2010, 
R

o
tlieg

en
d

. in 
D

o
o

rn
en

b
al, 

J.C
. 

an
d

 

S
tev

en
so

n
, 

A
.G

., 
ed

s., 
P

etro
leu

m
 

G
eo

lo
g

ical 
A

tlas 
o

f 
th

e 
S

o
u

th
ern

 
P

erm
ian

 
B

asin
: 

H
o

u
ten

, E
A

G
E

, p
.101-121.  

30 

Final report (©
 11 M

ay 2014) – F.J.G
. van den Belt 

G
elu

k
, M

.C
., 2007, P

erm
ian

. in W
o

n
g

, T
.E

., B
atjes, D

.A
.J. an

d
 D

e Jag
er, J., ed

s., G
eo

lo
g

y
 o

f 

th
e N

eth
erlan

d
s: A

m
sterd

am
, R

o
y

al N
eth

erlan
d

s A
cad

em
y

 o
f A

rts an
d

 S
cien

ces, p
.63

-

83.  

G
eo

rg
e, G

.T
., an

d
 B

erry
, J.K

., 1997, P
erm

ian
 (U

p
p

er R
o

tlieg
en

d
) sy

n
sed

im
en

tary
 tecto

n
ics, 

b
asin

 d
ev

elo
p

m
en

t an
d

 p
alaeo

g
eo

g
rap

h
y

 o
f th

e so
u

th
ern

 N
o

rth
 S

ea: G
eo

lo
g

ical S
o

ciety
, 

L
o

n
d

o
n

, S
p

ecial P
u

b
licatio

n
s, v

. 123, n
o

. 1, p
. 31

-61.  

G
eo

rg
e, G

.T
., an

d
 B

erry
, J.K

., 1993, A
 n

ew
 lith

o
stratig

rap
h

y
 an

d
 d

ep
o

sitio
n

al m
o

d
el fo

r th
e 

U
p

p
er R

o
tlieg

en
d

 o
f th

e U
K

 S
ecto

r o
f th

e S
o

u
th

ern
 N

o
rth

 S
ea: G

eo
lo

g
ical S

o
ciety

, 

L
o

n
d

o
n

, S
p

ecial P
u

b
licatio

n
s, v

. 73, n
o

. 1, p
. 291

-319.  

G
len

n
ie, K

.W
., 1998, L

o
w

er P
erm

ian
-R

o
tlieg

en
d

. in G
len

n
ie, K

.W
., ed

., P
etro

leu
m

 g
eo

lo
g

y
 o

f 

th
e N

o
rth

 S
ea; b

asic co
n

cep
ts an

d
 recen

t ad
v

an
ces.: O

x
fo

rd
, U

n
ited

 K
in

g
d

o
m

, B
lack

w
ell 

S
cien

ce, p
.137-173.  

G
len

n
ie, K

.W
., 1997, R

ecen
t ad

v
an

ces in
 u

n
d

erstan
d

in
g

 th
e so

u
th

ern
 N

o
rth

 S
ea B

asin
: a 

su
m

m
ary

: G
eo

lo
g

ical S
o

ciety
, L

o
n

d
o

n
, S

p
ecial P

u
b

licatio
n

s, v
. 123, n

o
. 1, p

. 17
-29.  

G
len

n
ie, 

K
.W

., 
1990, 

R
o

tlieg
en

d
 

sed
im

en
t 

d
istrib

u
tio

n
: 

a 
resu

lt 
o

f 
late 

C
arb

o
n

ifero
u

s 

m
o

v
em

en
ts: G

eo
lo

g
ical S

o
ciety

, L
o

n
d

o
n

, S
p

ecial P
u

b
licatio

n
s, v

. 55, n
o

. 1, p
. 127

-138.  

G
lo

v
er, B

.W
., L

en
g

, M
.J., an

d
 C

h
ish

o
lm

, J.I., 1996, A
 seco

n
d

 m
ajo

r flu
v

ial so
u

rcelan
d

 fo
r th

e 

S
ilesian

 P
en

n
in

e B
asin

 o
f n

o
rth

ern
 E

n
g

lan
d

: Jo
u

rn
al o

f th
e G

eo
lo

g
ical S

o
ciety

, v
. 153, n

o
. 

6, p
. 901-906.  

G
reb

, S
.F

., P
ash

in
, J.C

., M
artin

o
, R

.L
., an

d
 E

b
le, C

.F
., 2008, A

p
p

alach
ian

 sed
im

en
tary

 cy
cles 

d
u

rin
g

 th
e P

en
n

sy
lv

an
ian

: C
h

an
g

in
g

 in
flu

en
ces o

f sea lev
el, clim

ate, an
d

 tecto
n

ics: 

G
eo

lo
g

ical S
o

ciety
 o

f A
m

erica S
p

ecial P
ap

ers, v
. 441, p

. 235-248.  

G
u

io
n

, P
.D

., an
d

 F
ield

in
g

, C
.R

., 1988, W
estp

h
alian

 A
 an

d
 B

 sed
im

en
tatio

n
 in

 th
e P

en
n

in
e 

B
asin

, U
K

. in B
esly

, B
.M

. an
d

 K
ellin

g
, G

., ed
s., S

ed
im

en
tatio

n
 in

 a sy
n

-o
ro

g
en

ic b
asin

 

co
m

p
ex

: th
e U

p
p

er C
arb

o
n

ifero
u

s o
f n

o
rth

w
est E

u
ro

p
e.  

H
eck

el, P
.H

., 2008, P
en

n
sy

lv
an

ian
 cy

clo
th

em
s in

 M
id

co
n

tin
en

t N
o

rth
 A

m
erica as far-field

 

effects o
f w

ax
in

g
 an

d
 w

an
in

g
 o

f G
o

n
d

w
an

a ice sh
eets: G

eo
lo

g
ical S

o
ciety

 o
f A

m
erica 

S
p

ecial P
ap

ers, v
. 441, p

. 275-289. 

H
eerem

an
s et al, 2004, L

ate C
arb

o
n

id
ero

u
s-P

erm
ian

 o
f N

W
 E

u
ro

p
e: an

 in
tro

d
u

ctio
n

 to
 a 

n
ew

 reg
io

n
al m

ap
. G

eo
lo

g
ical S

o
ciety

, L
o

n
d

o
n

 , S
p

ecial P
u

b
licatio

n
s, 223, p

p
. 75

-88. 

Jo
n

es, 
C

.J., 
A

llen
, 

P
.J., 

an
d

 
M

o
rriso

n
, 

N
.H

., 
2005, 

G
eo

lo
g

ical 
facto

rs 
in

flu
en

cin
g

 
g

as 

p
ro

d
u

ctio
n

 in
 th

e T
y

n
e field

 (B
lo

ck
 44/18a), so

u
th

ern
 N

o
rth

 S
ea, an

d
 th

eir im
p

act o
n

 

fu
tu

re in
fill w

ell p
lan

n
in

g
. in C

o
llin

so
n

, J.D
., E

v
an

s, D
.J., H

o
llid

ay
, D

.W
. an

d
 Jo

n
es, 

N
.S

., 
ed

s., 
C

arb
o

n
ifero

u
s 

h
y

d
ro

carb
o

n
 

g
eo

lo
g

y
 

- 
T

h
e 

so
u

th
ern

 
N

o
rth

 
S

ea 
an

d
 

su
rro

u
n

d
in

g
 o

n
sh

o
re areas, Y

o
rk

sh
ire G

eo
lo

g
ical S

o
ciety

, p
.183-194.  



31 

Final report (©
 11 M

ay 2014) – F.J.G
. van den Belt 

Jo
n

es, N
.S

., an
d

 G
lo

v
er, B

.W
., 2005, F

lu
v

ial san
d

b
o

d
y

 arch
itectu

re, cy
clicity

 an
d

 seq
u

en
ce 

stratig
rap

h
ical settin

g
 – im

p
licatio

n
s fo

r h
y

d
ro

carb
o

n
 reserv

o
irs: th

e W
estp

h
alian

 C
 an

d
 

D
 o

f th
e O

sn
ab

rϋ
ck

 an
d

 Ib
b

en
b
ϋ

ren
 area, n

o
rth

w
est G

erm
an

y
. in C

o
llin

so
n

, J.D
., E

v
an

s, 

D
.J., H

o
llid

ay
, D

.W
. an

d
 Jo

n
es, N

.S
., ed

s., C
arb

o
n

ifero
u

s h
y

d
ro

carb
o

n
 g

eo
lo

g
y

 - T
h

e 

so
u

th
ern

 N
o

rth
 S

ea an
d

 su
rro

u
n

d
in

g
 o

n
sh

o
re areas, Y

o
rk

sh
ire G

eo
lo

g
ical S

o
ciety

, p
.57

-

74.  

L
an

g
, H

.D
., 1976, D

ie tiefb
o

ru
n

g
 S

aar 1: H
an

n
o

v
er 27 (R

eih
e A

); 27 (R
eih

e A
).  

L
eed

er, M
.K

., 1987, T
ecto

n
ic an

d
 p

alaeo
g

eo
g

rap
h

ic m
o

d
els fo

r L
o

w
er C

arb
o

n
ifero

u
s E

u
ro

p
e. 

in M
iller, J., A

d
am

s, A
.E

. an
d

 W
rig

h
t, V

.P
., ed

s., E
u

ro
p

ean
 D

in
an

tian
 en

v
iro

n
m

en
ts: 

N
ew

 Y
o

rk
, Jo

h
n

 W
iley

 &
 S

o
n

s, p
.1-20.  

L
eed

er, M
.K

., 1982, R
ecen

t d
ev

elo
p

m
en

ts in
 C

arb
o

n
ifero

u
s g

eo
lo

g
y

: a critical rev
iew

 w
ith

 

im
p

licatio
n

s 
fo

r 
th

e 
B

ritish
 

Isles 
an

d
 

N
.W

. 
E

u
ro

p
e: 

P
ro

ceed
in

g
s 

o
f 

th
e 

G
eo

lo
g

ists' 

A
sso

ciatio
n

, v
. 99, p

. 73-100.  

L
eed

er, M
.R

., B
o

ld
y

, S
.R

., R
aisw

ell, R
., an

d
 C

am
ero

n
, R

., 1990, T
h

e C
arb

o
n

ifero
u

s o
f th

e 

O
u

ter 
M

o
ray

 
F

irth
 

B
asin

, 
q

u
ad

ran
ts 

14 
an

d
 

15, 
C

en
tral 

N
o

rth
 

S
ea: 

M
arin

e 
an

d
 

P
etro

leu
m

 G
eo

lo
g

y
, v

. 7, n
o

. 1, p
. 29-32.  

