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GENERAL INTRODUCTION

Work package 3 (WP3) of the GeoERA research project 3D Geomodeling for Europe
(3DGEO-EU)" aims to integrate existing national (and regional) geomodels into a harmonized,
consistent cross-border geomodel of the North Sea area between the Netherlands, Germany
and Denmark. The Netherlands Organization for Applied Scientific Research (TNO, NL), the
Geological Survey of Denmark and Greenland (GEUS, DK) and the Federal Institute for
Geosciences and Natural Resources (BGR, GER) are responsible for the cross-border
harmonization in this pilot area.

The following State-of-the-Art report, the first deliverable of WP3, will provide an overview of
existing model and map data of the North Sea area primarily developed by the project partners
in the last decades. This overview is preceded by a brief project introduction. Recent research
activities of the project members are summarized in another chapter, followed by a chapter
evaluating legal constraints in sharing subsurface data among the different national project
partners. Furthermore, the results of an initial analysis of cross-border discrepancies between
existing geomodels are presented in the annex.
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1 PROJECT BACKGROUND

1.1 Rationales and aims

Harmonization of geological data across geological, topographical, but especially across
national borders is one of the most important work steps to create a base for trans-European
assessments of resource potentials and possible conflicts of use of European subsurface. In
the last decades a variety of different thematic maps were developed, but often not on a similar
and consistent data base. Differences in the geological & geophysical interpretation (e.g.
stratigraphy, velocity-model, structural interpretation, different methods of assessments)
across the borders remain unchanged and were masked by generalizations in an overview
scale. In the last years these “border-discontinuities” have become obvious by a variety of 3D-
modeling projects. But workflows for harmonization of different geological 3D models are yet
not established and proofed.

The GeoERA research project "3D Geomodeling for Europe (3DGEO-EU)” aims to show on
the example of cross-border pilot areas (work packages 1 - 3) how harmonization across the
borders can be established and maintained with the progress of the national models. The pilot
area of work package 3 (WP3) spans thereby the offshore cross-border North Sea area
between the Netherlands, Germany and Denmark. In this region, the partners the Netherlands
Organization for Applied Scientific Research (TNO, NL), the Geological Survey of Denmark
and Greenland (GEUS, DK) and the Federal Institute for Geosciences and Natural Resources
(BGR, GER) intent to integrate existing national (and regional) geomodels into a harmonized,
consistent cross-border geomodel of the North Sea area. One of the main task of WP3 in this
context will be to find and exemplarily test efficient workflows for harmonization or the
consistent translation between the established national concepts. The methodologic
advantages (agreements on best practices, optimized workflows, etc.) and the gain in
experience on cross-border 3D harmonization work will be a keystone for further transnational
harmonization projects.

1.2 Cross-border harmonization (WP3)

General aspects of the planned cross-border harmonization within WP3 were discussed during
an early meeting held in Hannover (11.-13. September 2018). During this meeting, the project
participants agreed on the definition of a harmonized model, working areas, the stratigraphic
framework and general requirements such as formats for data exchange. The agreements
reached are briefly summarized below.

1.2.1 Definition of a harmonized model

The integration of existing national (and regional) geomodels into a harmonized, consistent
cross-border geomodel of the North Sea area between the Netherlands, Germany and
Denmark is one of the main objectives of 3DGEO-EU WP3. A harmonized geomodel in this
context means, as defined by the GSOs in charge, a consistent structural framework of horizon
grids, major faults and diapirs, but without modeling a “topological clean” structural 3D model
with modelled horizon — fault, horizon — diapir, fault — diapir contacts. Fault modeling and diapir
modeling will be limited to the near surrounding of the offshore borders.
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1.2.2

Working areas

For the planned cross-border harmonization, three working areas have been defined as shown
in Figure 1. These areas comprise the cross-border area of the Danish, German and Dutch
Central Graben in the central North Sea, a small stripe along the NL-GER border and the area
of the Horn Graben. The working area defined by the Central Graben, here referred to as the
Entenschnabel region, corresponds to the model area of the GARAH project.
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Figure 1: Working areas defined in the North Sea for the 3DGEO-EU WP3.
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1.2.3  Stratigraphic framework

Nine key horizons have been selected tentatively by the project members for harmonization
purposes (Figure 2). Subsequent changes of certain horizons or the inclusion of further
horizons in the different working areas may occur during the course of the project.

Age |'® E| Period/ |Epoch/ |Stages The Netherlands Denmark German .
o5 |S 8 i 4 Key horizons
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|
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Figure 2: Stratigraphic framework modified after Doornenbal and Stevenson (2010) and key horizons defined for
the 3ADGEO-EU WP3.
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1.2.4  General requirements

The successful resolution of cross-border issues requires a comprehensive harmonization of
data, methodologies and software systems ensuring full interoperability among the project
partners. The following table gives an overview of software systems used by the partners for
seismic interpretation and modelling purposes. As Petrel is a common used software, the
project members decided to exchange data in Petrel compatible formats and projects.

Table 1: Software systems used by the project partners and defined formats for data exchange.

TNO BGR GEUS
Internal Petrel© SeisEarth Paradigm®© Decision Space©
used software Petrel® Petrel©

Data exchange

Petrel compatible formats & projects
among partners

A further concern in multinational projects is the coexistence of different coordinate reference
systems used by the partners. The GSOs in charge decided to use ED50 / UTM Zone 31N as
the common coordinate system to share and provide data (Table 2).

Table 2: Coordinate systems (CS) used by the partners.

TNO BGR GEUS
] ] ED50 / UTM Zone 31N WGS84 / UTM Zone 31N EDS50 / UTM Zone 31N
(EPSG: 23031) (EPSG: 32631) (EPSG: 23031)

ED50/ UTM Zone 31N

Product & Petrel CS (EPSG: 23031)

2 EXISTING GEOMODELS - AN INVENTORY OF PUBLICLY
AVAILABLE DATA

Elaboration on criteria for harmonization of geomodels requires the knowledge of differences
between the datasets. The intention of the following chapter is to give an overview of the
publicly available subsurface models covering the offshore border areas of the participating
countries and to describe their main characteristics.

2.1 Geomodels in the area of the Dutch North Sea

211 DGM-deep

Over the last few decades, the Geological Survey of the Netherlands (TNO-GSN) has carried
out several major mapping projects in order to better understand the deep subsurface of the
Netherlands, both on- and offshore. The results were first published on paper (depth, isopach
and subcrop maps at a scale of 1 : 250,000; compiled at 1 : 1,000,000 in TNO-NITG, 2004),
and later became the constituents of a regional subsurface layer model now referred to as
Digital Geological Model-deep (DGM-deep; Duin et al., 2006; Kombrink et al., 2012). The
DGM-deep model is based on interpretations of publicly available 2D and 3D seismic survey
data, combined with a variety of well data, supported by biostratigraphical, petrophysical and
geochemical analysis. The latest version (v5.0) comprises the geometrically coherent
succession of 12 seismic interpreted horizons and one thickness-based horizon (Figure 3),
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which were modelled at 250x250m grid resolution. The interpreted horizons, ranging from
Carboniferous to Neogene in age, are the bases of lithostratigraphic units, which are defined
in the Stratigraphic Nomenclature of the Netherlands.

Age Lithostratigraphy according DGM-deep V5.0
(Ma) System  Series Stages  Van Adrichem Boogaert & Kouwe (1993 - 1997) mapped horizons
9 ¥TEIGE
10 Neogene Upper North Sea Group — NU
. _ i . Base NU
o Oligocene Shattian Middle Morth Sea Group — NM
30+ & Rupelian
=] R PFo o o T oo oo ToTTOTTH
a0 - tlj artonian
- Pal Luteti
s alcogens B i Lower North Sea Group ~ NL
Ypresian
&0 — andian
Paleocene % = Base N
Maastrichtian g
70 =
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Ll Turonian \
7 C i
— enomanian Base CK
— Cretaceous Rijnland Group - KN
110 —
120 —
130 — \
5 | Base KN
-1 | Upper Jurassic groups
150 — _ SL
i § Upper 1:'"::‘-’9"" \ / \ SG,SK, SL
100 . . : Base S
14 .
b i Jurassic T
160 o |Toarcian Base
- s Plienshachian | Altena Group - AT ATPO
- Lower e
i el
L : I Rhaetian Base AT
210 —
. : Upper Norian
il Triassic Upper Germanic Trias Group - RN
230 Carnian
A Ladinian
s Middle Anisian \\
] : e = Base RN
250 Lower géwm L Lower Germanic Trias Group — RB Base RB
5 Lopingian Wachiapingian] I Zechstein Group - ZE — Base ZE
260 5 Upper, HoﬂEegena Groug ;o) ='Base RO
270 —
4 |permian
280 < : '
290 —
100 1 - Bs e e Al s e A ale S e o a s e o
18 Stephanian
Sl : g Silesian Westphalian Base DCC
— Namurian Limburg Group - DC
7 Carbani- - Base DC
30 ferous
340 — ¥ "
il Carboniferous Limestane Group - CL
350 —

Figure 3: Simplified stratigraphic diagram of the Netherlands showing the horizons of DGM-deep v5.0.
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DGM-deep v5.0 combines models of the onshore and offshore into one model in projection
ED50 / UTM Zone 31N. New seismic interpretation and faults have not been included and the
model has been depth converted with the VELMOD 3.1 velocity model. In this version all non-
confidential wells have been consulted, of which after filtering out aberrant data a subset was
finally used to well-tie the individual stratigraphic layers. The latest version of the DGM-deep
models (v5.0) will be made publicly available end of Q2 2019. Previous versions of DGM-deep,
including the data used, are disseminated through the Netherlands Oil and Gas Portal (NLOG).
The main features of actual and previous versions of DGM-deep are summarized in Table 3.

