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Abstract

Numerical 3D basin modeling is used to reconstruct the burial and temperature histories in onshore northeastern Netherlands,
incorporating the four main geological structural elements Groningen Platform, Lauwerszee Trough, Friesland Platform, and
Lower Saxony Basin. The structural framework is based on recently published open access depth surface data; public tem-
perature and vitrinite reflectance data from 28 wells are used to evaluate burial and temperature histories. Four modeled burial
histories and the maturity evolution of the structural elements are presented. The hydrocarbon generation in major source
rock intervals in the Carboniferous, Jurassic, and Cretaceous is simulated using recently published kinetic and literature data.
Modeling results indicate highest present-day temperatures and maturities of the Paleozoic sedimentary succession in the
Lauwerszee Trough and the Lower Saxony Basin, where the deepest burial occurred. Two major phases of deep burial and
subsequent uplift occurred in Carboniferous to Permian times and from the Triassic to the Jurassic. Both intervals strongly
influenced the maturation and transformation of kerogen from Paleozoic source rocks. The highest modeled maturities of the
Mesozoic groups are observed in depressions between salt diapirs in the Lower Saxony Basin. Out of the two major source
rock intervals within the Mesozoic, the Cretaceous Wealden Shale generated hydrocarbons from Late Cretaceous times.

Keywords Sedimentary basin dynamics - Basin and petroleum system modeling - Vitrinite reflectance - Seismic
interpretation - Central European Basin System - Northeastern Netherlands

Introduction

The northeastern part of the onshore Netherlands hosts some
of the most important hydrocarbon accumulations in conti-
nental Europe including the giant Groningen gas field. For a
better understanding of the formation mechanisms of these
hydrocarbon accumulations, it is essential to reconstruct the
burial history and maturity evolution of the sedimentary
succession and the timing of hydrocarbon generation from
Paleozoic and Mesozoic source rocks. This can be achieved
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using numerical models to reconstruct the thermal evolution
of a sedimentary basin, which depends to a large extent on
the subsidence and paleo heat flow history. A few large-
scale numerical models were published in recent years that
studied the structural history, the thermal evolution, and the
petroleum systems of the Netherlands and adjacent areas.
Nelskamp (2011) published various numerical 1D basin
and petroleum systems models (BPSM) and a 2D model
along a cross-section across the Netherlands extending from
the London Brabant Massif in the southwest to the Dutch
Lower Saxony Basin in the northeast. For calibration of
these models, constant heat flow values of 55 and 65 mW/
m? and up to five erosional events were applied (Paleozoic
and younger; Nelskamp 2011). Large-scale 3D models cov-
ering even larger areas of the Central European Basin Sys-
tem (CEBS) were published, e.g. by Schroot et al. (2006),
Uffmann and Littke (2011), Bruns et al. (2013), Bruns et al.
(2016), Mohnhoff et al. (2016) and Sachse and Littke (2018).
A 3D petroleum system model of the North German Basin
was created by Uffmann and Littke (2011), using various
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paleo heat flow trends that included elevated heat flow val-
ues related to extensional tectonics in Early Permian times
and in Jurassic times for the rift basins. Bruns et al. (2016)
used an additional heat flow scenario based on the approach
by Van Wees et al. (2000) and Van Wees et al. (2009), taking
into account the thermal effect of rapid inversion and uplift
in their large-scale 3D model covering Northern Germany
and the Netherlands; both scenarios showed differences in
the amount of eroded sediments needed for calibration.
This study aims to complement previous studies and pro-
vide a detailed regional overview of the burial, temperature,
and maturity history of important structural elements of the
NE Netherlands as well as the present-day temperature and
maturity of the sedimentary succession. The petroleum sys-
tems within the study area were analyzed and the amount
and timing of petroleum generation of Paleozoic and Meso-
zoic source rocks were assessed in detail using 3D basin
modeling. The different burial and heat flow histories of
basin and platform areas are compared and analyzed. Seis-
mic reflection data were used to identify five unconformities
related to major erosion events; these data were implemented
in the 3D petroleum systems model. 3D seismic interpreta-
tion and basin modeling approaches were combined with
depth maps from the Digital Geological Model-deep v5
(TNO-GSN 2020a), the SCAN 2D project (TNO-GSN
2020b), and Maystrenko et al. (2020); stratigraphic and
well information from the DINOloket database (TNO-GSN
2020c), new kinetic data of two major source rocks (Car-
boniferous, Wealden) in the area (Froidl et al. 2020a, b);
and information from previous studies on the regional geol-
ogy (TNO-NITG 2004; Schroot et al. 2006; Nelskamp 2011;
Groetsch et al. 2011; Bouroullec et al. 2019). A 3D model
was built integrating numerical 1D simulations at 28 well
locations, including distinct erosional intervals interpreted
from truncation surfaces on seismic-reflection and well data.