L
eed

er, M
.R

., an
d

 G
aw

th
o

rp
e, R

.L
., 1987, S

ed
im

en
tary

 m
o

d
els fo

r ex
ten

sio
n

al tilt-b
lo

ck
/h

alf-

g
rab

en
 b

asin
s: G

eo
lo

g
ical S

o
ciety

, L
o

n
d

o
n

, S
p

ecial P
u

b
licatio

n
s, v

. 28, n
o

. 1, p
. 139

-152.  

L
eed

er, M
.R

., an
d

 H
ard

m
an

, M
., 1990, C

arb
o

n
ifero

u
s g

eo
lo

g
y

 o
f th

e S
o

u
th

ern
 N

o
rth

 S
ea 

B
asin

 an
d

 co
n

tro
ls o

n
 h

y
d

ro
carb

o
n

 p
ro

sp
ectiv

ity
: G

eo
lo

g
ical S

o
ciety

, L
o

n
d

o
n

, S
p

ecial 

P
u

b
licatio

n
s, v

. 55, n
o

. 1, p
. 87-105. 

M
artin

 et al., U
p

p
er C

arb
o

n
ifero

u
s an

d
 L

o
w

er P
erm

ian
 tecto

n
o

stratig
rap

h
y

 o
n

 th
e so

u
th

ern
 

m
arg

in
 o

f th
e C

en
tral N

o
rth

 S
ea, Jo

u
rn

al o
f th

e G
eo

lo
g

ical S
o

ciety
, L

o
n

d
o

n
, V

o
l. 159, 

2002, p
p

. 731–749. 

M
ay

n
ard

, J.R
., H

o
fm

an
n

, W
., D

u
n

ay
, R

.E
., B

en
th

an
, P

.N
., D

ean
, K

.P
., an

d
 W

atso
n

, I., 1997, 

T
h

e 
C

arb
o

n
ifero

u
s 

o
f 

W
estern

 
E

u
ro

p
e; 

th
e 

d
ev

elo
p

m
en

t 
o

f 
a 

p
etro

leu
m

 
sy

stem
: 

P
etro

leu
m

 G
eo

scien
ce, v

. 3, p
. 97

-115.  

M
ijn

lieff, H
.F

., an
d

 G
elu

k
, M

.C
., 2011, P

a
laeo

to
p

o
g

rap
h

y
-g

o
v

ern
ed

 sed
im

en
t d

istrib
u

tio
n

—
a 

n
ew

 p
red

ictiv
e m

o
d

el fo
r th

e P
erm

ian
 U

p
p

er R
o

tlieg
en

d
 in

 th
e D

u
tch

 secto
r o

f th
e 

S
o

u
th

ern
 P

erm
ian

 B
asin

. in G
ro

tsch
, J. an

d
 G

au
p

p
, R

., ed
s., T

h
e P

erm
ian

 R
o

tlieg
en

d
 o

f 

th
e N

eth
erlan

d
s 98, p

.147
-159.  

M
ijn

ssen
, F

.C
.J., 1997, M

o
d

ellin
g

 o
f san

d
b

o
d

y
 co

n
n

ectiv
ity

 in
 th

e S
ch

o
o

n
er F

ield
: G

eo
lo

g
ical 

S
o

ciety
, L

o
n

d
o

n
, S

p
ecial P

u
b

licatio
n

s, v
. 123, n

o
. 1, p

. 169
-180.  

M
ilto

n
-W

o
rssell et al., 2010, T

h
e search

 fo
r a C

arb
o

n
ifero

u
s p

etro
leu

m
 sy

stem
 b

en
eath

 th
e 

C
en

tral N
o

rth
 S

ea, V
IN

IN
G

, B
.A

. &
 P

IC
K

E
R

IN
G

, S
. C

. (ed
s) P

etro
leu

m
 G

eo
lo

g
y

: F
ro

m
 

32 

Final report (©
 11 M

ay 2014) – F.J.G
. van den Belt 

M
atu

re 
B

asin
s 

to
 

N
ew

 
F

ro
n

tiers 
– 

P
ro

ceed
in

g
s 

o
f 

th
e 

7th
 

P
etro

leu
m

 
G

eo
lo

g
y

 

C
o

n
feren

ce, p
. 57–75 

O
'M

ara, 
P

.T
., 

an
d

 
T

u
rn

er, 
B

.R
., 

1999, 
S

eq
u

en
ce 

stratig
rap

h
y

 
o

f 
co

astal 
allu

v
ial 

p
lain

 

W
estp

h
alian

 
B

 
co

al 
m

easu
res 

in
 

N
o

rth
u

m
b

erlan
d

 
an

d
 

th
e 

so
u

th
ern

 
N

o
rth

 
S

ea: 

In
tern

atio
n

al Jo
u

rn
al o

f C
o

al G
eo

lo
g

y
, v

. 42, p
. 33

-62.  

P
eace, G

.R
., an

d
 B

esly
, B

.M
., 1997, E

n
d

-C
arb

o
n

ifero
u

s fo
ld

-th
ru

st stru
ctu

res, O
x

fo
rd

sh
ire, 

U
K

: im
p

licatio
n

s fo
r th

e stru
ctu

ral ev
o

lu
tio

n
 o

f th
e late V

ariscan
 fo

relan
d

 o
f so

u
th

-

cen
tral E

n
g

lan
d

: Jo
u

rn
al o

f th
e G

eo
lo

g
ical S

o
ciety

, L
o

n
d

o
n

, v
. 154, n

o
. 2, p

. 225
-237.  

P
h

arao
h

, T
.C

., 2010 in D
o

o
rn

en
b

al, J.C
. an

d
 S

tev
en

so
n

, A
.G

., ed
s., P

etro
leu

m
 G

eo
lo

g
ical 

A
tlas o

f th
e S

o
u

th
ern

 P
erm

ian
 B

asin
 A

rea: H
o

u
ten

, E
A

G
E

, p
.25-57.  

Q
u

irk
, D

.G
., 1993, In

terp
retin

g
 th

e U
p

p
er C

arb
o

n
ifero

u
s o

f th
e D

u
tch

 C
leav

er B
an

k
 H

ig
h

. in 
P

ark
er, 

J.R
., 

ed
., 

P
etro

leu
m

 
g

eo
lo

g
y

 
o

f 
n

o
rth

w
est 

E
u

ro
p

e: 
p

ro
ceed

in
g

s 
o

f 
th

e 
4th

 

co
n

feren
ce: L

o
n

d
o

n
, G

eo
lo

g
ical S

o
city

, p
.697

-706.  

R
ip

p
o

n
, J.H

., 2005, W
estp

h
alian

 m
id

-A
 to

 m
id

-C
 d

ep
o

sitio
n

al co
n

tro
ls, U

K
 P

en
n

in
e B

asin
: 

reg
io

n
al 

an
aly

ses 
an

d
 

th
eir 

relev
an

ce 
to

 
so

u
th

ern
 

N
o

rth
 

S
ea 

in
terp

retatio
n

s. 
in 

C
o

llin
so

n
, 

J.D
., 

E
v

an
s, 

D
.J., 

H
o

llid
ay

, 
D

.W
. 

an
d

 
Jo

n
es, 

N
.S

., 
ed

s., 
C

arb
o

n
ifero

u
s 

h
y

d
ro

carb
o

n
 

g
eo

lo
g

y
 

- 
T

h
e 

so
u

th
ern

 
N

o
rth

 
S

ea 
an

d
 

su
rro

u
n

d
in

g
 

o
n

sh
o

re 
areas, 

Y
o

rk
sh

ire G
eo

lo
g

ical S
o

ciety
, p

.105-118.  

S
ch

äfer, 
A

., 
1989, 

V
ariscan

 
m

o
lasse 

in
 

th
e 

S
aar-N

ah
e 

B
asin

 
(W

-G
erm

an
y

), 
U

p
p

er 

C
arb

o
n

ifero
u

s an
d

 L
o

w
er P

erm
ian

: In
tern

atio
n

al Jo
u

rn
al o

f E
arth

 S
cien

ce
s, v

. 78, n
o

. 2, 

p
. 499-524.  

S
tam

p
fii, G

.M
., v

o
n

 R
au

m
er, J.F

., an
d

 B
o

rel, G
.D

., 2002, P
aleo

zo
ic ev

o
lu

tio
n

 o
f p

re
-V

ariscan
 

terran
es: 

F
ro

m
 

G
o

n
d

w
an

a 
to

 
th

e 
V

ariscan
 

co
llisio

n
: 

G
eo

lo
g

ical 
S

o
ciety

 
o

f 
A

m
erica 

S
p

ecial P
ap

ers, v
. 364, p

. 263-280. 

S
tem

m
erik

, L
., In

eso
n

, J.R
. an

d
 M

itch
ell, J.G

., 2000, S
tratig

rap
h

y
 o

f th
e R

o
tlieg

en
d

 G
ro

u
p

 in
 

th
e D

an
ish

 p
art o

f th
e N

o
rth

ern
 P

erm
ian

 B
asin

, N
o

rth
 S

ea
: Jo

u
rn

al o
f th

e G
eo

lo
g

ical 

S
o

ciety
, L

o
n

d
o

n
, v

. 157, p
. 1127-1136. 

T
N

O
, 

2009, 
T

h
e 

U
p

p
er 

C
arb

o
n

ifero
u

s 
fairw

ay
 

in
 

th
e 

D
u

tch
 

o
ffsh

o
re: 

b
asin

 
ev

o
lu

tio
n

, 

stratig
rap

h
y

 an
d

 sed
im

en
tary

 d
ev

elo
p

m
en

t: T
N

O
 R

ep
o

rt 034
-82159 (A

u
th

o
rs: V

an
 d

en
 

B
elt, F

.J.G
., V

an
 H

o
o

f, T
.B

., N
elsk

am
p

, S
., D

e Jo
n

g
, M

.G
.G

., P
eeters, M

.M
.W

., an
d

 V
an

 

d
e W

eerd
, A

.) 

T
u

rn
er, B

.R
., Y

o
u

n
g

er, P
.L

., an
d

 F
o

rd
h

am
, C

.E
., 1993, F

ell S
an

d
sto

n
e lith

o
stratig

rap
h

y
 so

u
th

-

w
est o

f B
erw

ick
-u

p
o

n
-T

w
eed

: im
p

licatio
n

s fo
r th

e reg
io

n
al d

ev
elo

p
m

en
t o

f th
e F

ell 

S
an

d
sto

n
e: P

ro
ceed

in
g

s o
f th

e Y
o

rk
sh

ire G
eo

lo
g

ical an
d

 P
o

ly
tech

n
ic S

o
ciety

, v
. 49, n

o
. 