Table 3: Actual and previous versions of the DGM-deep model and its main features

nomenclature

(https://www.dinoloket.nl/en/nomenclator)

Model name DGM — deep
DGM version V1.0 V2.0 V3.0 V4.0 V5.0
Published 2002 2006 2010 2012 2019
Regional Onshore On- and offshore Offshore Onshore On- and offshore
extent Netherlands Netherlands Netherlands Netherlands Netherlands
Project GEO-atlas NCP-1 NCP-2
Projection RD-Bessel 1841 ED50/UTM 31N ED50/UTM 31N RD-Bessel 1841 ED50/UTM 31N

Publicly available 2D and 3D seismic survey data, combined with a variety of well data,
Input data - . ) : . .

supported by biostratigraphical, petrophysical and geochemical analysis

Stratigraphic Stratigraphic Nomenclature of the Netherlands

8 seismically
based horizons

10 seismically
based horizons

10 seismically
based horizons

11 seismically
based horizons

12 seismically
based horizons

uncertainty-and
reservoir-grids

velocity- and
uncertainty-grids

(NU, NL+NM, CK, (NU,NL+NM,CK, (NU,N,CK, KN, (NU,N,CK, KN, S, (NU,N,CK, KN, S,
Modelled KN, S, AT, RB, KN, S, AT, RNK, S, ATPO, AT, RN, ATPO, AT, RB, ATPO, AT, RN,
horizons ZE) RN, RB, ZE) RB, ZE) ZE, DCC, DC) RB, ZE, DCC, DC)
1 thickness-based 1 thickness-based 1 thickness-based 1 thickness-based 1 thickness-based
horizon (RO+RV) horizon (RO) horizon (RO) haorizon (RO) haorizon (RO)
Faults Yes Yes (3D fault Yes (3D fault No
planes) planes)
\n/ﬁ)'gg:ty Multiple VELMOD-1 VELMOD-2 VELMOD-3 VELMOD-3.1
TWT-, time TWT-, time TWT-, time
: . thickness-(TWT), thickness-(TWT), thickness-(TWT),
Outputdata | depth, isopachand | depth, thickness | o, “thickness., | depth-, thickness-, | depth-, thickness-,
(sort/type) subcrop maps and fault maps

- and uncertainty-
grids

Data format

Atlas on paper

Pdf, arc-grid and zmap-grid

DGM-deep, including the data used, is disseminated through the Netherlands Oil and Gas Portal

Access via
(www.nlog.nl)
References TNO-NITG Duin et al. (2006) Kom(gf(i)lllé;?t al.
2.2 Geomodels in the area of the German North Sea

Between 2009 and 2013, the BGR carried out in collaboration with the Lower Saxony State
Authority for Mining, Energy and Geology (LBEG) and the German Federal Maritime and
Hydrographic Agency (BSH) the project GPDN (German acronym for “Geo-scientific Potentials
of the German North Sea”). The main objective of the project was to compile and provide geo-
scientific information about the subsurface in the German North Sea (Reinhardt et al., 2010).
Within this joint project, a number of geomodels were developed by the project partners for the
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GcoER

German sector of the North Sea. These publicly available models are described in detail below,
and their main characteristics are summarized in Tables 4 and 5

2.2.1 GTA3D - North Sea

The “Geotectonic Atlas 3D” (GTA3D) is a regional structural model covering the area of Lower
Saxony and the central German North Sea (Figure 4). It was compiled by the LBEG and mainly
relies on structural depth maps of the “Geotectonic Atlas of Northwest Germany and the
German North Sea” (GTA; Baldschuhn et al., 2001) which were transferred into 3D (GTA3D;
Bombien et al., 2012). This atlas is the fundamental work on regional geology in that area and
was developed at the BGR from the 1970’s to the 1990’s based on wells and digital seismic
profiles acquired mostly for hydrocarbon exploration, and for the exploration of salt and mineral
resources. The implementation of the GTA as a 3D model was done for the area of Lower
Saxony within the GTA3D project, and for the central German North Sea within the GPDN
project (Figure 4; Bombien et al., 2012). Fourteen lithostratigraphic horizons defined in the
GTA, ranging from Upper Permian to Neogene in age, are the main constituents of the GTA3D
model (Figure 5). Data inconsistencies such as intersecting horizon surfaces were not revised
during modelling and due to the lack of detailed information, faults were modelled separately
for each horizon as vertical offsets without trans-horizontal correlation. In the area of the
German North Sea, the GTA3D model is complemented by three further horizons which were
constructed within the framework of the GPDN project. These are the bases of the Quaternary
and Holocene (Asprion et al., 2013a; Asprion et al., 2013b) as well as the seabed surface
(Asprion et al., 2013c). The GTA3D model is divided into several map tiles, derived from the
1:100.00 scale topographic map (Figure 4). For the German North Sea sector these models
are disseminated through the GPDN webpage, and for the entire model area on the NIBIS®
MAPSERVER.

Area covered:
German North Sea Sector, approx. 87.000km?2

’
yellow: , Entenschnabel™

Tiles — e Project . A
2 7 el [-
derived from the &#— "SRG mm
1:100.000 scale m:’m"g’l_
topographic map ."-‘"" CRm—

i Data in the /F L -
e 7 II~ = w | l& .
Tectonic Atlas PNy S pProject ,GTA3D" NN ¥ .
1 | Ly gl .

—_—

No Data in the
Tectonic Atlas,
processed in the
project ,GPDN"

No Data in the
Tectonic Atlas

Figure 4: Regional extent of the GTA (©Marcus Helms, LBEG).
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Figure 5: Overview of horizons modelled in different publicly available 3D models of the German North Sea. Due to
the supra-regional character of the GTA, generalized bases of lithostratigraphic horizons were defined and mapped.
These lithostratigraphic boundaries do not always represent isochronous horizons, but may vary in their
chronostratigraphic position as well as in their structural characteristics (concordant layering, interlayer gap, angular
unconformity). The age range of individual horizons is highlighted with stratigraphic markers (see LBEG, 2015).
Horizons regarded as quasi-chronostratigraphic are indicated by bold lines, whereas as diachronous horizons are
marked by dashed lines (Abbreviations: cGNS — central German North Sea; ORB — Outer Rough Basin; MNH —
Mid North Sea High; SGS — Step Graben System; GCG — German Central Graben).
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2.2.2 3D Entenschnabel model

Within the framework of the GPDN project a detailed seismic mapping study has been carried
out by the BGR in the northwestern part of the German North Sea, also referred to as the
Entenschnabel (Arfai et al., 2014). No detailed geological interpretation were previously
published for this area. Former studies of the deeper underground by Baldschuhn et al. (2001)
which were transferred into a 3D model (GTA3D; Bombien et al., 2012) covered only the
central part of the German North Sea (Figure 4).

Fourteen seismic horizons, ranging from Upper Permian to Middle Miocene in age, were
mapped for the Entenschnabel (Figure 5). These horizons are mostly in accordance with those
horizons in the central German North Sea that were previously identified by Baldschuhn et al.
(2001). In addition, numerous salt structures and around 800 faults were mapped. Seismic
interpretation was based on 3D and 2D seismic data and information from 27 wells.

The results of the mapping campaign were then converted by the LBEG within the GPDN
project into a consistent but generalized 3D structural model, referred here to as “3D
Entenschnabel model“. The final model is complemented by three further horizons which were
also constructed within the framework of the GPDN project. These are the Quaternary and
Holocene bases (Asprion et al., 2013a; Asprion et al., 2013b) as well as the seabed surface
(Asprion et al., 2013c) (Figure 5). The 3D model of the Entenschnabel region, as well as the
seismic interpretation on which the model is based on, are disseminated through the GPDN
webpage.