Geology of the study area

The subsurface of the northeast of the Netherlands was influ-
enced by major tectonic events from Paleozoic times until
the present-day, including the formation and later breaking
apart of the super continent Pangea as well as the Alpine col-
lision (De Jager 2003). The Central European Basin System
(CEBS), a large-scale structure comprising the Northern and
Southern Permian Basin, is superimposed on the Westphal-
ian foreland basin (Maystrenko et al. 2008).

The studied area covers the following regional structural
elements (Fig. 1a): Lower Saxony Basin (LSB), Friesland
Platform (FP), Dalfsen High (DH), Lauwerszee Trough
(LT), and the Groningen Platform (GP), which are located
at the southern margin of the Southern Permian Basin (SPB)
(Kombrink et al. 2012). These structures were formed during
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Mesozoic Kimmerian rifting (De Jager 2007; Kley et al.
2008). The underlying NW-SE structural trend originates
from the Caledonian orogeny (Silurian to Devonian; De
Jager 2003). According to the definition of Duin et al. (2006)
and Kombrink et al. (2012), platforms and highs in the Neth-
erlands are in contrast to basins or troughs characterized
by significant Late Jurassic erosion down to Carboniferous
or Triassic units (Fig. 1b). Salt occurs widespread through-
out the study area in salt pillows, salt walls, and salt domes
(Fig. 1b). Salt bodies often have elongated shapes with a
predominant N—S orientation, are mostly related to sub-salt
faults and intersections of faults, and formed during the dis-
integration of the SPB in the Triassic to Jurassic (Geluk
et al. 2007; Scheck-Wenderoth et al. 2008).

During the Early Carboniferous, sedimentation was char-
acterized by carbonate deposition, whereas in the Namurian,
an increasing influx of siliciclastic material came from the
Fennoscandian Shield and Variscides in the north and south,
respectively (Fig. 2; Collinson 2005; Kombrink 2008). Bitu-
minous shales of the Geverik Member, which might act as
source rocks in parts of the Netherlands, were deposited in
the Early Namurian (Schroot et al. 2006).

A coastal plain with swamps in a tropical climate pre-
vailed during the Westphalian leading to the deposition of
peat and siliciclastic sediments in rivers and deltas (Fig. 2;
Littke 1985; Maystrenko et al. 2008). Sediments of Namu-
rian and Westphalian age belong in the study area to the
Limburg Group (Fig. 2) and reach a thickness of up to
5.5 km in the Netherlands (Van Buggenum and den Hartog
Jager 2007; Nelskamp 2011). Late Westphalian and Stepha-
nian deposits are only preserved in the Lower Saxony Basin
(Fig. 2; Van Buggenum and den Hartog Jager 2007; Gro-
etsch et al. 2011).

Late Carboniferous and Early Permian thermal uplift
led to deep erosion accompanied by intrusive and extrusive
magmatism (De Jager 2007). Transtensional movements
formed pull-apart basins with restricted sedimentation
of fluvial and aeolian sediments of the Rotliegend Group
(McCann et al. 2006; Bachmann et al. 2008; Mijnlieff and
Geluk 2011; Strozyk et al. 2017). Extension, regional ther-
mal subsidence, and a transgression and subsequent flooding
of low-lying Rotliegend basins introduced marine conditions
in the area of the Netherlands at the base of the Zechstein.
A later incremental marine regression led to the deposition
of the Zechstein salt sequences, out of which five evapor-
itic cycles are present in the Netherlands with an upward
decreasing marine influence that show a more playa-type
depositional setting (Bachmann et al. 2008; Strozyk et al.
2017).

Four extensional tectonic phases, the Hardegsen, Early
Kimmerian, Mid Kimmerian, and Late Kimmerian are
related to the break-up of Pangea and the subdivision of
the SPB into several fault-bounded sub-basins between
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Fig.1 a Major structural elements in the northeastern part of the
onshore Netherlands including main platforms, highs, troughs and
basins and location of the cross section und position of the study area
in Central Europe (modified from Kombrink et al. 2012). Location
of interpreted seismic lines is indicated with dotted red lines. b N-S
cross section with major structural elements such as the platforms,
the basin and the general stratigraphy, and elevated salt structures

the Triassic and the Cretaceous (Geluk 2007; Stollhofen
et al. 2008; Nelskamp 2011). During two of these exten-
sional phases, Hardegsen and Early Kimmerian, Zechstein
salt became mobile (Geluk 2007; Strozyk et al. 2017). The
Variscan mountain belt in the south acted as the main source
of clastic sediments until the Middle Triassic (Geluk 2007).

across the study area based on DGM-Deep v5 and SCAN2D depth
maps (TNO-GSN 2020a, b) (N North Sea Group, CK Chalk Group,
KN Rijnland Group, SK Niedersachsen Group, AT Altena Group, RB—
RN Upper and Lower Germanic Trias Group, ZE Zechstein Group,
RO Rotliegend Group, DC Limburg Group, CL Carboniferous Lime-
stone Group, Basement Pre-Carboniferous basement). Location of the
cross section illustrated in a (solid red line)

Late Triassic coastal-plain to marine clastic sediments,
sourced by an uplift of Fennoscandia to the north, are in the
Netherlands only preserved in subsequently formed Jurassic
rift basins (De Jager 2007; Geluk 2007).