4, p
. 269-281.  



33 

Final report (©
 11 M

ay 2014) – F.J.G
. van den Belt 

V
an

 A
d

rich
em

 B
o

o
g

aert, H
.A

., an
d

 K
o

u
w

e, W
.F

.P
., 1993, S

tratig
rap

h
ic n

o
m

en
clatu

re o
f T

h
e 

N
eth

erlan
d

s.  

V
an

 B
u

g
g

en
u

m
, J.M

., an
d

 D
en

 H
arto

g
 Jag

er, D
.G

., 2007, S
ilesian

. in W
o

n
g

, T
.E

., B
atjes, D

.A
.J. 

an
d

 D
e Jag

er, J., ed
s., T

h
e g

eo
lo

g
y

 o
f th

e N
eth

erlan
d

s: A
m

sterd
am

, R
o

y
al N

eth
erlan

d
s 

A
cad

em
y

 o
f A

rts an
d

 S
cien

ces, p
.43

-62.  

V
an

 d
e L

aar, J.G
.M

., an
d

 V
an

 d
er Z

w
an

, C
.J., 1996, P

aly
n

o
stratig

rap
h

y
 an

d
 p

aly
n

o
facies 

reco
n

stru
ctio

n
 o

f th
e U

p
p

er C
arb

o
n

ifero
u

s o
f b

o
reh

o
le ‘D

e L
u

tte
-6’ (E

ast T
w

en
te, th

e 

N
eth

erlan
d

s).: M
ed

ed
elin

g
en

 R
ijk

s G
eo

lo
g

isch
e D

ien
st, v

. 55, p
. 61-82.  

V
an

 
d

en
 

B
elt, 

F
.J.G

., 
V

an
 

H
o

o
f, 

T
.B

., 
an

d
 

P
ag

n
ier, 

H
.J.M

., 
2012, 

R
ev

ealin
g

 
th

e 
h

id
d

en
 

M
ilan

k
o

v
itch

 reco
rd

 in
 P

en
n

sy
lv

an
ian

 cy
clo

th
em

 seq
u

en
ces; in

feren
ces w

ith
 resp

ect to
 

late P
alaeo

zo
ic ch

ro
n

o
lo

g
y

, g
lacio

-eu
stasy

 an
d

 co
al accu

m
u

latio
n

: U
trech

t S
tu

d
ies in

 

E
arth

 S
cien

ces, v
. 21, p

. 3-14.  

V
an

 
d

en
 

B
elt, 

F
.J.G

., 
an

d
 

V
an

 
H

u
lten

, 
F

.F
.N

., 
2011, 

S
ed

im
en

tary
 

arch
itectu

re 
an

d
 

p
aleo

g
eo

g
rap

h
y

 o
f L

o
w

er S
lo

ch
teren

 aeo
lian

 cy
cles fro

m
 th

e R
o

tlieg
en

d
 d

esert-lak
e 

m
arg

in
 (P

erm
ian

), th
e M

ark
h

am
 area, S

o
u

th
ern

 N
o

rth
 S

ea. in G
ro

tsch
, J. an

d
 G

au
p

p
, R

., 

ed
s., T

h
e P

erm
ian

 R
o

tlieg
en

d
 o

f th
e N

eth
erlan

d
s 98, p

.161
-176.  

V
an

 
H

o
o

f, 
T

.B
., 

F
alco

n
-L

an
g

, 
H

.J., 
H

artk
o

p
f-F

rö
d

er, 
C

., 
an

d
 

K
erp

, 
H

., 
2012, 

C
o

n
ifer-

d
o

m
in

ated
 p

aly
n

o
flo

ras in
 th

e M
id

d
le P

en
n

sy
lv

an
ian

 strata o
f th

e D
e L

u
tte-6 b

o
reh

o
le, 

T
h

e 
N

eth
erlan

d
s: 

Im
p

licatio
n

s 
fo

r 
ev

o
lu

tio
n

, 
p

alaeo
eco

lo
g

y
 

an
d

 
b

io
stratig

rap
h

y
: 

R
ev

iew
 o

f P
alaeo

b
o

tan
y

 an
d

 P
aly

n
o

lo
g

y
, v

. 188, p
. 18

-37.  

V
an

 W
av

eren
, I.M

., A
b

b
in

k
, O

.A
., V

an
 H

o
o

f, T
.B

., an
d

 V
an

 K
o

n
ijn

en
b

u
rg

-v
an

 C
ittert, J.H

.A
., 

2008, R
ev

isio
n

 o
f th

e late C
arb

o
n

ifero
u

s m
eg

aflo
ra fro

m
 th

e D
e L

u
tte-6 w

ell (T
w

en
te, 

th
e 

N
eth

erlan
d

s), 
an

d
 

its 
stratig

rap
h

ical 
im

p
licatio

n
s: 

N
eth

erlan
d

s 
Jo

u
rn

al 
o

f 

G
eo

scien
ces, v

. 87, p
. 339-352.  

V
erd

ier, J.P
., 1996, T

h
e R

o
tlieg

en
d

 sed
im

en
tatio

n
 h

isto
ry

 o
f th

e so
u

th
ern

 N
o

rth
 S

ea an
d

 

ad
jacen

t 
co

u
n

tries. in 
R

o
n

d
eel, 

H
.E

., 
B

atjes, 
D

.A
.J. 

an
d

 
N

ieu
w

en
h

u
ijs, 

W
.H

., 
ed

s., 

G
eo

lo
g

y
 

o
f 

G
as 

an
d

 
O

il 
u

n
d

er 
th

e 
N

eth
erlan

d
s: 

D
o

rd
rech

t, 
K

lu
w

er 
A

cad
em

ic 

P
u

b
lish

ers, p
.45-56.  

W
aters, C

.N
., G

lo
v

er, B
.W

., an
d

 P
o

w
ell, J.H

., 1994, S
tru

ctu
ral sy

n
th

esis o
f S

 S
taffo

rd
sh

ire, 

U
K

: 
im

p
licatio

n
s 

fo
r 

th
e 

V
ariscan

 
ev

o
lu

tio
n

 
o

f 
th

e 
P

en
n

in
e 

B
asin

: 
Jo

u
rn

al 
o

f 
th

e 

G
eo

lo
g

ical S
o

ciety
, v

. 151, n
o

. 4, p
. 697-713.  

Z
ieg

ler, 
P

.A
., 

1990, 
G

eo
lo

g
ical 

A
tlas 

o
f 

W
estern

 
an

d
 

C
en

tral 
E

u
ro

p
e: 

D
en

 
H

aag
, 

S
h

ell 

In
tern

atio
n

ale P
etro

leu
m

 M
aatsch

ap
p

ij, 239 p
. 

 

TN
O

 C
O

N
FID

EN
TIEEL 

TN
O

 C
O

N
FID

EN
TIEEL | TN

O
 report |  

 4 / 37 

2.1 
The G

rensen Form
ation 

 D
uring the course of the project the TN

O
 research team

 identified a possible tim
e 

equivalent of the Low
er R

otliegend on the northern side of the M
id N

orth Sea H
igh. 

R
eferred as the G

rensen Form
ation by M

artin et al. (2002), this siliciclastic interval is 
located in the E

astern part of the offshore U
K sector around the A

uk and Flora Fields 
(see ). M

artin et al. (2002) identify the G
rensen Form

ation as the interval located 
betw

een the U
pper Flora S

andstone and a volcanic interval, referred to as the U
pper 

V
olcanic U

nit  (Figure 2-1). 
 

 
 Figure 2-1: a) Location of the Flora and Argyll Fields, Eastern O

ffshore U
K. Shading represents know

n distribution of 
the C

arboniferous sedim
ents, after M

aynard et al. (1997) and G
erling et al. (1999). b) M

ap of G
rensen N

ose 
vicinity show

ing seism
ic sections, w

ells that penetrated pre-Perm
ian strata, m

ajor structures and oilfields in 
Pre-Perm

ian strata. M
artin et al. (2002). 

 Listed below
 are the m

ain key points regarding the G
rensen Form

ation com
piled 

from
 M

artin et al (2002): 
  

S
tratigraphic context: Lies conform

ably below
 the U

pper Volcanic U
nit (299 +/- 

1,6 M
a). U

nconform
able (A

sturic  U
/C

) w
ith the W

estphalian U
pper Flora 

S
andstone.  

 
A

ge: S
tephanian (M

enning et al., 2006) or A
sselian (P

erm
ian) (G

radstein et al., 
2004). 

 
Lithology: Low

 net/gross succession, interbedded m
udstone, siltstone and 

sandstone (no core). 
 

S
edim

ent transport direction (dipm
eter): U

nidirectional palaeocurrents tow
ard the 

N
E

 (low
 variance), indicative of a change in basin configuration (E

-SE
 direction 

for older strata). 
 

D
epositional environm

ent: Fluvial or alluvial depositional settings, arid clim
ate.  
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  The m
ain relevant question concerning the G

rensen Form
ation for this project is to 

know
 how

 this form
ation relates to the D

utch N
orthern O

ffshore and specifically the 
study area?  
 The age of the G

rensen Form
ation is debatable, it can be S

tephanian or Early 
P

erm
ian. M

artin et al. (2002) date the volcanics above the G
rensen Form

ation at 
299 +/- 1.6 M

a, and define the base of the G
rensen Form

ation as an unconform
ity 

referred as A
sturic U

nconform
ity. The absolute age of the C

arboniferous-P
erm

ian 
boundary varies depending on the chronostratigraphical charts used, w

hich 
introduce a discrepancy betw

een various publication such as H
eerem

ans et al 
(2004) and W

aters et al. (2011) that gives a S
tephanian age to the G

rensen 
Form

ation, w
hile the G

radstein (2004) chronostratigraphical chart w
ould possibly 

allocate the G
rensen Form

ation to the A
sselian (P

erm
ian). Another problem

 is 
related to the error bars on age dating using K

-A
r dating m

ethod, w
hich introduce 

uncertainties in the age of the U
pper V

olcanic U
nit (299 +/- 1.6 M

a) (M
artin et al., 

2002).  
 H

ow
ever, the G

rensen Form
ation’s lithology, depositional environm

ent, sedim
ent 

dispersal pattern,  
heavy m

ineral assem
blage and, its sim

ilarities w
ith the B

asal R
otliegend C

lastics in 
the N

orthern O
ffshore of the N

etherlands, suggest that the G
rensen Form

ation is 
m

ost likely equivalent to the Low
er R

otliegend, as present in the N
orthern O

ffshore 
of the N

etherlands. M
artin et al. (2002) w

rote that “the G
rensen Form

ation is 
genetically distinct from

 the C
arboniferous units. The G

rensen Form
ation is m

ore 
sim

ilar in lithology to the strata of the Low
er R

otliegend G
roup”. H

ayw
ard et al. 