2.2.3 “Eridanos delta” model

The Late Cenozoic sedimentation in the southern North Sea Basin was dominated by a
westward prograding depositional system, often referred to as the «Eridanos delta» (Overeem
et al., 2001). Within the GPDN project, a detailed seismic stratigraphic subdivision of the post-
Mid Miocene succession in the German North Sea was devised by the BGR (Thdole et al.,
2014). This framework subdivides the post-Mid Miocene succession into seven seismic units
(SU1-SU7), which are separated by distinct seismic surfaces (MMU, H1-H7) that represent
major depositional or erosional boundaries. Seismic interpretation was based on more than
29.000 km of 2D seismic data and a limited number of 3D seismic surveys. The age of the
seismic units were constrained by biostratigraphic studies on dinocyst assemblages. Depth
and thickness maps of the interpreted horizons can be accessed through the GPDN webpage.

224 GSN3D

A generalized structural model of the central German North Sea, referred to as GSN 3D, was
compiled by the BGR within the GPDN project (Kaufmann et al., 2014). The model is based
on the GTA3D (Bombien et al., 2012), the SPBA (Doornenbal and Stevenson, 2010) and
further references (Briickner-Rohling, 1999; Krull, 2005; Rohling, 1988). Twenty-six horizons,
ranging from Carboniferous to Neogene in age (Figure 5), and 105 fault planes were modelled.
The horizons were generalized and inconsistencies (e.g. crossing horizons) were removed.
Further, the flanks of salt structures were modelled as vertical walls and faults were only
incorporated into the model if they matched certain criteria (fault heave > 100m; fault length >
5 km). Verification was performed using numerous 2D seismic profiles and information from
60 wells. Detailed information on model building is given by Kaufmann et al. (2014). The GSN
3D model formed the base for further modelling within the GPDN project (see sections 2.2.5 &
2.2.6) and can be accessed through the GPDN webpage.
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Table 4: Publicly available geomodels in the area of the German North Sea and their main characteristics (part 1).

3D Entenschnabel “Eridanos delta”
Model name GTA3D - North Sea — e GSN 3D
Published 2012 2012 2012 2013
Regional central German German Entenschnabel German North central German
extent North Sea area Sea sector North Sea
Project GPDN GPDN GPDN GPDN
Projection WGS84-UTM31N WGS84-UTM31N WGS84-UTM31N WGS84-UTM31N
GTA3D — North Sea
(Bombien et al.,
Structural depth maps 2012)
of the GTA (Baldschuhn Various maps
EB Elly 200 (Baldschuhn et al.,
Bases of the Quaternary | 2D /3D seismic survey 2D / 3D seismic survey ..20.01; Ellinel - .
. ] . ; Rohling et al., 1994;
Input data and Holocene data, combined with a data, combined with a Doornenbal and
(Asprion et al., 2013a; variety of well data variety of well data S 2010
Asprion et al., 2013b) tevenson, 2010;
. Krull, 2005; Rohling,
Seabed surface LEEiE)
(Asprion et al., 2013c) 2D seismic survey data,
combined with a variety
of well data
16 horizons, ranging ' 14 se|sm|cq||y 8 seismically 26 modelled
from upper Permian to interpreted horizons, " - - .
Modelled Holcene in age e interpreted horizons horizons, ranging
horizons 9 ging I (MMU to base from Carboniferous
+ upper Permian to " c
h Pleistocene) to Neogene in age
seabed surface Neogene in age
Vertical fault traces
Faults without trans-horizontal Yes (3D fault planes) No 105 generalized faults
correlation
mgg:ty see Grof (1986) see Arfai et al. (2014) | See Thole et al. (2014)
Individual 3D models as 3D model
Output data tiles, derived from the + Depth and Depth maps
(sort/type) 1:100.000 scale depth and thickness maps and fault planes
topographic map thickness maps
GOCAD TS object,
Data format AL PDE s TIORsD CPS3 and ESRI-shp CrEan GOCAD TS object
TS object ESRI-shp Format
Format
All 3D models are disseminated through the GPDN webpage (www.gpdn.de).
Access via The GTA3D model is also available on the NIBIS MAPSERVER (https://nibis.lbeg.de/cardomap3/)
References Bombien et al. (2012) Arfai et al. (2014) Thole et al. (2014) Kaufmann et al. (2014)
2.2.5 3D lithofacies model — Buntsandstein

A 3D lithofacies model of the Lower Triassic Buntsandstein covering the central German North
Sea was built at the BGR within the GPDN project (Wolf et al., 2015). It mainly relies on the
pre-existent GSN 3D model (Kaufmann et al., 2014), a new dense 2D seismic reinterpretation
of the Buntsandstein formations and 21 wells. The model is layer based and contains
5,015,660 rectangular grid cells, each measuring 1km? with a varying thickness mostly
between 5 m and 80 m, reaching a maximum in the western Horn Graben with 130 m for each
cell. It shows the spatial distribution of 18 lithology classes for the formations of the
Buntsandstein. The lithofacial 3D model, exemplary maps of lithology distribution for different
Buntsandstein formations, and a technical report in German are accessible to the public at the
GPDN webpage. The model is provided both as a Petrel project file and as a RESCUE grid.
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2.2.6 3D petroleum system models

For the area of the German North Sea, three petroleum system models (PSMs) were recently
developed at the BGR (Figure 6) and are accessible to the public at the GPDN webpage.

30
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Schillground l t

3D PSM
central German North

High

S [ A \g LI T I Figure 6: Regional extent of petroleum
; [km) system models in the German North Sea.

project area

PSM — southern Schillgrund High

One of these models is a cross-border study of the Schillgrund High in the Dutch-German
offshore area, which was performed in order to evaluate the hydrocarbon generation and
migration from Carboniferous source rocks (Heim et al., 2013). The model includes 20 different
stratigraphic layers covering a time interval between Dinantian to the present. Input data for
the German part of the 3D basin model were taken from the GSN 3D model of the Central
German North Sea (Kaufmann et al., 2014) and from literature. For the Dutch part of the model,
TNO provided expertise and data from previous studies of the Dutch North Sea sector (Duin
etal., 2006; Kombrink et al., 2012). Both map sets were merged and generalized by smoothing
the vertical offset at the map boundaries and by removing layer intersections. In order to
reconstruct the considered geological processes during basin evolution, the consistent base
model of the present-day situation was supplemented by numerous thickness and depth maps
for erosion and salt tectonic processes.

PSM — central German North Sea

Another PSM was developed for the central German North Sea. It comprises 19 different
stratigraphic layers covering a time interval between Namurian to the present. Input data for
the 3D basin model were taken for the Zechstein to MMU layers from the GSN 3D model of
the central German North Sea (Kaufmann et al., 2014) and for Pre-Zechstein formations from
literature (Briickner-Roéhling et al., 1994; Krull, 2005; Plein, 1995). The map of the seabed
surface was taken from the GTA3D model (Asprion et al., 2013c; Bombien et al., 2012). The
base model was supplemented by numerous thickness and depth maps for erosion and salt
tectonic processes in order to reconstruct the geological processes during basin evolution.
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PSM — Entenschnabel

For the northwestern part of the German North Sea (Entenschnabel area), a PSM has been
recently developed in order to reconstruct the thermal history, maturity and petroleum
generation of three potential source rocks, namely the Namurian—Visean coals, the Lower
Jurassic Posidonia Shale and the Upper Jurassic Hot Shale (Arfai and Lutz, 2017). The model
is built from recently compiled maps and structural information from the Entenschnabel area
(Arfai et al., 2014). These include thickness and depth maps of important stratigraphic seismic
horizons as well as locations of faults and salt structures. Petrophysical values and facies
information from industrial wells are assigned to the different geological layers in the 3D model.
The latter, is further calibrated with temperature and maturity data from wells and the literature.
The time span from the Late Paleozoic to the present is represented by the model including
three erosional phases related to large-scale tectonic events: the Saalian (Late Carboniferous-
Early Permian), the Late Cimmerian (Late Jurassic) and the Sub-Hercynian inversion phase
during the Late Cretaceous. Additionally, salt activity through time expressed as diapirs and
pillows in the study area are considered within the 3D model.

Table 5: Publicly available geomodels in the area of the German North Sea and their main characteristics (part 2).