A marine transgression resulted in the deposition of fine-
grained clastic sediments of the Altena Group in the Early
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Fig.2 Chronostratigraphic chart with major tectonic events, litholo-
gies and presence of main sedimentary units within the study area
according to the general stratigraphic nomenclature of the Nether-
lands and stratigraphic subdivision of the Carboniferous in the north-
western Netherlands (Nam and RGD 1980; Van Adrichem Boogaert
and Kouwe 1994; TNO-NITG 2004; Van Buggenum and den Har-
tog Jager 2007; Wong et al. 2007; TNO-GSN 2020c). Unconformi-
ties identified on seismic reflection data and implemented in the 3D
model are highlighted. Major source rock intervals are listed in a sep-

Jurassic (De Jager 2007; Wong 2007). An organic-rich shale
that acts as one of the major source rocks in the CEBS, the
Posidonia Shale, was deposited in Toarcian times (Song
et al. 2017). In the Late Jurassic, extension related to the
crustal separation in the Central Atlantic led to the formation
of graben structures such as the Lower Saxony Basin with
restricted syn-rift sedimentation and the uplift of adjacent
graben shoulders (e.g. Groningen Platform) that were partly
eroded and acted as the main clastic sediment source for the
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arate column. Stratigraphic subdivision of the Silesian in the Neth-
erlands modified from van Buggenum and den Hartog Jager (2007).
NU Upper North Sea Group, NM Middle North Sea Group, NL Lower
North Sea Group, CK Chalk Group (CKGR Ommelanden Forma-
tion, CKTX Texel Formation); KN Rijnland Group, SK Niedersach-
sen Group, AT Altena Group, RB Upper Germanic Trias Group, RN
Lower Germanic Trias Group, ZE Zechstein Group, RO Rotliegend
Group, DC Limburg Group, CL Carboniferous Limestone Group

adjacent basins (Wong 2007; Bachmann et al. 2008). This
configuration of basins and highs persisted into the Early
Cretaceous. Upper Jurassic sedimentation was primarily
limited to the basins, on structural highs an unconformity
with an estimated hiatus of locally more than 20 Ma can be
observed, referred to as the Mid Kimmerian Unconformity
(Wong 2007). The Late Kimmerian Unconformity, which
can be traced over the whole study area, is interpreted to
record a sea-level lowstand in the Early Cretaceous (Rawson
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and Riley 1982; De Jager 2007). According to Groetsch et al.
(2011), it remains unclear to what extent the Groningen area
acted as a high during the Kimmerian extensional phase as
Jurassic sediments are absent.

In the Early Cretaceous, extensional tectonics ceased.
Regional subsidence accompanied by a major transgression
initiated the deposition of sediments, at first, restricted to
the basins and by Aptian times region-wide on pre-existing
highs and platforms (Herngreen and Wong 2007; Groetsch
et al. 2011). Deepwater carbonates of the Chalk Group were
deposited throughout the Late Cretaceous (Herngreen and
Wong 2007). The convergence of Europe, Africa and Ibe-
ria during the Late Cretaceous marked the beginning of
the Alpine orogeny (Kley 2018). The Alpine orogeny and
contemporaneous extension in the Atlantic Ocean initiated
inversion of Mesozoic extensional basins in several pulses,
including the Sub-Hercynian (Late Cretaceous), the Lara-
mide (Paleocene), the Pyrenean (Eocene), and the Savian in
the Oligocene (De Jager 2007; Bachmann et al. 2008). The
presence or absence of Zechstein salt had a strong influence
on how the inversion affected different parts of the Nether-
lands (De Jager 2007).

During the Cenozoic, predominantly siliciclastic sedi-
ments were deposited and several unconformities occur,
attributed to sea-level changes or tectonic movements (Wong
et al. 2007; Nelskamp 2011). The Quaternary is character-
ized by a strong increase in sedimentation rates (De Gans
2007). The occurrence of glacial and interglacial periods
lead to a large variety of depositional systems (Nelskamp
2011). During two glacial periods, the Elsterian and Saal-
ian, ice sheets were advancing onto the Netherlands (Ehlers
et al. 2018).

Petroleum systems

There is a variety of active petroleum systems in the CEBS,
out of which the Paleozoic and Mesozoic systems contribute
most to the discovered hydrocarbons volumes in the CEBS
(Maystrenko et al. 2008; Doornenbal et al. 2019). Major
hydrocarbon discoveries in the NE Netherlands are the giant
Groningen gas field (largest gas field in the CEBS) and the
Schoonebeek oil field at the Dutch-German border in Dren-
the (Geluk et al. 2009; Groetsch et al. 2011).