(2003) m
entioned that “the G

rensen Form
ation is barren of organic m

aterial, but 
heavy m

ineral assem
blages indicate a clear association w

ith the P
erm

ian and the 
interval has therefore been assigned a Low

er R
otliegend G

roup.” 
 Therefore, our conclusion concerning the G

rensen Form
ation is that it is equivalent 

to the low
est part of the Low

er R
otliegend w

ithin the Southern P
erm

ian Basin. The 
U

pper Volcanic U
nit of M

artin et al. (2002) w
ould be equivalent to the intra volcanics 

identified in the Low
er R

otliegend of the S
outhern P

erm
ian B

asin (som
etim

es 
referred to as E

m
m

en V
olcanics or R

V
V

E
). 

 R
ecently other authors (Lundm

ark et al., 2014) arrived independently at the sam
e 

conclusions  referring to the G
rensen Form

ation as the  “low
er R

otliegend G
rensen 

Form
ation”. 
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 Figure 2-2: Typical seism

ic section through the G
rensen N

ose (location show
n in Figure 2-1). This section passes 

through Flora Field discovery w
ell 31/26a-12. The seism

ic interpretation show
s the m

ain stratigraphic units 
controlled by various w

ell penetrations in the study area. The Flora Field and tw
o key unconform

ities are 
highlighted. Also show

n is a projection of the eroded strata above the present crest of the fault block to 
estim

ate the am
ount of crestal erosion. The extensional fault w

ithin the G
rensen N

ose is show
n as a 

dashed line; each black or w
hite interval corresponds to c. 3000 m

, or 1000 ft, to give an estim
ate of interval 

thickness. Vertical exaggeration in the section as a w
hole is approxim

ately three tim
es horizontal. M

artin et 
al. (2002). 
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 Figure 2-3: Seism

ic section and seism
ic interpretation trending north–south through block 39/2; location is show

n in . 
The seism

ic section changes character near 39/2-1 because the line steps from
 one survey to another. 

Three-dim
ensional seism

ic m
apping show

s that the extensional faults seen in this area trend east–w
est. 

M
artin et al. (2002). 
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 Figure 2-4: N

N
W

 to S
S

E
 w

ell correlation across the G
rensen N

ose illustrating those w
ells w

ith significant preserved 
thickness of U

pper C
arboniferous–Low

er Perm
ian section. D

atum
 is base of the M

esozoic sequence. 
H

atched colum
n indicates conventional core coverage. Location of w

ells is show
n in Fig. 1b. W

ells 31/26-1, 
31/ 26a-12 and 31/26c-13 lie in the Flora Field. M

odified from
 M

artin et al. (2002). 
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Figure 2-5: Low
er Perm

ian lithostratigraphical equivalence betw
een D

utch N
orthern O

ffshore and the U
K Eastern 

O
ffshore. M

odified from
 PG

L (2005) report  
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 Figure 2-6: M

ap of the R
otliegend in the C

entral N
orth Sea. This m

ap com
bines published results from

 G
lennie et al. 

(2003) (their Figure 8.12), and results from
 the present study.  
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3 
W

ell re-interpretation 

3.1 O
verview

 of all D
utch W

ells 
3.2 O

verview
 of lithostratigraphic re-interpretations 

3.3 W
ell reinterpretations 
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Overview lithostratigraphy NL wells
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The re-evaluation of the some of the pre-Zechstein has been carried out 12 wells have been re-evaluated including 9stratigraphy .
wells with Rotliegend-age strata.

NLOG lithostratigraphic subdivision ha been critically reviewed in light of:(left side of the well displays) s and re-interpreted
� Other NLOG documents  including logs, core description , biostratigraphic report , geochemical reports, s s  and ,
� Non-NLOG biostratigraphic information (palynology) provided by Tom van Hoof (TNO),
� Inconsistency in lithostratigraphic interpretation (e.g. anhydrite in Carboniferous), and
� The presence of omitted, misinterpreted or under-estimated volcanics and volcano clastic interval- s.

A ew rules were followed to distinguish the presence of Rotliegend (RO) and Lower Rotliegend (RV)f in those wells:
� Rule #1: The occurrence of in-situ anhydrite below the base Zechstein indicates the presence of Rotliegend (notably Upper

Rotliegend). Exception: Buchan Formation
� Rule #2: The volcanics or volcano-clastic intervals identified above the base Permian U/C and below the base Zechstein are

interpreted as Lower Rotliegend Volcanics (RVVE).

New well interpretations debated by both the Geology and GeoBiology groups. Changes were voted on and implemented into the
Petrel master project.

Volcanics or volcanoclastics N.A and N.B. = Namurian A and B

Note: Previous lithostratigraphic interpretation of

the wells are shown on the left side of the well

display, while the new revised interpretations are

shown on the right side.
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N
ote: The reinterpretation of the stratigraphy of tw

elve w
ells in the study area w

as 
perform

ed. E
xtensive literature search, including biostratigraphic reports from

 service 
and E

&
P

 com
panies w

ere used for this task. H
ow

ever, som
e additional 

biostratigraphic analysis should be done for a few
 w

ells (e.g. A
17-01 and E

02-01) to 
clarify som

e of the D
evonian and C

arboniferous stratigraphy in this part of the basin.

Tw
o m

ajor changes w
ere applied: 

1) 
The U

pper R
otliegend w

as previously interpreted  on N
LO

G
 database betw

een 3923 and 3972 m
 

(TD
). R

ecently added docum
ents on N

LO
G

 (e.g. Spectral gam
m

a ray log (1999), see below
) show

 
that the base Zechstein is at 3931 m

 (12896 ft) rather than 3923 m
 (12971 ft) as previously 

interpreted. Presence of K
upferschiefer w

as inferred from
 the difference betw

een SG
R

 and C
G

R
, 

indicating a high U
ranium

 content. 

2) 
Low

er R
otliegend strata have been interpreted in this w

ell based on the presence of volcanics 
(tuffs) betw

een 3931 m
 (12896 ft) and 3970 m

 (13027 ft) on the M
aster Log (1999). The new

 
interpretation attributes all of the interval betw

een 3931 and 3972 m
 to Low

er R
otliegend rather 

than U
pper R

otliegend. 



O
ld

B
ase

Zechstein
3923

m
(12871

N
ew

 B
ase Zechstein 3930 m

 (12894 ft) 
= Top Low

er R
otliegend V

olcanics 

N
ew

 Top Kupferschiefer 3928 m
 (12888 ft) 

The base R
otliegend is interpreted on the N

LO
G

 database at 3705 m
. 

H
ow

ever, six levels of anhydrite below
 3705 m

 suggest that m
ore R

otliegend strata is present at this location. 
Possible casing issues bringing shallow

er anhydrite m
aterials dow

n into the borehole has been rejected as an 
explanation for anhydrite occurrences due to the log responses of these anhydrite streaks suggesting an in 
situ setting.  
Therefore, the interval betw

een 3705 to 3868 m
 is now

 attributed to U
pper R

otliegend rather than M
illstone 

G
rit Form

ation, w
hich doesn’t have any proven evaporites. The original com

posite log from
 1981 show

s 174 m
 

of R
otliegend strata and the new

 TN
O

 interpretation now
 allocates 186 m

 of R
otliegend (U

pper R
otliegend). 



• 
23 m

 of R
otliegend in the N

LO
G

 
lithostratigraphic report (1997). 

• 
174 m

 of R
otliegend in the original 

com
posite w

ell log (1981). 
• 

Possibility of casing issues to 
explain the presence of anhydrite in 
the cuttings has been rejected. 

The interval betw
een 3773 and 3753 is interpreted as volcanoclastics. The lithology described in the 

com
posite log (1973) betw

een 3635 and 3753 m
 is attributed to low

er R
otliegend based on the bed’s colour 

(brow
n) and bed thickness configuration (not like the m

assive nature of the M
illstone G

rit, w
hich w

as 
previously interpreted for this interval). 

Thick gabbro (93m
) added w

ithin the M
illstone G

rit Form
ation based on the inform

ation from
 the com

posite 
log. 

 



Several changes have been applied to this w
ell. These changes are also present in 

the Petroplay TN
O

 report (TN
O

 N
TIG

 05-155-C
). 

1) 
Tayport Form

ation (O
R

TP) w
as added betw

een 2084 and 2502 m
 based: 

a. 
the M

obile report from
 June 1972 indicating D

evonian age for the 
interval betw

een 2070 and 2084 m
, 

b. 
the H

alliburton 5C
 1993 R

eport indicating late Fam
ennian for the 

interval betw
een 2084 and 2583 m

,  
c. 

the presence of G
ypsum

 (attributed to Tayport Form
ation)  at 2493 

m
 and betw

een 2295 and 2500 m
, and 

d. 
the base of Tayport is interpreted at 2502 based on w

ireline log 
inform

ation. 
2) 

Buchan Form
ation now

 interpreted betw
een 2583 and 2727 m

, based on 
the Petroplay TN

O
 report indicating an early – m

iddle Fam
ennian age. 

3) 
Base Patch Form

ation brought dow
n from

 2717 to 2727 m
 based on 

geochem
istry (Bow

 V
alley report , 1992). 

4) 
K

yle Form
ation added betw

een 3013 and 2940 m
 based on the Petroplay 

report.



R
ule #1: “The occurrence of in-situ anhydrite below

 the base Zechstein indicates the presence of 
R

otliegend (notably U
pper R

otliegend).” 

The low
er part of the Tayport Form

ation show
 occurrences of anhydrite and gypsum

 but in m
inor am

ounts 
com

pared to the R
otliegend. 

Total reinterpretation dow
n to TD

. R
O

 and R
V interpreted based on presence of tuff and anhydrites and on 

biostratigraphic data. 

Evidence for U
pper R

otliegend: 
Presence of a 3 m

 thick in situ anhydrite betw
een 3764 and 3767 m

, attributed to R
O

. 