3D lithofacies model Sl PR Sl PR 3D PSM
Model name _ Buntsandstein central German southern Entenschnabel
North Sea Schillgrund High
Published 2012 2012 2012 201
Regional central German central German Southern German Entenschnabel
extent North Sea North Sea Schillgrund High area
Project GPDN GPDN GPDN TUNB
Projection WGS84-UTM31N WGS84-UTM31N WGS84-UTM31N WGS84-UTM31N
German North Sea: Entenschnabel
GSN 3D (Kaufmann GSN 3D (Kaufmann et 3
submodel (Arfai et al.,
et al., 2014) al., 2014) 2014)
GSN 3D (Kaufmann
etal., 2014) Pre-Zechstein Dutch North Sea: Pre-Zechstein
Input data formations compiled DGM-deep .
N h - . formations adopted
Seismic and from literature (Duin et al., 2006; from Doornenbal and
well data (Briickner-Rohling et al., Kombrink et al., 2012) .
. : Blai Stevenson (2010);
1994; Krull, 2005; Plein, .
1995) Various maps Geluk (2007); Krull
(2005)
Modelled 6 Buntsandstein units 19 stratigraphic layers 20 stratigraphic layers 27 modelled layers
[y S (Namurian to the (Dinantian to the (Early Carboniferous
Y 18 lithology classes present) present) to the present)
Lithofacies model as PRI [T
Petrel project file or A
- Depth maps, initial
g?;?:tt G RIESEILIE g thickness maps, PetroMod model PetroMod model
Lithofacies maps Ol s 2
o PDFs P CPS3 and ESRI-shp
Format
Access via All 3D models are disseminated through the GPDN webpage (www.gpdn.de).
References Wolf et al. (2015) Heim et al. (2013) Arfai and Lutz (2017)
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2.3 Geomodels in the area of the Danish North Sea

GEUS has a long tradition for generating geomodels of the deep surface in the area of the
Danish North Sea. In 1995, GEUS published four digital map series of the Danish Central
Graben, containing ‘Top Chalk’ and the Post Chalk Group (Britze et al., 1995d), ‘Base Chalk’
and the Chalk Group (Britze et al., 1995a), ‘Base Cretaceous’ and the Cromer Knoll Group
(Britze et al., 1995b), and ‘Base Upper Jurassic’ and the Upper Jurassic (Britze et al., 1995c).
The same year GEUS published a digital map of ‘The Top pre-Zechstein’ covering the Danish
territory (Vejbaek and Britze, 1994). More recently, GEUS has generated comprehensive 3D
structural models of the Jurassic, Cretaceous and the Cenozoic within the framework of three
major multi-client projects:

0 The Jurassic Petroleum System in the Danish Central Graben (PETSYS) project
0 The Cretaceous Petroleum System in the Danish Central Graben (CRETSYS) project
0 The Cenozoic Petroleum Potential in the Danish North Sea (CENSYS)

These studies have been made financed by private companies and have not yet been publicly
available. 3D maps evolved from the projects, however, are provided by GEUS for the use
within the 3DGEO-EU project (see chapter 5.1: “Shared subsurface models”).

2.4 Transnational atlases
[ :
¥y A

2 1‘9"’.‘ . 3
“Millenniumj‘

? Atlas
J\\I

. {y e féé L Figure 7: Areas described in the Southern
M 4 - M\Y{ 2 Permian Basin Atlas and the Millennium
@‘JJ l’\ﬁS %\; s Atlas (from Doornenbal and Stevenson,

. 2010).
2.4.1 Southern Permian Basin Atlas (SPBA)

The Petroleum Geological Atlas of the Southern Permian Basin (SPB) area, here referred to
as Southern Permian Basin Atlas (SPBA), aims to present a comprehensive and systematic
overview of the results of over 150 years of petroleum exploration and research in the SPB
(Doornenbal and Stevenson, 2010). The SPBA was a joint project of the Geological Surveys
of the United Kingdom, Belgium, Denmark, the Netherlands, Germany and Poland initiated by
Ken Glennie and coordinated by the TNO. The atlas was published in both paper and digital
format and reviews the entire Southern Permian Basin (SPB) area, including the United
Kingdom (UK), Belgium, the Netherlands, Denmark, Germany and Poland between latitudes
50°30'N and 56°N and longitudes 1°45'W and 22°E (Figure 7). It addresses the geological
evolution from the pre-Cambrian basement to the Holocene. Various structural and
stratigraphic settings and developments are illustrated by a series of overview maps, diagrams
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and field examples. An important aspect of the atlas is the stratigraphic correlation on a
European scale that includes of course the local lithostratigraphic units of Netherlands,
Germany and Denmark and large-scale depth and thickness maps. GIS Maps, which are
presented in the Atlas can be imported in Petrel and ArcGIS.

2.4.2 Millennium Atlas

The Millennium Atlas describes the petroleum geology of the central and northern North Sea
region (Evans et al., 2003). It covers the Danish, Norwegian and UK sectors of the hydrocarbon
producing regions of the North Sea from 55°20°'N to 62°N (Figure 7). The atlas is organized in
twenty chapters and mainly reviews the tectonic evolution and basin history from the Sub-
Devonian to the Holocene times. A GIS version of the Millennium Atlas was recently produced
and is marked through Beagle Geoscience.

3 RECENT STUDIES OF NL, GER AND DK IN THE NORTH SEA

The following chapter gives an overview of recent and ongoing studies carried out by the
participating GSOs in the Dutch, German and Danish North Sea sectors. Findings from these
studies may provide helpful information and data for the planned cross-border harmonization.
For example, recent seismic mapping activities of BGR in the framework of the TUNB project
(German acronym for "Subsurface Potentials for Storage and Economic Use in the North
German Basin”) will lead to an revised structural model of the German North Sea. Preliminary
grids of this model covering the central German North Sea are already the current base for the
cross-border harmonization in 3SDGEO-EU WP3.

Dutch North Sea

TNO has recently carried out several multi-client sponsored research projects in cooperation
with partners from the E&P industry in the area of the North Sea. These projects had different
research focuses and some of their results are already publicly available or will be soon
released. These studies are summarized below in Tables 6 and 7.

German North Sea

In 2014, BGR and the geological surveys of the northern German federal states started the
above mentioned TUNB project with the primary intention to construct a harmonized 3D model
of the North German Basin (NGB). Embedded in the TUNB project, additional research and
development work is performed by BGR in the German North Sea area, continuing the
systematic work of the GTA (Baldschuhn et al. 2001) and the GPDN project (Reinhardt et al.,
2010). This work includes detailed seismic mapping and seismic stratigraphic analysis of
Triassic, Jurassic, Cretaceous and Cenozoic sedimentary successions, seismic velocity
modelling as well as petroleum system modeling. A more detailed overview of R&D activities
carried out within the TUNB project is provided in the annex by two posters presented at the
DGGV GeoBremen in 2017.

Danish North Sea

GEUS is continuously carrying out interpretation of available seismic and well data over the
Danish North Sea. The aforementioned major multi-client projects (PETSYS, CRETSYS and
CENSYS) are particularly notable in this context. A detailed description is provided on the
GEUS webpage.
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4 BASELINE DATA FOR HARMONIZATION

Seismic and well information are the principal baseline data for 3D geological modelling and
the shared access to these data is vital for cross-border harmonization issues. However, the
disparate legal framework of national data policies especially concerning the provision of
industrial data has a strong influence on the availability of this fundamental information and
impedes the exchange of data among the participating partner countries. The following section
summarizes the disparity of national laws and their consequences for sharing subsurface data
within the GeoERA project.

4.1 Legal constraints on sharing subsurface data

Data on the deep subsurface tend to derive from high investment exploration and production
(E&P) activities, mainly for oil and gas. Seismic surveys and deep wells are thus subject to
business interests and mostly are classified as company secrets. The duration of confidentiality
is, however, determined differently by the legislation in each country (Table 8):

0 Inthe Netherlands, a new Mining Law came into force on 1st January 2003. Before this
date, there was no legal regulation for the release of onshore well and seismic data,
whereas offshore data remained confidential for 10 years. Since the new Mining Law
was established, geological data becomes publicly available after 5 years. An exception
are multi-client seismic surveys whose confidentiality was extended in early 2016 from
5to 10 years.

o In Denmark, subsurface data that companies have compiled under licenses granted in
pursuance of the Danish Subsoil Act are generally protected by a five-year
confidentiality clause. However, the confidentiality period is limited to two years if the
license has expired or been relinquished.

o In Germany, most exploration data are classified as confidential, no matter how old
they are and whether or not the concession still exists. To use these data an approval
of the owner is required.