Coal-bearing Late Carboniferous sediments, assigned to
the Limburg Group, are the main source rocks for the Paleo-
zoic petroleum system (Fig. 2). The amount of coal varies
in each subgroup of the Limburg Group, but is proposed to
be highest in the Caumer Subgroup; it ranges overall from
0.1 to 5% (van Buggenum and den Hartog Jager 2007; Nel-
skamp 2011) and is thus somewhat lower than in the Ruhr
Basin further south (Scheidt and Littke 1989), where this
sequence is well exposed. Marine basal Namurian organic-
rich shales are discussed to have contributed to high nitrogen

contents (Krooss et al. 2008; Groetsch et al. 2011). Nitrogen
contents in natural gas accumulations vary across the CEBS
with regional trends depending on the maximum burial of
Carboniferous source rocks (Maystrenko et al. 2008). In the
northern and eastern part of the CEBS, nitrogen contents of
up to 90% are found in natural gas accumulations (Krooss
et al. 2008). The bulk of hydrocarbons discovered in the
Netherlands originates from this Paleozoic petroleum sys-
tem. The giant Groningen field, which accounts for two-
thirds of recoverable natural gas reserves in the Netherlands,
is produced from Rotliegend sandstones, mainly sourced by
Carboniferous coals and dispersed kerogen (Jasper et al.
2009); the seal is formed by Zechstein salt (De Jager and
Geluk 2007; Groetsch et al. 2011). This gas play is by far
the most important one, but additional gas accumulations
are found in Carboniferous and Triassic sandstones, Zech-
stein carbonates, and fluviomarine Jurassic and Cretaceous
reservoirs (Rondeel et al. 1996).

In contrast to predominantly gas-bearing source rocks of
the Paleozoic, the most important Mesozoic source rocks
in the NE Netherlands are oil-prone (De Jager and Geluk
2007). This includes the marine Toarcian Posidonia shale,
which, in the study area, only occurs in the Lower Saxony
Basin at the border to Germany and the Beriassian lacustrine
Coevorden Formation, known as the Wealden Shale (Littke
et al. 1991; Di Primio et al. 2008; Rippen et al. 2013; Bruns
et al. 2016; Froidl et al. 2020b). Oil accumulations are lim-
ited to Late Jurassic rift basins, in which e.g. the Wealden
shale is discussed to have sourced the large Schoonebeek oil
field (De Jager and Geluk 2007; Nelskamp 2011).

Methods
Input

The 3D basin model (extent on Fig. 3) is based on 13 depth
maps from the Digital Geological Model-deep v5 (DGM-
deep), which is a regional subsurface model of the Nether-
lands, released in January 2020 (TNO-GSN 2020a). It has
a spatial resolution of 250 X 250 m and reaches down to the
base of the Upper Carboniferous Caumer Subgroup. Two
additional depth maps with a grid resolution of 250 X250 m
from the SCAN 2D project (TNO-GSN 2020b), which aims
to study the geothermal heat potential of the Carboniferous
Limestone Group (Dinantian) in the Netherlands released
by TNO in November 2019, were used to complement the
stratigraphic succession down to the base of the Lower Car-
boniferous. Nine thickness maps of the main Paleozoic and
Mesozoic sedimentary units were created from the geologi-
cal subsurface model DGM Deep v5 (TNO-GSN 2020a) and
the SCAN 2D project (TNO-GSN 2020b) and are illustrated
in Fig. 4. A surface representing the top crystalline basement

@ Springer
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from Maystrenko et al. (2020) with a horizontal grid spac-
ing of 4 km was added to distinguish pre-Carboniferous
sediments from the crystalline basement and account for
correct radiogenic heat production in the deep subsurface
(Scheck-Wenderoth and Maystrenko 2013). Well data used
in this project, including stratigraphic information, well
logs, temperature, vitrinite and pressure measurements, were
accessed from TNO’s public NLOG (http://www.nlog.nl)
and DINOLoket database (http://www.dinoloket.nl; TNO-
GSN 2020c¢). Out of this database, 28 wells were used to
calibrate the 3D model with respect to its burial and thermal
history (Fig. 3.).

Seismic-reflection data
Fifteen 3D seismic-reflection volumes in the study area
were provided by the Nederlandse Aardolie Maatschappij

b.v. (NAM) and TNO (Fig. 3). Key marker horizons, seismic
units and unconformities were identified based on seismic

@ Springer

reflector configurations. Unconformities indicating major
erosion phases were used in the modeling workflow.