Evidence for Low
er R

otliegend 
• 

Presence of tuff betw
een 3780 to 3810 m

,. 
• 

Presence of a Perm
ian-age species (Lueckisporites) at 3858 m

 (as docum
ented in the N

am
 R

eport) 
support the idea that the low

er part of the stratigraphic consist of Basal R
otliegend C

lastics. 
• 

Sandstone w
ith anhydrite cem

ent at 3840 m
 and at 3965 m

 
• 

Sandstone are brow
n and red colour (3940 m

, not usually found in the M
illstone G

rit Form
ation or 

Yoredale Form
ation but rather indicative of R

otliegend depositional setting (dry continental red beds). 
N

ote: The biostratigraphic report from
 R

obertson (1982) also support a R
otliegend age for the strata located 

betw
een the Zechstein (3708 m

) and TD
 (3972 m

). 



 
 



B
17-04

 
 

• 
The interval betw

een 4450 and 4596 m
 previously interpreted as Step G

raben Form
ation is now

 
considered M

aurits Form
ation. 

• 
The interval betw

een 4596 and 4657 m
 (TD

) previously interpreted as M
aurits Form

ation is now
 

considered M
illstone G

rit Form
ation. 

The argum
ents are as follow

s: 
• 

A biostratigraphic report by R
obertson (1990) assigned a N

am
urian A age to the interval 4605 m

 
to 4657 m

(TD
), and a N

am
urian B age to the interval 4596-4605 m

. These ages suggest the 
M

illstone G
rit Fm

. 
• 

The sam
e report listed the interval 4450-4596 m

 having an age of W
estphalian B or B-C

. This 
points to the M

aurits Fm
. 

• 
C

ore (4569 m
 to 4593 m

, or 14990 to 15068 ft) show
s an upper conglom

erate (3 m
 thick ) and 

fining upw
ard sandy sequences that are not indicative of the Step G

raben Form
ation but rather 

an older form
ation, e,g, the M

aurits Fm
. 

• 
According to the w

ell site cuttings descriptions, the m
udstones change colour from

 red to grey at 
4450 m

 (14595 ft). So grey form
ations (e.g. M

aurits Fm
.) are present from

 4450 m
 and deeper.  

• 
The interval betw

een 4391m
 and 4450m

 is unclear. There is no inform
ation that 

unam
biguously supports a Step G

raben or M
aurits interpretation. M

ore w
ork should be done 

to elucidate this interval. W
e retained the S

tep G
raben interpretation for this interval because 

the w
ell-site lithology log indicates red-brow

n colours for the the m
ajority of the m

udstones. 
Also, the overall low

 sand content points to a Step G
raben interpretation. 

   

B
17-04 

 



E02-01
 

 

The new
 interpretation is prim

arily based on a biostratigraphic report m
ade by R

obertson (1985) for N
A

M
 

(27021999/R
R

I D
N

S 85). This report w
as also used in TN

O
’s Petroplay (2006) report. C

hanges are: 
1. 

Step G
raben Form

ation added betw
een 1991 and 2046 m

, based on additional TN
O

 analyses that 
yield a W

estphalian C
 or D

 age. 
2. 

Base Yoredale Form
ation (Asbian-age) dow

n to 2248 m
. 

3. 
Base Elleboog Form

ation (H
olkerian to late C

hadian) dow
n to 2430 m

. 
4. 

Base C
em

entstone Form
ation (E

arly C
hadian to Ivorian) dow

n to 2514 m
. 

E10-01-S1
 

 

The undivided S
ilverpit Fm

 is now
 subdivided into R

O
C

LU
 (3422-3496 m

), R
O

C
LE (3496-3667 m

), and 
R

O
C

LL (3667-3691 m
). The subdivision is based on a com

parison and correlation w
ith neighbouring w

ells that 
already had a form

al subdivision into R
O

C
LU

, R
O

C
LE

, and R
O

C
LL. 



E10-02
 

 

The low
erm

ost part of the Silverpit E
vaporite M

em
ber (3839-3874 m

) is now
 assigned to the Low

er Silverpit 
C

laystone M
b (R

O
C

LL). 

E10-03-S2
 

 

The undivided S
ilverpit Fm

 is now
 subdivided into R

O
C

LU
 (3366-3444 m

), R
O

C
LE (3444-3617 m

), and 
R

O
C

LL (3617-3634 m
). The subdivision is based on a com

parison and correlation w
ith neighbouring w

ells that 
already had a form

al subdivision into R
O

C
LU

, R
O

C
LE

, and R
O

C
LL. 



E12-03
 

 

1. 
The base of the U

pper S
ilverpit C

laystone M
b (R

O
C

LU
) w

as shifted up from
 3223 to 3205 m

, based 
on a com

parison and correlation w
ith neighbouring w

ells. This m
eans that also the top of the S

ilverpit 
Evaporite M

em
ber (R

O
C

LE
) w

as changed from
 3223 to 3205 m

. 
2. 

The upper 25 m
 of the M

illstone G
rit Fm

 (D
C

G
M

) is now
 assigned to the K

laverbank Form
ation 

(D
C

C
K; 3491-3516 m

), based on an ELF-Aquitain palynological study from
 1992 

(EP/S/EX
P/S

ED
/92.015 R

P
). This study found W

estphalian A m
iospores at 3492 and 3494.5 m

. 

E12-04-S2
 

 

1. 
The base of the U

pper S
ilverpit C

laystone M
b (R

O
C

LU
) w

as shifted up from
 3470 to 3461 m

, based 
on a com

parison and correlation w
ith neighbouring w

ells. This m
eans that also the top of the S

ilverpit 
Evaporite M

em
ber (R

O
C

LE
) w

as changed from
 3470 to 3461 m

. 



F04-02-A
 

 
 

1. 
Base U

pper R
otliegend G

roup (R
O

) m
oved up to 4400 m

 due to the presence of volcanics betw
een 

4425 and 4400m
. Those volcanics are interpreted as Low

er R
otliegend volcanics. 

F04-03
 

 

1. 
The interval 4176-4206 m

, earlier interpreted as U
pper R

otliegend, is now
 Step G

raben Form
ation. 

2. 
The interval 4206-4547 m

, earlier interpreted as U
pper R

otliegend, Low
er R

otliegend, and Step 
G

raben Fm
, is now

 interpreted as M
aurits Form

ation.
The follow

ing argum
ents w

ere used: 
• 

There are frequent tuffs and volcanics betw
een 4176 and 4343m

 that should not occur w
ithin the 

U
pper R

otliegend G
roup; 

• 
A biostratigraphic report from

 H
alliburton (1992) indicates: 

1) 
W

estphalian D
 age betw

een 4206 and 4176 m
 w

ith V
estispora fenestrate (13710), suggesting 

Step G
raben Form

ation;  
2) 

W
estphalian B-C

 below
 4206 m

. The highest occurrences of D
ictyotriletes bireticulatus indicates 

an age no younger than early W
estphalian C

. This suggests that it is M
aurits Fm

. 
N

ote: The w
ireline logs characteristics show

 an unusual stratigraphy com
pared to typical W

estphalian B-C
 

(M
aurits Form

ation), w
ith som

e alternations of m
udstone and thick tuff intervals. This interval is also sand-poor 

and has no coal. 



F07-02
 

 

1. 
The base of the U

pper S
ilverpit C

laystone M
b (R

O
C

LU
) w

as shifted dow
n from

 3374 to 3395 m
, based 

on a com
parison and correlation w

ith neighbouring w
ells. This m

eans that also the top of the S
ilverpit 

Evaporite M
em

ber (R
O

C
LE

) w
as changed from

 3374 to 3395 m
. 

F10-02
 

 

1. 
The presence of volcanics is interpreted as Low

er R
otliegend (R

V) in the interval 4055-4090 m
. This 

interval w
as previously interpreted as partly belonging to the U

pper R
otliegend and partly to the Step 

G
raben Form

ation.  



F10-03
 

 

1. 
The interval betw

een 3915-4006 m
 is interpreted as Step G

raben Fm
 instead of U

pper R
otliegend. 

2. 
U

ndivided  Silverpit Fm
 is now

 subdivided into R
O

C
LU

 (3393-3522 m
), R

O
C

LE (3522-3914 m
), and 

R
O

C
LL (3914-3969 m

). 
The argum

ents for the Step G
raben interpretation are as follow

s: 
• 

A Late W
estphalian C

 – W
estphalian D

 age is inferred based on the presence of Thym
ospora spp. 

together w
ith P

otonieisporites spp. and P
rotohaploxypinus spp. and the LO

D
 Triquitrites tribullates

at 4348m
.  

• 
A W

estphalian C
 age is assigned to the interval betw

een 4435 and 4367m
, based on presence of 

R
aistrickia fulva. 

F16-03

1. 
M

inor changes in R
O

C
LU

 (base 3717m
 shifted up to 3714m

), R
O

C
LE (base 3919m

 shifted dow
n to 

3924m
), R

O
SLL (base 4155m

 shifted dow
n to 4165m

) and D
C

H
P (top 4155m

 shifted dow
n to 4165 

m
). This w

as all based on a com
parison and correlation w

ith neighbouring w
ells. 
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Appendix 4.01

Seismic Lines
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Appendix 4.02

Seismic interpretation
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Appendix 4.01

Seismic Lines
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Appendix 4.03

Seismic interpretation
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Appendix 4.01

Seismic Lines

NSR

Appendix 4.04

Seismic interpretation
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Seismic Lines