Further, the provision of subsurface data is handled in a slightly different manner in the
participating countries:

o In the Netherlands, non-confidential well and seismic data are usually available free of
charge and can be accessed e.g. through the Netherlands Oil and Gas Portal (NLOG).
A small processing fee, however, will be charged for the provision of larger seismic
datasets.

o In Denmark, certain well data are available free of charge (completions reports,
deviation data & lithostratigraphical formations tops). Further well and seismic data are
sold via GEUS’ webshop Frisbee or can be ordered for a fee from GEUS’ Subsurface
Archive.

o In Germany, the data of E&P campaigns are stored at the companies and in the
archives of the state authorities in charge. In the case of the North Sea, by mutual
consent between the Federal Government and the Federal State of Lower Saxony, the
Office for Mining, Energy and Geology (LBEG) of Lower Saxony is responsible.
Released data are generally provided by the LBEG, whereas confidential data have to
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be requested either by the BVEG (Bundesverband Erdgas, Erddl und Geoenergie e.V.)
or for data from non-BVEG companies individually at the data owners. Seismic data
acquired by the BGR are made available free of charge via the Geo-Seas webpage.

The current legal situation in Germany, as well as the differences in providing released well
and seismic data, impedes the exchange of subsurface information among the participating
partners. Although publicly available 3D geological models in the German North Sea are partly
evolved from confidential data, BGR cannot easily share these baseline data for harmonization
purposes with the other GSOs. Restricted data from the German offshore sector can be
provided only after approval of the data owner, while derived interpretations that do not allow
any conclusions to be drawn about the source data can be shared with the other project
partners without restrictions. A further complication for sharing data is that GEUS is partly
financed by the sale of subsurface data and therefore free access to this data is not always
guaranteed for GSOs of neighboring countries. TNO is the only project partner that can provide
the baseline data for the cross-border harmonization without any restrictions.

Table 8: Legal regulations accessing subsurface data in the Netherlands, Germany and Denmark.

Confidentiality .
Country period Data type Accessing the data
Well data Released well and seismic data can be ordered or
downloaded via the following links:
5 years Seismic data www.nlog.nl
(after acquisition) www.dinoloket.nl.
et el Reprocessed Free of charge: Selected seismic lines and surveys can be
S€eismic surveys downloaded for free (providing the total size does not
exceed 200MB/1GB).
(afterlgcyeueil;iion)) seignlilitcl-gll:?\r/]é s A fee, however, will be charged for any work done by the
q y TNO Service desk.
. Well and Subsurface information remain confidential and the initial
Germany everlasting o )
seismic data owner must give approval for subsequent access.
Released data are sold as “well data packages" via GEUS’
webshop Frisbee
Well data
Free of charge: completion reports, deviation data &
5 years lithostratigraphical Formation Tops
DIETEG (after acquisition)
q 2D seismic data Purchase of released 2D seismic data and other geophysical
data (e.g. CSEM) is handled by GEUS’ Subsurface Archive
3D seismic data Released 3D data (processed or re-processed) are sold via
GEUS’ webshop Frisbee
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http://www.geo-seas.eu/v_cdi_v3/search.asp?bookmark=6547
http://www.nlog.nl/
http://www.dinoloket.nl/
https://www.nlog.nl/sites/default/files/2019-03/tno_fees_seismic_data_2019-3.pdf
https://eng.geus.dk/products-services-facilities/data-and-maps/oil-and-gas-webshop-frisbee/
https://eng.geus.dk/products-services-facilities/data-and-maps/oil-and-gas-webshop-frisbee/
https://eng.geus.dk/products-services-facilities/archives/the-subsurface-archive/
https://eng.geus.dk/products-services-facilities/data-and-maps/oil-and-gas-webshop-frisbee/

4.2 Datacoverage
421 Well data

Figure 8 gives a general overview about existing well data in the Dutch-German-Danish
offshore border region. Almost all wells in the German sector of the North Sea are classified
as confidential, whereas most wells in the Netherlands and Denmark are publicly available.
The overview illustrates further the good coverage with well data in the Entenschnabel working
area, but also the low data density in the Horn Graben region.
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Figure 8: Released and confidential deep (> 100 m) wells in the Dutch-German-Danish offshore border region with
working areas indicated by colored polygons (purple: Entenschnabel region; green: Dutch-German offshore border
area; blue: Horn Graben region). (Status: Dutch data — June 2019; German data — June 2019; Danish data — June
2019).
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4272 Seismic data

Figures 9 and 10 give a general overview about existing 2D/3D seismic surveys in the Dutch-
German-Danish offshore border region. The distribution of released and confidential seismic
data shown in these figures nicely reflects the different legal regulations accessing subsurface
data in the participating countries. In Germany, most seismic data are confidential, no matter
how old they are and whether or not the concession still exists, whereas in the other
participating countries a large number of seismic surveys have been made available to the

public.
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Figure 9: Released and confidential 2D seismic surveys in the Dutch-German-Danish offshore border region with
working areas indicated by colored polygons (purple: Entenschnabel region; green: Dutch-German offshore border
area; blue: Horn Graben region). (Status: Dutch data — June 2019; German data — June 2019; Danish data — June
2019).
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Figure 10: Released and confidential 3D seismic surveys in the Dutch-German-Danish offshore border region with
working areas indicated by colored polygons (purple: Entenschnabel region; green: Dutch-German offshore border
area; blue: Horn Graben region). (Status: Dutch data — June 2019; German data — June 2019; Danish data — June
2019).
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5 CROSS-BORDER HARMONIZATION

5.1

Shared subsurface models

TWT (Two-Way Travel time) horizon grids of various model sources were provided by the
participating GSOs in an initial phase of the project in order to identify possible cross-border
discrepancies of existing 3D models. These initially shared grids are listed below for the
Entenschnabel region in Table 9 and for the working area along the Dutch-German offshore
border area in Table 10. No subsurface interpretations have been shared so far for the Horn
Graben region, as GEUS is currently carrying out a seismic re-interpretation of the Danish part
of the Horn Graben.

Table 9: Currently shared TWT horizons grids in the Entenschnabel region and their sources.

Entenschnabel region
Key horizons Dutch North Sea German North Sea Danish North Sea
Grid name i Grid name Grid source Grid name Grid source
source
NU_2D3D_base DGM- 01 tmiR M «Eridanos MMU_BSeqE_T | GEUS current
1 Near MMU _grd deep MU delta» WT_d200_14 8 structural
v5.0 model (GPDN) OMa_XYZ database
Near Base N_2D3D_base_ DGM- 3D model Top_CHALK_T GEUS current
2 Cenozoic grd deep 05_tpao_T1 Entenschnabel WT_d200_61_6 structural
v5.0 (GPDN) OMa_XYZ database
e U CK_2D3D_base DGM- 3D model Base CHALK_T | GEUS current
3 Cretacepopus _ogrd deep 06_kro_Kr2 Entenschnabel WT_d200_100_ structural
v5.0 (GPDN) 50Ma_XYZ database
Near base KN_2D3D_base DGM- 3D model BCU_TWT_d200 | GEUS current
4 Lower _ogrd deep 07_kru_Krl Entenschnabel _140_75Ma_XY structural
Cretaceous v5.0 (GPDN) Z database
Near base S 2D3D_base DGM- 3D model Base_UppJuraP | GEUS current
5 Upper grd deep 08_jo_J3 Entenschnabel SS_9 TWT_d20 structural
Jurassic v5.0 (GPDN) 0_161Ma_XYZ database
Near base 3D model
6 Middle no data 09 _jm_J2 Entenschnabel no data
Jurassic (GPDN)
Near base AT_2D3D_base DGM- 3D model Base_Jura_PSS | GEUS current
7 Lower _grd deep 10_ju J1 Entenschnabel 1 TWT_d200_ structural
Jurassic v5.0 (GPDN) 201Ma_XYZ database
Near base RN_2D3D_base DGM- 3D model
8b Middle _grd deep 12 _so_Tr3 Entenschnabel no data
Triassic v5.0 (GPDN)
e LaEr RB_2D3D_base DGM- 3D model base_Triassic_T | GEUS current
8 Triassic _ogrd deep Trl_Base Entenschnabel WT structural
v5.0 (GPDN) database
Base ZE_2D3D_base | DGM- 3D model Base_Zech TPZ ZTe OCﬂlgtfi'n
9 Zechstein _ogrd deep Z_nearbase Entenschnabel _TWT_d200_25 (Britze et al
v5.0 (GPDN) 6Ma_XYZ 1995) -
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Table 10: Currently shared TWT horizons grids along the Dutch-German offshore border area and their sources.