PetroMod

The 1D models as well as the 3D basin model were built
using Schlumberger PetroMod® 2019. The modeling princi-
ples and the workflow in the software are described in detail
in Hantschel and Kauerauf (2009) and Peters et al. (2017).
A basin and petroleum systems model is a deterministic
forward model calculating the geological development of
an area as well as rock and fluid properties forward in time
(Hantschel and Kauerauf 2009). It is built using input data
such as present-day geological models, paleo geometries,
thermal boundary conditions and is calibrated to measured
parameters of a study area (Peters et al. 2017). The study
area is located in the northeast of the Netherlands, extend-
ing from the Dutch Frisian Islands in the northwest to the
Dutch—German border near Enschede in the east, covering
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Fig.4 Present-day thickness maps of main Paleozoic and Mesozoic
units (Fig. 2); Triassic: Lower and Upper Germanic Trias Groups;
Jurassic: Altena and Niedersachsen Group; Cretaecous: Rijnland
and Chalk Group. Triassic groups are missing in parts of the plat-

approximately 10,000 km? (Fig. 3). Thereby, the 3D models
maximum extent is around 150 km from north to south and
100 km from east to west. Cells have a size of 250250 m

forms, while Jurassic groups are just present in the basins; Permian:

Zechstein and Rotliegend Group; Carboniferous (Silesian): Limburg
Group

and the grid resolution of the 3D model is 1072 by 1280
cells. The 3D model comprises 21 stratigraphic units from
the crystalline basement to the Upper North Sea Group
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according to the general stratigraphic nomenclature of the
Netherlands (NAM and RGD 1980; Van Adrichem Boogaert
and Kouwe 1994; TNO-GSN 2020c). Lithologies have been
combined from TNO-NITG (2004), Wong et al. (2007), Nel-
skamp (2011) and TNO-GSN (2020c) and were assigned to
the model as shown in Table 1. Some layers, representing
major lithostratigraphic units such as the Paleogene to Neo-
gene North Sea Group (NS), the Cretaceous Chalk Group
(CK), and the Carboniferous Limburg Group (DC), were
further subdivided and refined to implement source rock
intervals and major erosions using well top markers across
the study area. Only major erosion events were implemented
into the 3D model, as shown in Table 1. The following five
events were identified on seismic and well data and assigned
to the model representing major regional erosions accord-
ing to De Jager (2007): Base-Permian (Permian); Late Kim-
merian (Triassic—Jurassic); Sub-Hercynian (Cretaceous);
Laramide (Paleogene); Pyrenean (Paleogene). Erosion maps
are based on the interpretation of the 1D calibration results
using vitrinite reflectance. Erosion amounts at well locations

were spatially interpolated using the built-in Laplace inter-
polation method in PetroMod. Due to the widespread pres-
ence of Zechstein Salt within the study area, the salt facies
piercing tool in PetroMod was used to approximate the effect
of salt diapirism on the stratigraphic succession. Phases of
major salt diapirism were set to the Late Triassic and the
Jurassic related to extensional tectonics according to Geluk
et al. (2007), Strozyk et al. (2014) and Strozyk et al. (2017).

Boundary conditions

The paleo basal heat flow as the lower thermal boundary
condition was set to 60 mW/m?, close to the average heat
flow in continental crust (Allen and Allen 2013) and close to
the average present-day heat flow in central Europe (Hurter
and Haenel 2002). Higher heat flows of up to 90 mW/m?
(Uffmann and Littke 2011) were applied for the Permian,
when intense volcanism took place in the area and for the
Late Jurassic to earliest Cretaceous phase of rifting in the
Lower Saxony Basin (up to 80 mW/m?; see Adriasola Munoz

Table 1 General input data for modelling of burial, temperature and erosion history of the 3D model

Layer Age (Ma) Event type Main lithology (fractions) Vertical thermal conductiv-
ity at 20°/100° (W/mK)
Upper North Sea Group (NU) 0-23 Deposition 50% Sand, 50% Shale 2.54/2.36
Middle North Sea Group (NM) 23-34 Deposition 60% Shale, 40% Sand 2.38/2.20
Pyrenean 34-36 Erosion - -
Lower North Sea Group (NL) 36-62 Deposition 75% Shale, 25% Sand 2.04/1.99
Laramide 62-68 Erosion - -
Ommelanden Formation (CKGR) 68-85 Deposition 75% Limestone, 25% Shale 2.58/2.38
Sub-Hercynian 85-90 Erosion - -
Texel Formation (CKTX) 90-98 Deposition 100% Chalk 2.9/2.62
Rijnland Group (KN) 98-141 Deposition 100% Shale 1.64/1.69
Coevorden Formation (SKCF) 141-143 Deposition 75% Shale, 25% Limestone 1.72/1.75
Weiteeven Formation (SKWF) 143-161 Deposition 75% Shale, 20% Salt, 10% Lime- 2.29/2.17
stone
Kimmerian 161-170 Erosion - -
Posidonia Shale Formation (ATPO) 170-190 Deposition 100% Shale 1.25/1.41
Altena Group (AT) 190-213 Deposition 75% Shale, 25% Silt 1.73/1.76
Upper Germanic Trias Group (RN) 213-240 Deposition 75% Shale, 25% Silt 1.73/1.76
Lower Germanic Trias Group (RB) 240-245 Deposition 34% Shale, 33% Silt, 33% Sand 2.36/2.22
Zechstein Group (ZE) 245-257 Deposition 100% Salt 6.5/5.25
Upper Rotliegend Group (RO) 257-289 Deposition 80% Sand, 20% Shale 3.31/2.92
Base-Permian 270-295 Erosion - -
Hunze Subgroup (DCH) 304-307 Deposition 57% Sand, 42% Shale, 1% Coal 2.66/2.44
Dinkel Subgroup (DCD) 307-311.5 Deposition 62% Shale, 35% Sand, 3% Coal 2.13/2.04
Caumer Subgroup (DCC) 311.5-319 Deposition 50% Shale, 45% Sand, 5% Coal 2.24/2.13
Geul Subgroup (DCG) 319-325 Deposition 85% Shale, 15% Sand 1.82/1.82
Carboniferous Limestone Group (CL) 325-357 Deposition 75% Limestone, 25% Shale 2.11/2.04
Pre-Carboniferous sedimentary basement 357-400 Deposition 60% Shale, 40% Sand 2.38/2.20
Crystalline basement 400415 Deposition 100% Granite 2.67/2.40
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et al. (2007)). Following these heat flow peaks, asymptoti-
cally declining heat flows back to “normal” over 50 million
years were applied following the reasoning of McKenzie
(1978). Present-day basal heat flows were calibrated accord-
ing to available temperature data from wells. The upper ther-
mal boundary condition consists of two elements, the pale-
owater depth and the sediment—water-interface-temperature
(SWIT). The paleowater depth was set according to TNO-
GSN (2020c). The SWIT was calculated using the built-in
PetroMod calculator including the paleowater depth history
and the paleogeographical latitude (Wygrala 1989). For this,
a present-day latitude of 52° N was set, representing the
northern Netherlands.