NSR

Appendix 4.05

Seismic interpretation
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Seismic interpretation
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Time structure map
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Time structure map
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Time structure map
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Time thickness map
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Time-thickness map
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Time-thickness map
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Depth map
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Depth map
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Name  Shallow Gas Polarity Applied phase shifts
2D Long Cable
NSR09-21068-PRCMIG R/B/R +90 +270
NSR09-41049-PRCMIG ? Zero American? +180
NSR09-41061-PRCMIG R/B/R +30 +210
NSR10-42279-PRCMIG B/R Zero American +180
NSR-12288-NSR08-PRCMIG B/R Zero American +180
NSR-32294-NSR08-PRCMIG B/R Zero American +180
NSR-41073-NSR08-PRCMIG B/R Zero American +180
A08_A09_Z3NAM1993A R/B Zero European 0
A10_A11_A13_A14_Z3NAM1998C R/B Zero European 0
A15_A12_A14_A13_A18_A11_Z3WIN2000A B/R Zero American +180
Z3FUG2002A R/B Zero European 0
F03_B18_Z3NAM1982A R/B Zero European 0
D06_D09_Z3PGS1999A R/B Zero European 0
D12_D15_D18_E13_Z3WIN1994A R/B Zero European 0
D09_D12_E07_E10_E08_E11_Z3GEC1997A error while loading
D12_D15_D18_Z3NAM1991C R/B Zero European 0
E01_E04_Z3NAM1995B R/B Zero European 0
E02_E03_Z3NAM1998B R/B/R +90 -90
E10_Z3WIN1997C R/B Zero European 0
E10B_Z3PET1995B R/B ~ Zero European 0
E12_E09_Z3PET1993A R/B Zero European 0
E14_E15_Z3PGS1999B B/R Zero American 180
E16_E13_D18_Z3NAM1998A R/B Zero European 0
E16_E17_Z3NAM1993B R/B Zero European 0
E18_F16_Z3WIN1997A R/B/R +90 -90
F02_F03_Z3RWE1994A R/B Zero European 0
F02_F03_F05_F06_Z3NAM1989E R/B Zero European 0
F06_Z3PET1992F R/B Zero European 0
F08_F09_Z3OXY1994A R/B Zero European 0
F10_Z3PET1994B R/B Zero European 0
F13_F14_Z3PGS2001A B/R Zero American 180
F14_Z3STA1985A Zero American
F15_F18_Z3PET1994A R/B Zero European 0
F15_F18_Z3PET1987A R/B Zero European 0
F16_F17_L01_Z3WIN2003B R/B Zero European 0
F12_G10_Z3PET1991A R/B Zero European 0
Z2NAM1981G_810552 B/R Zero American 180
Z2NAM1981G_810557 B/R Zero American 180
SNST-83 B/R Zero American 180
SNST-87 R/B/R +90 & Zero Am 180 or 90
Z2ARC1988C B/R Zero American 180
87E ? Min European 0
ABT-91 R/B/R +90 -90
N85 R/B Zero European & 90 0
A15_Z2WES1988B R/B Zero European 0
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M
ethodology of seism

ic interpretation 
B

elow
 w

e give a m
ore detailed description of the m

ethodology that is used for 
seism

ic interpretation. 

4.1 
W

ell-tie and synthetic to seism
ic m

atching 
S

eism
ic interpretation start by identifying the seism

ic events (peak or trough) at w
ell 

locations. The re-interpreted w
ell m

arkers have been im
plem

ented here. First, the 
w

ells are tied to the seism
ic by using check-shots, m

anual adjustm
ents based on 

clear boundaries (base N
, C

K
, ZE

) and synthetic seism
ogram

s. In m
any cases it 

turned out that the seism
ic character of the boundary could change due to the fact 

that w
e are interpreting unconform

ities or due to changes in underlying strata (e.g. 
volcanics). 

4.2 
M

apped horizons and their seism
ic definition 

The follow
ing seism

ic horizons are m
apped w

ithin the study area 
- S

crem
erston C

oal 
- B

ase W
estphalian U

nconform
ity (BW

U
) 

- B
ase low

er R
otliegend (R

V
) 

- B
ase U

pper R
otliegend (R

O
) 

- B
ase Zechstein (ZE

) 
 In addition the follow

ing horizons (B
ases) are m

apped on the selected N
S

R
 lines 

- U
pper N

orth S
ea G

roup N
U

 
- N

orth S
ea G

roup N
 

- C
halk G

roup C
K

 
- R

ijnland G
roup K

N
  

- U
pper G

erm
anic Trias G

roup R
N

  
- Low

er G
erm

anic Trias G
roup R

B
 

4.2.1 
S

crem
erston C

oal 
The S

crem
erston coal w

as defined in the U
K

 w
ell 39/07-1 w

here it w
as drilled and 

w
ere a synthetic-to-seism

ic m
atch w

as m
ade. Tw

o bright reflectors indicating an low
 

acoustic im
pedance layer representing the low

 density of the coals. The top reflector 
w

as interpreted. 
 4.2.2 

B
ase W

estphalian U
nconform

ity(B
W

U
) 

S
everal m

ajor unconform
ities are observed on line N

S
R

-12288-N
S

R
08-P

R
C

M
IG

 in 
the Step G

raben. The low
er unconform

ity w
as traced back to w

ells B
17-04, F04-02A

 
and F04-03 w

ere W
estphalian deposits are found. This unconform

ity has been 
interpreted as the base W

estphalian unconform
ity (BW

U
),  

 S
ince it is an angular unconform

ity it is not represented by a specific peak or 
through. 
 4.2.3 

B
ase Low

er R
otliegend (R

V
) 

The base of the Low
er R

otliegend w
as found in 6 w

ells in the N
etherlands. A

n 
additional 2 w

ells end in the Low
er R

otliegend interval. The heterogeneous nature of 
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this interval m
akes it hard to define seism

ically. It consists of clastics, volcanic and 
volcano-clastics, resulting in various am

plitude characteristics (peak or through and 
m

agnitude). The base of the Low
er R

otliegend is characterised by a hiatus, but often 
no angular relationship w

ith the subcropping strata is clearly observed. The subcrop 
consists of W

estphalian or older C
arboniferous strata. Therefore, the base Low

er 
R

otliegend is very often difficult to interpret. It is defined in w
ell data and the seism

ic 
interpretation aim

s at connecting these results w
ith the highest level of certainties as 

achievable. The Low
er R

otliegend often show
s a significant angular unconform

ity 
w

ith overlying strata  of the U
pper R

otliegend (see below
). 

 4.2.4 
B

ase U
pper R

otliegend (R
O

) 
The base U

pper R
otliegend w

as found in 22 w
ells in the D

utch offshore. It is a clear 
angular unconform

ity on seism
ic. The seism

ic character is m
ainly dictated by the 

underlying strata, and could be a peak w
hen sedim

ents are found below
 it, or a 

through w
hen hard volcanics rocks are located underneath. Therefore, the seism

ic 
character of the base U

pper R
otliegend is defined and constrained at w

ell locations, 
and the angular relation observed on seism

ic is used w
henever possible to 

regionally interpret this unconform
ity.. 

 4.2.5 
B

ase Zechstein 
The base of the P

erm
ian Zechstein salt w

as encountered in 23 w
ells (all except 2) in 

the D
utch N

orthern O
ffshore. It is often a clear seism

ic reflector, but in areas w
ere 

m
ajor salt deform

ation has taken place it can be very difficult to interpret. This 
horizon is m

ainly the top of the U
pper R

otliegend but also locally (to the extrem
e 

north of the study area) the top of the Low
er R

otliegend. The base Zechstein w
as 

often used to flatten the seism
ic data in order to interpret the low

er horizons (R
O

, 
R

V
, BW

U
) m

ore precisely. 
 4.3 

C
reation of surface and com

putations 
The seism

ic interpretations w
ere perform

ed on 2D
 seism

ic lines (and individual lines 
from

 3D
 surfaces) and in order to m

ake 3D
 surfaces they w

ere interpolated. 
 4.3.1 

S
urfaces True E

xtent 
First a polygon w

as m
ade to lim

it the interpolated surface to the depositional extent 
of the form

ation. This w
as done for all surfaces. D

ue to interpolation artefacts these 
horizons can cross each especially in areas w

here lim
ited interpretation points are 

available 
 4.3.2 

E
xtended S

urfaces 
For certain com

putations the surface needs to be present w
ithin the entire area of 

interest. Therefore, the surfaces are m
erged w

ith the surface above it. First, a top 
horizon is constructed, the top R

otliegend, w
hich consist of a com

bination of the 
B

ase Zechstein, B
ase Triassic or Base C

halk. Furtherm
ore, w

here surfaces are 
crossing each other, the low

er horizon is replaced by the upper horizon. 
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 4.3.3 
Thickness com

putations 
Tim

e thickness m
aps are m

ade by subtracting tw
o surfaces vertically. U

nfortunately, 
due to interpolation artefacts of the surfaces, the resulting thickness results are 
locally not reliable. The artefacts are caused by significant depth (TW

T) changes of 
the interpreted form

ations (due to faults) and the spline fitting of the interpolation 
process through these points. E

rroneous bulges and troughs appear betw
een the 

interpreted lines and should be corrected. U
nfortunately, these areas m

ake up the 
largest parts of the resulting 3D

 surface, m
aking the thickness m

aps not usable 
w

ithout applying additional procedures. A
 sim

ple trick is applied to correct this. The 
thickness is only kept at the interpreted seism

ic lines and rem
oved w

here the 
surfaces w

ere interpolated. N
ext, the thicknesses (at the interpreted seism

ic lines) is 
interpolated. S

ince these evaluated thickness results show
 less variations than the 

initial depth (tw
t) values, the interpolation is easier, and the resulting depth m

ap are 
of higher quality. 

4.4 
Tim

e depth C
onversion 

The tim
e depth conversion w

as focused along the interpreted regional N
S

R
 seism

ic 
lines. A

 layer cake velocity m
odel w

as constructed based on the m
ain 

lithostratigraphical intervals, coinciding w
ith the interpreted seism

ic horizons. The 
velocity m

odel takes com
paction into account by a linear depth dependency of 

velocity, except for the Zechstein. H
ere a constant velocity w

as adopted. V
elocity 

data up to the Zechstein w
as extracted from

 TN
O

’s V
elm

od-2 dataset (van D
alfsen 

et al., 2007). 
P

re-Zechstein velocity data w
as extracted from

 the unpublished Velm
od-3 dataset. 

A
vailable interval velocities from

 w
ells w

ere interpolated. The lim
ited availability of 

Low
er R

otliegend velocity data points did not justify interpolation, therefore a 
constant average w

as determ
ent based on w

ells  B
17-04 and F04-02-A

. R
esulting 

interval velocity m
aps are enclosed as appendix 4.18 (U

pper R
otliegend) A sum

m
ary 

of used values is given in the table below
. 

  Table 1 S
um

m
ary of used Pre-Zechstein interval velocities:  

Layer 
 

V
int (m

/s) 
U

pper 
R

otliegend 
S

urface (app 
4.18) 

4300 
(m

ean) 
Low

er 
R

otliegend 
C

onstant 
4400 

W
estphalian 

S
urface (app 

4.19) 
4440 
(m

ean) 
 The constructed velocity m

odel w
as used to convert the m

apped seism
ic horizons 

from
 tim

e to depth dom
ain. This results in regional depth m

aps for the U
pper 

R
otliegend (appendix 4.140, Low

er R
otliegend (appendix 4.15) and B

ase 
W

estphalian U
nconform

ity surfaces (appendix 4.16). 
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4.5 
Level of confidence 

The seism
ic interpretation is based on a large num

ber of seism
ic vintages. The 

quality of these vintages varies greatly in the target interval. The num
ber of high 

resolution lines (e.g. N
S

R
 lines) w

as lim
ited to 8 lines. The variability of resolution of 

seism
ic lines ham

pered the quality of the seism
ic interpretation. B

etter seism
ic data 

(e.g. m
ore N

S
R

 lines and/or the D
E

F survey) could im
prove the seism

ic 
interpretation 
 D

ue to the size of the study area, and its under explored nature, w
ell data is sparse 

and distances in betw
een can be large. For all seism

ic interpretations the w
ells w

ere 
the starting points for the seism

ic interpretation. 
B

elow
 are som

e com
m

ents on the quality of the seism
ic interpretation regarding 

som
e of the key horizons: 

  
The quality of the interpretation of the S

crem
erston is good, since it has only 

been m
apped in a sm

all part of the study area. There is only one w
ell that is 

available for w
ell control. 