Dutch-German offshore border area
Key horizons Dutch North Sea German North Sea
Grid name Grid source Grid name Grid source
DGM-deep . «Eridanos delta»
1 Near MMU NU_2D3D_base_grd V5.0 01_tmiR_MMU model (GPDN)
Near Base DGM-deep Preliminary grids
2 Cenozoic NLADEID) Lzee g v5.0 e (TUNB project)
Base . .
DGM-deep Preliminary grids
3 Upper CK_2D3D_base_grd V5.0 06_kro_Kr2 (TUNB project)
Cretaceous
Near base o .
4 Lower KN_2D3D_base_grd bichialzzs 07_kru_Krl Prelliieny gres
v5.0 (TUNB project)
Cretaceous
Near base . .
DGM-deep . Preliminary grids
5 Upper S 2D3D_base_grd V5.0 08 jo_J3 (TUNB project)
Jurassic
NEED S Preliminary grids
6 JMlddIg no data 09_jm_J2 (TUNB project)
urassic
Near base L .
7 Lower AT_2D3D_base_grd DG\'\I"S'%eEP 10_ju_J1 P(;?ng‘a%.%rc'gs
Jurassic ’ proj
Near base . )
. DGM-deep Preliminary grids
8b Middle RN_2D3D_base_grd V5.0 12 so_Tr3 (TUNB project)
Triassic
Base . .
8 Lower RB_2D3D_base_grd LiElteey Trl_Base Prel|m|nary_gr|ds
o v5.0 (TUNB project)
Triassic
Base DGM-deep Preliminary grids
9 Zechstein ZE _2D3D_base_grd V5.0 Z_nearbase (TUNB project)

5.2 Possible focus and type of harmonization

Several cross-border discrepancies of defined key horizons (Figure 2) became apparent during
the comparison of the initially shared horizon grids (Tables 10 & 11) and are described in detalil
for the different working areas in the appendix. Based on the differences identified, possible
focuses and the type of the planned cross-border harmonization were discussed during a
GeoERA WP3 meeting held in Hannover (27.-29. May 2019). The priorities envisaged for the
harmonization and the challenges presumably associated with them are briefly outlined below.

5.2.1 Harmonization of structural interpretations

The model horizons compared in the time domain (see Appendix) show generally a good fit
along the national borders when viewed on a larger scale. Existing cross-border discrepancies
often emerge in areas of high structural complexity such as in the vicinity of salt dome flanks
and tops or along major faults like the Coffee Soil / Schillgrund Fault zone at the eastern
boundary of the Central Graben. The reasons for such discrepancies are not always obvious
and may be caused by a combination of independent factors. In general, structural
interpretation especially in areas of high structural complexity is subject to uncertainty, which
can be seen as a function of data distribution and the structural complexity experience and
bias of the interpreter (e.g., Bond et al., 2007). Moreover, structural interpretation based on
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seismic data is often performed in a resolution much higher than it is possible to be represented
in a 3D model. Therefore, subsequent to seismic interpretation, a suitable generalization is
usually required, which reduces the structural elements included in the 3D model and, at the
same time, maintains the model constraints. The approach and the degree of generalization,
however, is rarely the same and can therefore differ considerably. In order to find and test
efficient workflows to overcome these challenges, harmonization of the Coffee Soil /
Schillgrund Fault zone at the eastern border of the Central Graben is regarded as an
appropriate example by the participating partners as it runs through all countries.

5.2.2  Evaluation of major horizon discrepancies

In the western part of the Entenschnabel region (Outer Rough Basin & High / Step Graben),
major discrepancies in distribution and thickness of certain stratigraphic intervals (e.g. near
bases of the Lower Cretaceous, Upper Jurassic and Lower Triassic) were identified during the
initial cross-border comparison of the shared horizons models (see Appendix for details).
These misfits are probably related to national differences in lithostratigraphic, seismic
stratigraphic and interpretational concepts (e.g., Arfai et al., 2011). In general, the stratigraphic
subdivision of the North Sea Basin has evolved from regional approaches and reflects the
complex basin evolution featuring laterally varying sedimentary cycles. Grown historically
different nomenclatures and subdivisions on the detailed scale are therefore used. Thus,
working cross-border requires also a semantic harmonization and the alignment of
stratigraphic peculiarities to allow the correlation of a uniform lithostratigraphic column with the
prominent seismic reflectors traceable over the entire basins. A closer evaluation of the
observed discrepancies and their causes is an important step in this process and will be a
focus of upcoming work.

5.2.3 Cross-border velocity model

1000_ GER NL 1000 GER NL
ms Neogene ms b - : . I
T 2000 2000
Paleogene [ L I — __,777—: e —— m
S | Diff Base
2000 Ueper . ceous, 2000  Upperjurassic
ms —o  Lewer T ms =300m

Diff Base . jlpper :
Upper Jurassic p urassic

=193 ms

N — Diff Base
. Lower

L Jurassic T — Lower Jurassic p;,

3000 =200m
T ms

3000
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Diff Base Jurassic gy .I"f'riiigl:izu"pe' | 6?20
=193 ms

- - Diff Base

4000 T 4000  lowerTriassic oy
ms | Lower 7 ms =>700m
T B Triassic
Zechstein - [

Diff Base Z
=c. 190 ms

Figure 11: Cross-border comparison of horizon models between offshore GER and NL in the southeastern
Entenschnabel in time (a) and depth (b) domain. (a) Differences in TWT are mainly the result of differences in
seismic stratigraphic concepts, raw data or structural interpretation. Concerning the GER/NL offshore border region,
major differences are visible for the Mesozoic to Paleozoic. (b) Differences observed in TWT interpretation may be
increased or decreased by time-depth conversion, depending on differences in the velocity model used for
conversion. Note increase in vertical difference in the Lower Triassic after depth conversion.
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Differences observed in TWT-interpretation may be increased or decreased by time-depth
conversion, depending on differences in the national velocity model used for conversion (Arfai
et al., 2014; Grol3, 1986; Japsen, 1993; van Dalfsen et al., 2006). Especially in the deeper
graben systems where the rock intervals are not supported by drilling data sometimes major
discrepancies across border can be observed (Figure 11). In addition to the above-mentioned
challenges, an essential step for the planned cross-border harmonization in WP3 will be
therefore the development of a transnational velocity model (see Appendix of Deliverable
D3.2).
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7 APPENDIX
7.1  Cross-border discrepancies of key horizons

In an initial phase of the project, TWT horizon grids of various model sources were provided
by the participating GSOs in order to identify possible cross-border discrepancies of existing
3D models. The observed cross-border discrepancies of this initial analysis are summarized
below for the defined key horizons (Figure 2).

7.1.1  Near Mid Miocene Unconformity

Horzon |\ o1 Mid Miocene Unconformity Horizon |,
name Nr.
Working .
area Entenschnabel region

Discrepancies and their possible reasons
(1) Misfits around 50 ms along the DE-DK border (bluish rectangles)
(2) Differences > 50 ms atop of salt structures crossing the borders (red squares)

Possible reason:
o Misfits due to difference in seismic horizon definition
o Differences in seismic data quality
0 Gridding issues
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Horizon . . . Horizon
hame Near Mid Miocene Unconformity NP 1
Working .
area Dutch-German border region

Discrepancies and their possible reasons

(1) generally good fit with minor bulk shift
(2) locally major differences, e.g. G+L-platforms (right zoom-in)
(3) Differences >50 ms atop of salt structures (left zoom-in)

Possible reason:
o Misfits due to difference in seismic horizon definition
o Differences in seismic data quality
0 Gridding issues
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7.1.2 Near base Cenozoic

Horizon . Horizon
name Near base Cenozoic N 2
Working .
area Entenschnabel region

Discrepancies and their possible reasons

(1) Differences > 50 ms atop of salt structures crossing the borders (red squares)

Possible reasons:
o Misfits due to difference in seismic horizon definition
o Differences in seismic data quality
0 Gridding issues
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Horizon . Horizon
name Near base Cenozoic N 2
Working Dutch-German border region
area

Discrepancies and their possible reasons

(1) generally good fit with minor bulk shift; NL grid higher roughness

(2) some vertical gaps of approx. 20 ms between grids (zoom-ins); vertical gaps, at
least in some locations, associated with interpretation of salt structures

Possible reasons:
0 Misfits due to difference in seismic horizon definition
o Differences in seismic data quality
0 Gridding issues
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7.1.3 Base Upper Cretaceous

Horizon .

name Base Upper Cretaceous Horizon Nr. 3
Working .

area Entenschnabel region

T

T T T :
- 1000 2000 2500 3000 Z(ms)

Discrepancies and their possible reasons

(1) Differences in time gids of 50-100 ms (bluish rectangles)

(2) Differences > 50 ms atop of salt structures crossing the borders (red squares)
(3) Gaps in (picks) or gridding artefacts (purple polygons)

(4) Gridding artefacts (Black squares)

Possible reasons:
o Misfits due to difference in seismic horizon definition
o Differences in seismic data quality
0 Gridding issues
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Horizon Horizon
hame Base Upper Cretaceous NF 3
Working Dutch-German border region
area

Discrepancies and their possible reasons

(1) some major differences in time of 50-100 ms (due to differences in interpreted
horizons / fault interpretation) in transition between Dutch Central Graben and
German Schillgrund-Hoch (left zoom-in)

(2) constant gap (approx. 10-20 ms) in southern part (NL Schillgrund & Ameland
Platforms, GER: G+L-Platform) (right zoom-in)
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7.1.4 Near base Lower Cretaceous
Horizon Horizon
name Near base Lower Cretaceous N 4
Working :
area Entenschnabel region
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Discrepancies and their possible reasons

General note: Good fit between DK and DE. Less well fit between DE and NL (issues
concerning definition of a "base Cretaceous” horizon (Wealden, Ryazanian, ...)).