Calibration

Twenty-eight wells, for which borehole temperature and
vitrinite reflectance data are available, were calibrated as
1D models; the resulting burial, erosion and temperature
histories were used to build the 3D model. By comparing the
calculated temperatures and vitrinite reflectance values using
the Easy %R DL approach from Burnham et al. (2016) to
measured data, the thermal evolution and the burial history
of the well locations were reconstructed. The Easy %R DL
kinetic was used to calculate the vitrinite reflectance of bur-
ied layers and is regarded as an improvement to the Sweeney
and Burnham (1990) Easy %R, algorithm (Schenk et al.
2017; Froidl et al. 2020a). Vitrinite reflectance is calculated
for all layers, no matter whether they contain organic mat-
ter or not, but calibration can only be performed for layers
containing vitrinite.

Petroleum systems

Hydrocarbon generation kinetics were used to calculate
the petroleum generation and transformation ratio of Cre-
taceous, Jurassic, and Carboniferous source rock intervals.
Average thicknesses, thickness ranges, initial HI and TOC
values illustrated in Table 2 were assigned to major source
rock intervals (Bruns et al. 2016). A kerogen Type III kinetic
from Froidl et al. (2020a) was assigned to the Caumer Sub-
group (Fig. 5b; 250 mg HC/gTOC; 2% TOC), whereas the
Pepper and Corvi (1995) TII kinetic was selected for the
marine Posidonia Shale (550 mg HC/gTOC; 2% TOC). The

petroleum generation of the lacustrine Coevorden Forma-
tion (Fig. 5c; 700 mg HC/gTOC; 12% TOC), referred to as
Wealden Shale, was calculated using a kinetic from Froidl
et al. (2020b).

Results
Seismic interpretation

Thirteen marker horizons subdivide the 3D seismic-reflec-
tion data used in this study into 12 seismic units representing
the key stratigraphic units in the study area (NAM and RGD
1980; Van Adrichem Boogaert and Kouwe 1994; TNO-GSN
2020c).

The lowermost and oldest seismic unit corresponds geo-
logically to the upper part of the Limburg Group (Figs. 6,
7). This unit is characterized by low to medium amplitudes,
low frequencies, and low to medium continuous reflections
with locally dipping or rotated reflectors (Fig. 6a). There are
areas with irregular reflection patterns mainly attributed to
the poor seismic quality of this section. The units thickness
ranges from 1200 to > 5000 m (Fig. 4; TNO-GSN 2020a, b).
The overlying Rotliegend Group is present in the northern
half of the study area but only locally in the south with a
low thickness (Fig. 7a). The unit reaches a thickness of up
to 500 m in the north and thins towards the south (Fig. 4;
TNO-GSN 2020a). It features mostly medium amplitudes,
medium frequencies, and high continuity reflections with a
sub-parallel to parallel reflection pattern that is often off-
set by faults. In contrast, seismic reflectors of the Zechstein
Group range from low to medium frequencies, low ampli-
tudes, and overall low to medium continuities and complex
reflection patterns. A set of high amplitude and high conti-
nuity reflectors is present at the base and in the upper part
of the seismic unit. Figures 4, 6a and 7a show the highly
variable thickness of the unit (locally up to 3700 m; TNO-
GSN 2020a). The Lower Germanic Trias Group is charac-
terized by low amplitudes, medium to low frequencies, and
semi-continuous reflectors. It is lacking on large parts of
the Friesland Platform as well as the Groningen Platform
and locally across the study area, but can reach a thickness
of 1500 m in the northeast (Figs. 4, 6a; TNO-GSN 2020a).
In contrast to the underlying units, reflectors of the Upper