  
The quality of the interpretation of the Base W

estphalian U
nconform

ity is good in 
the south and becom

es less certain around the A11-1 area. This is due to the 
com

plexity of the geology and the large num
ber of seism

ic vintages. Furtherm
ore 

the w
ell control is lim

ited there. 
  

The quality of the interpretation of the Base Low
er R

otliegend is m
oderate due to 

the heterogeneous character of the form
ation. The w

ell control is reasonable in 
the north. 

  
The seism

ic interpretation of the U
pper R

otliegend is considered to be of a 
reasonably good quality, since this form

ation is best visible on seism
ic data and 

the w
ell control is good.  
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5 
Isotopes 

5.1 
M

ethodology 
 P

rior to analysis, sub-sam
ples w

ere ground to a fine pow
der. After grinding, the 

sam
ples w

ere placed in universal tubes, acidified w
ith 2M

 hydrochloric acid, m
ixed 

and left for 24 hours allow
 inorganic carbon to be liberated as C

O
2. The sam

ple 
fractions w

ere then isolated by centrifugation and the acid w
as then decanted. The 

sam
ples w

ere then w
ashed tw

ice using distilled w
ater and centrifugation. A

fter acid 
w

ashing, the fractions w
ere oven dried at 60 °C

. After drying, the sam
ples w

ere re-
ground in-situ. 
 The technique used for isotope analysis w

as E
lem

ental A
nalyser - Isotope R

atio 
M

ass S
pectrom

etry (E
A

-IR
M

S
). In this technique, sam

ples and reference m
aterials 

are w
eighed into tin capsules, sealed and then loaded into an autom

atic sam
pler on 

a E
uropa S

cientific R
oboprep-C

N
 sam

ple preparation m
odule. From

 there they w
ere 

dropped into a furnace held at 1000 °C
 and com

busted in the presence of oxygen. 
The tin capsules flash com

bust, raising their tem
perature in the region of the sam

ple 
to ~1700 °C

. The com
busted gases are sw

ept in a helium
 stream

 over a com
bustion 

catalyst (C
r2O

3), copper oxide w
ires (to oxidize hydrocarbons) and silver w

ool to 
rem

ove sulphur and halides. The resultant gases (N
2, N

O
x, H

2O
, O

2, and C
O

2) are 
sw

ept through a reduction stage of pure copper w
ires held at 600 °C

. This rem
oves 

any oxygen and converts N
O

x species to N
2. A

 m
agnesium

 perchlorate chem
ical 

trap rem
oves w

ater. C
arbon dioxide is separated from

 nitrogen by a packed colum
n 

gas chrom
atograph held at an isotherm

al tem
perature of 100 °C

. The resultant C
O

2 
chrom

atographic peak enters the ion source of the E
uropa S

cientific 20-20 IR
M

S
 

w
here it is ionised and accelerated. G

as species of different m
ass are separated in a 

m
agnetic field then sim

ultaneously m
easured using a Faraday cup collector array to 

m
easure the isotopom

ers of C
O

2 at m
/z 44, 45, and 46. B

oth references and 
sam

ples are converted and analysed in this m
anner. The analysis proceeds in a 

batch process, w
hereby a reference is analysed follow

ed by a num
ber of sam

ples 
and then another reference. 
 The reference m

aterial used during analysis w
as IA

-R
001 (Iso-A

nalytical w
orking 

standard Flour, 40.2%
 C

arbon), w
ith a 

13C
 value of -26.43 

 vs. V
-P

D
B

. IA
-R

001 

is traceable to IA
EA

-C
H

-6 (sucrose, 
13C

= -10.43 
 vs. V

-P
D

B
). IA

-R
001 w

as 
chosen as a reference m

aterial as it m
ost closely m

atches the organic com
ponent of 

your sam
ples. 

R
eference standards IA

-R
001, IA

-R
005 (Iso-A

nalytical w
orking standard B

eet S
ugar, 

13C
 = -26.03 

 vs. V
-P

D
B

, traceable to IAE
A

-C
H

-6) and IA
-R

006 (Iso-A
nalytical 

w
orking standard C

ane S
ugar, 

13C
 = -11.64 

 vs. V
-P

D
B

, traceable to IAE
A

-C
H

-
6) w

ere m
easured as quality control check sam

ples during analysis. R
esults of the 

quality control sam
ples are included in the results file.  

The International A
tom

ic E
nergy A

gency, V
ienna, distributes IAE

A
-C

H
-6 as an 

international isotope reference standard. 
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6 
B

asin M
odelling 

6.1 
M

odel Sensitivity Source rocks in the study area 
 P

revious studies (S
chroot et al., 2006) have show

n that in the N
orthern D

utch 
O

ffshore, including in the A
, w

estern B
 and the northern E

 blocks, a fair 
C

arboniferous S
R

 potential exists. G
eochem

ical analyses of C
arboniferous rock 

sam
ples from

 the northern offshore have indicated a gas prone (Type III) source 
rock in w

hat w
as interpreted at the tim

e as the D
inantian sections (Yoredale Fm

. 
equivalent) (S

chroot et al., 2006). Locally the presence of Type II source rock w
as 

also anticipated near the m
argins of the structural highs but this w

as not 
encountered by any w

ells in the area. An organic rich transition betw
een D

inantian 
and N

am
urian w

ith Type II source rock properties has been observed in the U
K

 
offshore but not in our study area.  
A

nalyses on N
am

urian shale sam
ples from

 the C
leaverbank H

igh indicate m
arine 

depositional settings. H
ow

ever no indications for oil prone source rocks (i.e. Type II) 
could be confirm

ed. N
am

urian coal seam
s have been identified and characterized as 

gas prone source rocks of Type III (S
chroot et.al, 2006). The coal rich layers of the 

W
estphalian form

ations (specifically the M
aurits and K

laverbank form
ations) are 

know
n to be gas prone source rocks of Type III. 

6.2 
M

odel Sensitivity A
nalysis 

 The outcom
e of basin m

odelling is dependent on the quality and uncertainties of the 
input param

eters. 
In order to understand the sensitivity of the our m

odels to the m
ain input param

eters, 
a test a num

ber of scenarios using different assum
ptions related to different inputs. 

   6.2.1 
S

ensitivity to S
urface W

ater Interface Tem
perature (SW

IT) 
 Tw

o SW
IT m

odels are selected based on w
hich the form

ation tem
peratures and 

hydrocarbon generation of one selected source rock are calculated. The first SW
IT 

m
odel is a standardized m

odel  that is provided by the m
odelling package 

(P
etroM

od) and is based on W
ygrala (1989). A

 m
ore detailed SW

IT m
odel has also 

been used based on geological analysis w
hich is provided by TN

O
. The sim

ulation 
results using both scenarios show

 that using different SW
IT results in different 

tem
perature history and thus different hydrocarbon generation especially in the 

Tertiary. TN
O

 m
odel is considered m

ore reliable in this case since it is m
ore 

detailed, especially in the Tertiary. For both scenarios, hydrocarbon generation 
declines by the end of the M

iocene (Figure 12.6).  
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 Figure 12.6: Tw

o SW
IT m

odels used for com
parison (top) and the resulted form

ation tem
peratures and 

hydrocarbon generation from
 both m

odels (bottom
).  

 6.2.2 
S

ensitivity to basal heat flow
 

 H
eat flow

 is m
odelled in the northern part of the S

tep G
raben (W

ell A
11-01). It 

show
s a declining trend in the M

iocene. In order to evaluate the im
pact of the heat 

flow
 trends, especially in the Tertiary, w

e use a m
odified heat flow

 m
ode w

here this 
declining trend in the Tertiary is replaced by a constant value of 55 M

w
/2m

.  
The m

odel com
parison show

s that m
odifying the heat flow

 trend in the Tertiary 
affects the tem

perature of the selected form
ation and thus the hydrocarbon 

generation. V
ariations in heat flow

 though the geological tim
es, changes in form

ation 
tem

perature and hydrocarbon  generation can be expected (Figure 12.7). In addition, 
the im

pact of the heat flow
 can be m

ore significant w
hen com

bined w
ith other 
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elem
ents such as the burial history in the Tertiary. C

onsequently, heat flow
 w

as 
m

odelled w
ith details and the final results w

ere calibrated to tem
perature data for 

each w
ell w

henever possible.  
 

 

 

Figure 12.7: The m
odified heat flow

 m
odels (top) and the resulting history of form

ation tem
perature and 

hydrocarbon generation (bottom
). M

odified heat flow
 in the tertiary does not result in large variations. 

6.2.3 
S

ource rock kinetic m
odels 

 K
inetic m

odels describe te transform
ation of organic m

atter to various hydrocarbon 
com

ponents (oil and gas generally), their m
asses and com

position. There are m
any 

m
odels that describe the oil and gas generation. W

e evaluate the effect of using 
different m

odels on m
odelled history of hydrocarbon generation and expulsion. Tw

o 
kinetic m

odels are used for this purpose: the P
epper &

 C
orvi (1995) and the 

B
urnham

 (1989) kinetic m
odel. The results show

 that using different kinetic m
odels 

results in different generation rates of bulk hydrocarbon (i.e. oil and gas) under the 
sam

e tem
perature conditions (Figure 12.8: Top).   
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Figure 12.8: C

om
parison betw

een tw
o kinetic m

odels, the Pepper and C
orvi (1995) and B

urnham
 (1989). 

G
eneration rates of bulk hydrocarbon (top), and m

odelled generation rates of oil and gas using different kinetics 
(B

ottom
).  

 M
oreover, using different kinetics results in different oil/gas ratio in the generation 

hydrocarbons. In the Pepper &
 C

orvi (1995) kinetic m
odel, alm

ost all of the 
generated hydrocarbons is oil, w

hereas using the B
urnham

 (1989) kinetic m
odel 

show
s that both oil and gas are generated w

ith higher percentage of gas (Figure 
12.8: B

ottom
).  
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S
electing the suitable kinetic m

odel for the m
odelling requires a detailed study as 

w
ell as analyses. For this study, w

e use the B
urnham

 (1989) kinetics since it does 
not exaggerate the generation of oil from

 the source rocks in this study w
hich are 

assum
ed to be gas prone of Type III.  