(1) Trend of DE grid not well constrained due to low data density (
(2) Gridding artefacts (black square)
(3) Differences in structural picking concepts (red square)

(4) Differences in horizon definition (“Base Cretaceous” definition) (bluish rectangle).

Distribution pattern indicate
strong differences in NL, DE
and DK interpretation of the
Lower Cretaceous.

However, thickness maps
reveal that differences are
small, in most cases below
20ms.

Areas with very low thickness

in DK and NL correspond well

with regions of non-distribution
in GER.
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Horizon Horizon
name Near base Lower Cretaceous Nr. 4
Working Dutch-German border region
area

Discrepancies and their possible reasons

(1) Strong contrast in distribution of Lower Cretaceous strata in transition of Dutch
Central Graben and German Schillgrund High (red rectangle)

(2) “bulk shift” vertical gap (differences in picked seismic reflector?) (zoom-ins)
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7.1.5 Near base Upper Jurassic

Horizon : Horizon
name Near base Upper Jurassic N 5
Working .
area Entenschnabel region

| sebecton 13 pm 00 11,32

thickness Upper Jurassic 0-200 ms

no Upper Jurassic on NL side

\ thickness Upper Jurassic 0-200 ms
no Upper Jurassic on NL side

TWT thickness map (Upper Jurassic)

Discrepancies and their possible reasons

NW part of the working area:

No Upper Jurassic on DK and NL side, but up to 200ms TWT Upper Jurassic strata in
GER (see figure below). The distribution and thickness of Upper Jurassic strata in GER is,
however, evidenced by data from several wells.

SE part of the working area:

(1) Differences in structural trends on DK and GER sides. Differences of up to 600ms
TWT can be observed. Differences decreasing to the SE, where DK and GER likely
use the same data source (Fugro ES2002 3D-Survey). (greyish rectangle)
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(2) Area of high structural complexity, and decreasing seismic resolution along
Schillgrund / Coffee Soil Fault (red square)

(3) Differences in interpretational concepts. On GER side, region interpreted as
structural high, subjected by Upper Cretaceous inversion and erosion by deep
incision of Upper Jurassic strata and erosion of Lower Cretaceous to Upper
Jurassic strata. ( )

(4) Different structural gradients resulting in differences >100m; NL grids are based on
2D seismic data while GER grids are based on 3D seismic data (white rectangle)

Horizon : Horizon
name Near base Upper Jurassic Nr. 5
Working .
area Dutch-German border region

no Jurassic strata in the immediate vicinity of GER/NL border
and/or no data available for the southern North Sea

no Jurassic strata in the immediate vicinity of GER/NL border
and/or no data available southern North Sea

Discrepancies and their possible reasons

(1) No Jurassic strata in direct vicinity of the GER/NL border.

General note:

In the NW-part of the German North Sea (Horn Graben and its branches, southern
Schillgrund High, parts of the G+L-platform) parts of the youngest Upper Jurassic strata
might be preserved as in form of thin greensand-layers (as indicated by findings from some
wells). However, due to the similarities in lithology (greensands) of the Uppermost Jurassic
and Lowermost Cretaceous, these strata was not mapped as “Jurassic” but considered as
Lowermost Cretaceous “Wealden”.
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7.1.6 Near base Middle Jurassic

Horizon . . Horizon
name Near base Middle Jurassic NI 6
Working .
area Entenschnabel region

no data for DK

no data for NL

Discrepancies and
their possible reasons

p=.

\_) Upper Jurassic
Middle Jurassic
Lower Jurassic

GER well marker

Wells in the German part of working area show evidence of Middle Jurassic along the
border regions to DK and NL.
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Horizon . . Horizon
name Near base Middle Jurassic NI 6
Working

Dutch-German border region
area

no Jurassic strata in the immediate vicinity of GER/NL border
and/or no data available for the southern North Sea

no Jurassic strata in the immediate vicinity of GER/NL border
and/or no data available southern North Sea

.....

Discrepancies and

their possible reasons No Jurassic strata in direct vicinity of the GER/NL border.
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7.1.7 Near base Lower Jurassic

Horizon . Horizon
name Near base Lower Jurassic NI 7
Working .
area Entenschnabel region

2000 2500 3000 3500 Aoee A500

Discrepancies and their possible reasons

(1) Low (negative or near zero) thickness on DK side, non-distribution on GER side
(greyish rectangle)

(2) Different structural trends (purple rectangle)

(3) No Lower Jurassic on GER side interpreted due to deep incision of Upper Jurassic
in this region down to the Triassic (Keuper) (

(4) Decreasing seismic data quality in structural complex region near the Coffee Soil
Fault (black rectangle)

(5) Issues due to salt structure rim syncline interpretation and data quality issues (2D
on NL side vs. 3D on GER side) (bluish rectangle)

(6) Differences in structural trends. Differences due to different seismic stratigraphic
concepts? (GER top of reflector band; NL base on a reflector band, Altena
Group/Rhat problem?). (

(7) Decreased resolution of seismic data? GER grids are based on 3D seismic data
while NL grids are based on 2D seismic data ( )

)
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Horizon . Horizon
hame Near base Lower Jurassic Nr. 7
Working

Dutch-German border region
area

no Jurassic strata in the immediate vicinity of GER/NL border
and/or no data available for the southern North Sea

no Jurassic strata in the immediate vicinity of GER/NL border
and/or no data available southern North Sea

.....

Discrepancies and

their possible reasons No Jurassic strata in direct vicinity of the GER/NL border
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7.1.8 Base Lower Triassic

Horizon L Horizon
name Base Lower Triassic NI 8
Working .
area Entenschnabel region

2000 3000

Discrepancies and their possible reasons

(1) On GER side, no Lower Triassic strata (except inside Graben structures or as
highly isolated, residual deposits) due to Mid/Upper Jurassic and Upper Cretaceous
erosional events (oldest Upper Cretaceous in this region is Campanian-
Maastrichtian) ( )

(2) Lot of gridding artefacts, grid very rough in this region on DK side. The Base
Triassic is merged with the Top of salt structures in order to produce a closed
surface. As consequence, the top of salt-structure does not equal with “true” Lower
Triassic distribution ( )

(3) Only residual distribution of Lower Triassic in DE. Triassic is here capped by Mid-
Upper Jurassic erosional events (bluish rectangles)

(4) Generally good fit. Minor differences due to gridding artefacts on NL side? (white
rectangle)

(5) Differences in the structural gradient/trend (red square)
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Horizon L Horizon
hame Base Lower Triassic Nr. 8
Working Dutch-German border region
area

Discrepancies and their possible reasons

(1) bulk shift vertical gap (NL: Schillgrund & Ameland Platforms, GER: G+L Platform)
(right zoom-in)

(2) Strong contrast in distribution of Lower Triassic strata in transition of Dutch Central
Graben and German Schillgrund High (most issues related to salt structures) (left
zoom-in & red rectangles)
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7.1.9 Base Zechstein

Horizon . Horizon
name Base Zechstein NI 9
Working .
area Entenschnabel region

Discrepancies and their
possible reasons

Variable but mostly minor differences
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Horizon . Horizon
name Base Zechstein Nr. 9
Working

Dutch-German border region
area

Discrepancies and their possible reasons

(1) Variable but mostly minor differences (almost constant bulk shift along Schillgrund,
Ameland and G+L-Platforms. Most probably due to different reflectors used for
mapping)(right zoom-in)

(2) minor gaps probably due to differences in structural picking concepts (left &
middle zoom-in)
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Project TUNB —recent R&D work in the German North sector

Current research topics (Part 1: Subsurface potentials)
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Project TUNB North Sea - An overview of recent R&D work in the German North
Sea sector (part 1: Subsurface potentials)

Nils Bardenhagen®
*Federal Inslitute for Geosciences and Natural Resources (BGR]

Tieferer Untergrund Norddeutsches Becken

Introduction

Within the project ,.Subsurface potentials for storage and economic use in the
North German Basin® (german acronym TUNB), the Federal Institute for
Geosciences and Natural Resources (BGR) and the geological surveys of the
northern German federal states are developing a 3D model of the North
German Basin harmonised across the state borders.