Table 2 Assigned source rock properties (Bruns et al. 2016) and kinetics used (Pepper and Corvi 1995; Froidl et al. 2020a, b)

Source rock Initial hydrocarbon index Initial total organic ~ Source rock Average thick-  Kinetic

(mgHc/gTOC) carbon (%) thickness (m) ness (m)
Coevorden Formation 700 12 0-300 12 Froidl et al. (2020b)
Posidonia Shale formation 550 2 0-390 2 Pepper and Corvi(1995)
Caumer Subgroup 250 2 100-2000 950 Froidl et al. (2020a)
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Fig.5 a General modeled basal heat flows in the platforms and basins
based on the McKenzie approach and according to Uffman and Littke
(2011) and Bruns et al. (2016). High basal heat flows are set to peri-
ods of rifting, in the Permian and Late Jurassic. b Kinetic model from

Germanic Trias Group can be identified by sets of high
amplitude reflectors and generally higher amplitudes as well
as higher continuity (Fig. 6a). This unit is just locally present
(Fig. 7a) and it overall thickens to the east with a maximum
of > 1850 m (Fig. 4; TNO-GSN 2020a). The Altena Group
features mostly low amplitudes, low frequencies but continu-
ous reflectors and is only present in the Jurassic basins with
a thickness of up to 550 m (Figs. 4, 6; TNO-GSN 2020a).
Figure 7a shows a set of high amplitude reflections with a
high continuity that is locally present in the upper part of the
Altena Group representing the Posidonia Shale formation
(ATPO). Like the Altena Group, the Niedersachsen Group
is only present in the basins. The reflections within this unit
are characterized by low to medium amplitudes, medium
frequencies, high continuities and parallel reflection patterns
(Fig. 7a). They are often truncated at the top and the unit

@ Springer

Froidl et al. (2020a) assigned to the Carboniferous source rock inter-
vals. ¢ Kinetic model from Froidl et al. (2020b) assigned to the Weal-
den Shale/Coevorden formation

reaches a maximum thickness of up to 1000 m (TNO-GSN
2020a) at the eastern boundary of the study area (Figs. 4,
6a). The Rijnland Group features continuous, medium to
high frequency, and medium to low amplitude reflectors with
a predominantly parallel reflection pattern in the upper part.
In contrast to the underlying Jurassic Groups, the Rijnland
Group is present across the study area (Fig. 4). It has a low
overall thickness of up to 150 m but locally increases up to
around 750 m (Fig. 4; TNO-GSN 2020a). Reflectors of the
Chalk Group are characterized by medium amplitudes and
sub-parallel to parallel reflector patterns. They are mostly
continuous with medium to high frequencies and truncated
at the boundary to the overlying layer (Fig. 6a). The thick-
ness of the unit is highest in the east with up to 1450 m but
it thins to the south as well as on top of elevated salt struc-
tures (Figs. 4, 7a). The Lower and Upper North Sea Group
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Fig.6 a NNW to E directed arbitrary line 1 (for location see Fig. 1)
extending from the Groningen Platform in the north to the Lower
Saxony Basin in the southeast showing the highly variable thickness
of the Zechstein Group as well as abundant sub-salt faults. The gen-
eral stratigraphy as illustrated in Fig. 2 and differences of the struc-

feature their greatest thickness in the north and thin to the
south, while the Middle North Sea Group is relatively thin
across the study area. Figure 7a shows continuous reflec-
tions of the Lower to Middle North Sea Group ranging from
low to high amplitudes with medium to high frequencies.
In contrast, reflectors of the Upper North Sea Group show
medium amplitudes and frequencies as well as medium to
high continuities and in places parallel to irregular reflector
patterns. Sigmoidal foresets are present in the north of the
Upper North Sea Group propagating to the northeast. The
thickness of the North Sea Group reaches 1750 m in the
north (TNO-GSN 2020a).

Five prominent unconformities were identified based on a
regional analysis of seismic-reflection terminations that were
implemented into the 3D BPSM model (Figs. 6b—d, 7b, c).
In the sub-salt section, the Base-Permian unconformity trun-
cates partly rotated parallel reflections of the Limburg Group
overlain by sub-horizontal parallel to sub-parallel reflections

tural units is shown, exemplarily the Jurassic sedimentary units that
are present in the Lower Saxony Basin and absent on the Groningen
Platform. Examples of identified unconformities are displayed in
detail below (b, ¢, and d); colors of sedimentary units refer to colors
used in the chronostratigraphic chart (Fig. 2)