 6.2.4 
E

ffect of the stratigraphy of the Tertiary 
 The prelim

inary m
aturity analyses in m

any w
ells have show

n that im
portant 

generation and expulsion event took place in the Tertiary. It is anticipated that the 
stratigraphy of the Tertiary as defined in the m

odel, and thus the burial history, can 
have im

portant im
pact on the history of hydrocarbon generation.  

 To evaluate the effect of definition of the stratigraphy of the Tertiary, w
e m

odel tw
o 

scenarios w
ith different stratigraphy for the Tertiary. In the first scenario, w

e use a 
general stratigraphy of the Tertiary as described in the w

ell (i.e. U
pper N

orth S
ea, 

M
iddle N

orth S
ea and Low

er N
orth S

e groups). In the second scenario, a m
ore 

detailed stratigraphy of the Tertiary is used, especially the U
pper N

orth S
ea G

roup, 
based on previous studies at TN

O
 (Figure 12.9).                
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Figure 12.9: G
eneralized stratigraphy of the w

ell  and the related burial history(S
cenario 1: M

odified m
odel: 

top).The detailed stratigraphy and the burial history of the m
odified scenario (S

cenario 2: bottom
).  

 The results show
 that using a m

ore detailed and different stratigraphic subdivision of 
the N

orth Sea G
roup influence the history of hydrocarbon generation from

 the 
source rock. The burial of the source rock during the Tertiary in different in both 
scenarios and this w

ill affect the tem
perature evolution of the form

ation (Figure 
12.10). It is also expected that, due to porosity and pressure changes w

ith different 
burials, the m

odelled expulsion of hydrocarbons w
ill be affected as w

ell.  
IT w

as therefore concluded that a detailed stratigraphy of the Tertiary section w
ould 

be used for the m
odelling at the location of the w

ells. The detailed stratigraphy is 
based on the previous stratigraphic  studies at TN

O
.  
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 Figure 12.10: M

odelled form
ation burial and history of hydrocarbon generation from

 the source rock using 
different stratigraphy of the Tertiary. D

ashed lines represent the m
odified scenario (coarse stratigraphy of the 

Tertiary). 

6.2.5 
E

ffect of S
alt m

ovem
ent 

 M
any salt dom

es and slat structures exist in the northern offshore area. The effect 
taking salt m

ovem
ent into account w

hile conduction the basin m
odelling w

as 
evaluated using tw

o different scenarios. In the first scenario, no salt m
ovem

ent w
as 

considered and salt w
as treated like a regular form

ation. In the second scenario, the 
evolution of the salt structure w

as considered in the m
odelling though geological. 

The sensitivity analyses indicated that salt m
ovem

ent during geological tim
es have 

affected the burial history of the form
ations and therefore the history of tem

perature 
and source rock m

aturity (Figure 12.11). W
hen the evolution of the salt structure is 

not taken into account, the source rocks go through deeper burial earlier in the 
history and thus early generation and expulsion is m

odelled. The therm
al effect of 

salt dom
es can also have an im

pact on the tem
perature around the salt structure. 

S
alt m

ovem
ent and salt deform

ation at different geologic tim
es w

as therefore taken 
into account in the m

odelling at the w
ell locations w

here anom
alous salt structures 

exist. 
   



 

TN
O

 C
O

N
FID

EN
TIEEL 

TN
O

 C
O

N
FID

EN
TIEEL | TN

O
 report |  

 25 / 37 

 
  (N

o salt m
ovem

ent considered) 

 
   (Salt m

ovem
ent considered) 

 

 
Figure 12.11: M

odelled burial history of the w
ell w

ith different scenarios considered for salt m
ovem

ent (Top). 
M

odelled history of hydrocarbon generation and expulsion for the tw
o differ salt-m

ovem
ent scenarios (Bottom

).  
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6.2.6 
P

ost- C
arboniferous erosion (Jurassic)   

 D
ifferent erosion scenarios w

ill result in different burial histories and thus m
aturity 

histories. H
ow

ever, since in m
ost of the cases the deepest burial is at present day, it 

is difficult to constrain the am
ount of erosion though calibration procedures w

ith 
param

eters such as vitrinite reflectance. Therefore, it is very im
portant to evaluate 

the sensitivity of our m
odels to the erosion thicknesses.                                     

S
everal scenarios representing various am

ounts of erosion thicknesses for the 
Jurassic event (i.e. M

id-late K
im

m
erian event) w

ere assum
ed. W

ell F04-03 w
as 

selected for the analysis w
here an initial erosion thickness of 250 m

 w
as assigned to 

the m
odel. First, an erosion thickness of 550 m

 w
as assigned the m

aturity and 
history of hydrocarbon generation and expulsion w

ere com
pared to the initial 

scenario (Figure 12.12). The results show
ed that deeper burial the U

pper Jurassic, 
due to larger erosion am

ounts, resulted in a peak of hydrocarbon generation and 
expulsion in the Jurassic. This w

as follow
ed by another peak in the Tertiary. In the 

second case, an am
ount of 1250 m

 erosion w
as assum

ed for the Jurassic resulting 
in a deeper burial. The m

odel indicated that larger peak of generation and expulsion 
took place in the Jurassic and m

uch less w
as generated in the Tertiary (Figure 

12.13). 
 The analyses have show

n that although the deepest burial is generally at present 
day, Jurassic erosion can influences the history of hydrocarbon generation and 
expulsion from

 C
arboniferous source rocks.  C

onsequently, the erosion am
ounts in 

the different w
ells w

ere carefully determ
ined based on regional stratigraphic 

correlations w
ith surrounding areas including adjacent w

ells.  
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Figure 12.12: The burial history of w

ell F04-03 w
ith 550 m

 erosion assigned to the Kim
m

erian erosion event 
(Top). The resulting histories of hydrocarbon generation, expulsion and transform

ation ratio com
pared to the 

initial m
odel (w

here 250 m
 erosion is used) (B

ottom
). H

igher erosion resulted in earlier generation.  
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 Figure 12.13: The burial history of w

ell F04-03 w
ith 1250 m

 erosion assigned to the Kim
m

erian erosion event 
(Top). The resulting histories of hydrocarbon generation, expulsion and transform

ation ratio com
pared to the 

initial m
odel (w

here 250 m
 erosion is used) (B

ottom
). H

igher erosion resulted in earlier generation peak and and 
alm

ost no later generation..  
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Appendix 7.02 

Lower Rotliegend (RV) Lithological map
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Lower Rotliegend (RV) Lithological map
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Lower Rotliegend (RV) Lithological map
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Appendix 7.05 

Upper Rotliegend (RO) Lithological map
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Upper Rotliegend (RO) Lithological map
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Upper Rotliegend (RO) Lithological map
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Upper Rotliegend (RO) Lithological map
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Upper Rotliegend (RO) Lithological map
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Appendix 7.10 

Sand map

Combination of all sand occurrences of 

appendices 7.02 to 7.09
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Maturity map of the Westphalian
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Map of prospective regions

Combination of sand map and

Westphalian maturity map
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Map of prospective regions

Combination of sand map and

maturity of Scremerston / Elleboog Fm.

maturity map
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Appendix 7.14 

Net Sand Map of the entire Rotliegend

(RO + RV)
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Appendix 8
Rotliegend well correlation panels
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8.1 
C

ygnus Field 
 The Cygnus Field is located in U

KCS Blocks 44/11a and 44/12a. It w
as discovered in 1988 by w

ell 
44/12-1. Although the field w

as initially deem
ed sub-com

m
ercial, it has now

 turned into the largest 
gas field discovery in the Southern North Sea for 25 years. Gross proven and probable reserves are 
estim

ated at around 18 bcm
. It w

ill start producing late 2015. 

 

Figure 1 – Cross section through the Cygnus Field (Endeavour, 2007) 

 Gas is present in both Rotliegend and Carboniferous sandstones (see Figure 1). The Rotliegend 
sandstones are attributed to the Lem

an Sst (the UK equivalent of the Slochteren Sst), although it can 
be questioned w

hether these sandstones are actually connected to the Lem
an Sst further south.  

In the Cygnus area, the Lem
an Sandstone Form

ation contains stacked parallel stratified sandstones, 
structureless sandstones and m

ore steeply dipping (up to 30°) sandstones categorised as over-steep 
irregular/w

avy lam
inated sandstones (Fig. 2). It has been interpreted as fluvially dom

inated sabkha 
deposits, w

here transport directions are m
ostly south to east (W

alker, 2009; Figure 3).  
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Figure 2 – Cygnus Field core (w
ell 44/11a-4) show

ing northern fringe U
pper Rotliegend sands w

ith 
the BPU

 at 11476.5 ft, overlying W
estphalian fluvial sands. 

B
P
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Figure 3 - Deposition of Lem
an sand (Rotliegendes) by northern trade w

inds (Eriksfiord, 2009).  

 Cygnus w
ells 44/11a-4 and 44/12a-4 are show

n in the w
ell sections 3 and 4, and U

pper Rotliegend 
m

aps 1 and 3  (see Figuress 4 and 5). Both sections show
 a rapid thickening of the sands in W

est to 
Southw

esterly direction, w
hich fits w

ell w
ith the paleogeography deduced from

 im
age logs-based 

paleotransport directions. 

Reservoir properties in the Rotliegend Sandstones are m
oderate to good. Porosities are betw

een 10 
and 20 %

, perm
eabilities in the m

illidarcy range, w
ith som

e thin streaks w
ith tens of m

illidarcies 
perm

eability (W
eatherford, 2010). 
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Figure 4: Internal stratigraphy of the oldest unit of the U
pper Rotliegend (RO

1). South w
estern part 

of Section 2, a N
E/SW

 oriented w
ell correlation panel. The RO

1 interval is represented by 
the colored interval. Blue triangle indicates the position of the core. M

aps and panel have 
different scales 
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Figure 5: Internal stratigraphy of the m
iddle unit of the U

pper Rotliegend (RO
3). W

estern part of 
Section 3, an E/W

 oriented w
ell correlation panel and the southern part of Section 2, an 

SW
-N

E orientated w
ell correlation pannel. The RO

3 interval is represented by the coloured 
interval. M

aps and panels have different scales 
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9 
C

hronostratigraphical C
hart 
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