Along with model construction, the BGR performes research and development
work in the German North Sea area. Here, we present an overview of the
current research topics in regard to the assessment of subsurface potentials for
storage and economic use

The presence of shallow amplitude anomalies in seismic reflection data are
likely due to the presence of gas. The most prominent and easy-to-recognize
indicators are high-amplitude anomalies, or “bright spots”, that are widespread
within the southern North Sea (Mller et al. in review).

0

Harizontal amplitude grid along a
bright spot horizon. The slice is
located at ~ 700 ms (TWT). High-
amplitude bright spots stick out of
the low-amplitude background.
The semicircle shape of the bright
spots is dus lo ihe separating NW-
SE trending faull and the structure
of the anticline. [ceberg scour
marks indicate an arctic paleo-
climate during sedimentation.
Seismic data courtesy of Winter-

Bl stiall Holding GmbH.

Structural data from the Entenschnabel (NW German North Sea) is used for
a 3D reconstruction of the burial and temperature history, source rock
maturity, and timing of hydrocarbon generation. The study is focused on the
Jurassic and Lower Carboniferous.

30 basin and petroleum system
modedling of the NW German North
Sea (Entenschnabsol) was
performed to reconsitruct the
thermal history, maturity and
petrofewm generation of potential
source rocks (Arfaiand Lutz 2017).

[ oo i eesani

T _j9n

Seismi : f ks in_the NW G North S
Potential source rocks like the Clay Deep Member, the Posidonia Shale
Formation and Visean coals were mapped in detail for the first time in the
German North Sea and integrated within the Petroleum model of Arfai and Lutz
(2017).

Distribution and maturity of
exemplary source rocks in ihe
German Central Graben.
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Frithjof A. Bense™*, Fabian Jahne-Klingberg®, Astrid Schaller”, Stephan Steuer’, Heidrun Stiick®, Marco Wolf, Simon Miiller’, Jashar Arfai’,
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Assessment of CO, storage potentials

The potentials for subsurface storage in the Central German North Sea are
assessed in a reconnaissance scale, investigating specific stratigraphic units
based on the standardised criteria lithology, spatial distribution and thickness.
By site screening, the most promising areas for CO, storage (“prospective
areas") are highlighted, while those that do not meet basic criteria are eliminated
from consideration. The study shall also provide data for future assessment
steps like site selection and initial characterisation as well as storage capacity
estimations (Bense & Jahne-Klingberg 2017).

Prospectivity:

x well

I bavier ok rckness 20 . delh = B0

B barier ock tickness < 20 m anelor mary ologies
depth < 400 m, uckness > 20 m

[ outing of GSN mosal

sxcluse stanonic zons (EEZ)

Depth, thickness and prospectivity of the Lower
Cretaceous barrier rock unit,

Detailed mapping and stratigraphic analysis of Triassic, Jurassic, Cretaceous
and Tertiary sedimentary successions is conducted.

SW-NE orienfed seismic
seclion striking subparaliel (o
the step faull system of the
western boundary of the Hom
=2 Graben. Note channe! sys-
tems of various scales and
stratigraphic position in the
Maastrichtian successions.
Seismic daia provided by
Maersk Qif, interpretation
from BGR.

Structural elements, such as tunnel valleys, polygonal fault systems, faults and
salt structures, may have high impact on barrier integrity, especially in regions
where these structures are in superposition to each other. There, they may form
network-like fluid pathways connecting deeper reservoirs and the seafloor.

Spalial superimpaosition of siruc-
tural elements, e.g. polygonal fault
systems, tunnel valleys, crestal
favits and mesozoic step fault
systems. When features are
structurally linked, fluid pathways
may be formed which have a high
impact on the barrier integrity of
geological seals.

Polygonal fault systems (PFS) are networks of layer-bound small normal faults,
mainly found in fine-grained sediments. In the Tertiary of the German North Sea,
PFS are widely developed, and of special significance concerning the barrier
integritiy of Quarternary and Tertiary clay formations.

3D pick showing the typical pattem of
polygonal faults in the central German
North Sga.

Poster presentation at the Joint Meeting of DGGV and DMG in Bremen (GeoBremen, September 24-29, 2017)
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Current research topics (Part 2: Fundamental research)

Nils Bardenhagen®

Tieferer Untergrund Norddeutsches Becken

Introduction

Within the framework of the TUNB project the BGR performes research and
development work in the German North Sea area. Here, we present an
overview of the current research in regard to fundamental research topics
concerning the structural and sedimentclogical development, style and
inventory of the German North Sea sector.

Int tati ) lisati f fault i salt struct
High-resolution seismic mapping of faults and salt structures not only
provide more detailed insights into the structural development of a region but
also the basis of consistently generalized structural models.

Generalised structural madel with tesselated fault surfaces.

Seismi loci felli
A seismic velocity model is necessary to calculate depth and thickness of
geological layers interpreted from seismic reflection images. Depth
conversion is also a way to remove the structural ambiguity inherent in time
interpretation.

High fatesal conlrasts in the
sy grarents of e model may
rosul in ariofacts in the

1 3 optimalifessiie usiocky 1z and
paramelers for each velnsly unil
{4,072

find the best fit of simplfisd
geomelries in the velccity-riodel
and conversion resuls

limitalions of the used
software solution nigh unceriainities in ine
time-dapih conversicn

below sall-struelur

only few conatrintz from walls
iata for dacp sodimentary units
{&.9. cemral par of the Hom Graben)

e
orin areas of inlense fullng

Cross-section thraugh the preliminary 30 velocity model of the German North Sea, illustrating soma of the main
challenges in regional velocity modelling and depth conversion.

Cross-border harmonisation

Cross-border harmonisation of stratigraphy, seismic interpretation, velocity

models and modelling workflows.

1000 GER NL 1000
ms

ms

- GER NL
a.: vertical difference b.: vertical differance
of horizons across

DINL offshors barder

in Time (TWT) s

2000

2000
ms ms

Ditf Base
Uppas jurasse v
=1s3ms

3000
ms

Diff Base jurssic yis] — — — _ | fmamn
= 193ms

so00)

_ 4000
i ms

B

Diff Bas6 £ o« —
=c 180ms

Cross-border comparison of horizen models between offshore GER and NL in the southeastem Entenschnabel in
time (a) and depth (b) domain. (a) Differances in TWT are mainly the result of differences in seismo-stratigraphic
concepts, raw data or structural interpretation. Conceming the GER/NL offshore barder region, majar differences
are visible for the iesozoic to Palsozoic. (b) Difierences observed in TWT interpretation may be increased or

by time-depth conversion, i i in the velocity model used for conversion. Note
increase in verfical dif in the Lower Tri i

n
-depth
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: H .
The analysis of subsidence through time provide insights into basin dynamics
and may allow conclusions on associated geodynamic processes.

Depth [m]

o]

£ 1 a

i
Age Ma]
Burial history from & point location in the Central Graben and depth map of the base Quatemary in the North Sea
area. highlighting the Quartamary subsidence anomaiy.

M ic rif
Mesozoic rift structures (e.g. southern Central Graben, Horn Graben) played
a major role in the structural development of the German North Sea region.
Especially structural and kineamtic modelling may provide valuable

information for the general understanding of this region.
Early Upper Cretaceous

Preﬁm/nary ma:leﬂmg resuits for the rel
(eastern Central Graben)

af inversion Fault

along the

Rotli { hal r
Investigation of the timing, spatial distribution and mechanisms of halo-
tectonic deformation of Late Rotliegend sedimentary successions in the

central and southern German North Sea.
T

Triassic salt diapir at the eastern flank of the Hom
Graban. The Zechstain and Upper Rotlisgend
farmations show strong thickness variations
across the salt siructure.
The extend of Rolliegend diapirism is generaliy
masked by sfrong lateral changes in the sefsmic
» velocity (between evaporites of the salt diapir and
P cisein surrouring sediments), Gausing e.g. velocity pull
ups.

Mapping of the spatial distribution and investigation of the evolution of
sedimentary features (e.g. erosional valleys) visible in seismic data.

Seismic sestion showing erosianal
feafures along the base of the Middie
Tnassic Stutigart Formation. Erosional
structures within the Stuttgart
Formation are super-imposed by later
deformation events and a strong late
Jirrassic - early Crotaseous erosional
event. Backstripping fo the stago Early
Siutigari highlights the former geo-
channel - matry of erosional valleys of different
generation Il o bions,
st
e

Grabfeld Fm. ‘generation |

To handle heterogeneous, multi-age and multi-survey seismic, well and
interpretation data, proper data processing and 3D modelling workflows are
required. For example, the ubiquitous use of seismic interpretation software
require the vectorisation of numerous printed paper seismic lines into SEG-Y
files.

Poster presentation at the Joint Meeting of DGGV and DMG in Bremen (GeoBremen, September 24-29, 2017)
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