of the Rotliegend Group (Figs. 6a, b, 7a). In areas where
the Rotliegend group is missing, reflections of the Limburg
Group are truncated along the Base-Permian unconformity
by reflectors of the Zechstein Group (Fig. 7a). The second
distinct unconformity, the Late Kimmerian unconformity,
characterizes the base of the Rijnland Group, with dipping
seismic-reflections overlain by relatively horizontal reflec-
tions (Figs. 6a, c, 7a). Within the Lower Saxony Basin,
where sediments of the Niedersachsen and Altena Group
are present, more unconformities related to the Kimmerian
tectonic phase can be observed down from the Altena Group
to the Upper Germanic Trias Group. The Altena Group is
completely absent outside the Jurassic basins, and succeed-
ing reflectors of the Rijnland Group unconformably overlie
reflectors in places down to the Zechstein Group (Figs. 6a,
7a). Reflector truncations in the lower part of the Chalk
Group relate to the Sub-Hercynian tectonic phase (Fig. 7b).
In contrast to the distinct Kimmerian and Base-Permian
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Friesland Platform
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Lower Saxony Basin SE
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Fig.7 a NW to SE directed arbitrary line 2 (for location see Fig. 1)
extending from the Friesland Platform in the west to the Lower Sax-
ony Basin in the east depicting the general stratigraphy as illustrated
in Fig. 2 and the presence of faults in the study area. Unconformities

unconformities, the Sub-Hercynian unconformity is in the
study area characterized by truncations of only low-angle
dipping reflector packages and in places difficult to observe
(Figs. 6a, 7a); however, this unconformity is more promi-
nent in the other areas such as the West and Central Nether-
lands Basin as a correlative conformity (Nelskamp 2011).
The basinwide Laramide unconformity separates the domi-
nantly horizontal reflections of the North Sea Group from
partly inclined reflectors of the Chalk Group (Fig. 7a). This
bounding surface is in most places characterized by a strong
impedance contrast due to lithological changes from the
carbonate dominated Chalk Group to the siliciclastic North
Sea Groups and in some locations by truncations of dipping
reflectors of the uppermost Chalk Group (Fig. 6d). In the
uppermost North Sea Group, a couple of localized reflec-
tion truncations are present, predominantly at the boundaries
of the seismic units (Figs. 6a, 7a). The most prominent of
these is located at the base of the Middle North Sea Group,
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are present throughout the stratigraphic column. Examples of identi-
fied unconformities are displayed in detail below (b, ¢); colors of
sedimentary units refer to colors used in the chronostratigraphic chart
(Fig. 2)

identified as the Pyrenean erosional event (Figs. 6a, 7a, c).
In places, an underlying package of low-angle dipping paral-
lel reflectors with high amplitudes are truncated (Fig. 7c).

Basin modeling

The identification of major unconformities on seismic-
reflection data (Figs. 6, 7) and calibration of 28 wells
(Fig. 3) resulted in 5 erosional thickness maps that were
implemented into the 3D BPSM model (Fig. 8). Wells on the
Groningen and Friesland Platform show two major phases of
erosion followed by periods of strong subsidence (Figs. 9a,
b). Major erosion is observed during the Permian and dur-
ing the Late Jurassic times. Late Cretaceous, Paleogene, and
Oligocene erosions contribute little to the overall amount
of erosion. Paleozoic sediments on most of the Groningen
and Friesland platforms experienced maximum burial before
Jurassic erosion. In the northern part of the platforms, the
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Fig.8 Amount of erosion in five erosion events including the Pyr-
enean (36-34 Ma), Laramide (66-62 Ma), Sub-Hercynian (89—
85 Ma), Kimmerian (170-150 Ma) and Base-Permian (290-270 Ma).
Maps are based on calibrated 1D simulations on well locations and

maximum burial of Paleozoic rocks is at present-day due
to still ongoing strong sedimentation initiated in Late Cre-
taceous times. The Lauwerszee Trough (see Fig. 1) has a
quite similar burial history compared to the surrounding
platforms from Mesozoic times on, but the present-day
burial of Paleozoic sediments is deeper. Compared to the
platforms, the basins in the study area were just mildly
inverted during the Kimmerian tectonic phase, and Jurassic
sediments were partly preserved (Fig. 9c, d). The amount of
Base-Permian erosion of Carboniferous sediments during
the Permian decreases to the southeast and is overall lower
than on the platforms in the north. Because of limited Juras-
sic erosion, the deepest burial of Paleozoic sediments in the
Dutch Lower Saxony Basin is at the present-day. In contrast,
the Lower Saxony basin in the most southeastern part of the
study area is characterized by a comparatively thin Cenozoic
succession (Fig. 9c). There, the Carboniferous succession

extrapolated to the study area. Boundaries of structural elements and
location of wells is indicated as dotted lines and dots (see Figs. 1 and
3)

experienced the deepest burial in the Cretaceous related to
Sub-Hercynian erosion.

Figure 10a, b shows a fit of the modeled present-day
temperatures with the available temperature data of wells
in the study area. Modeled present-day temperatures at the
top Carboniferous, representing the top of the major source
rock interval in the study area, are highest in the north of the
Lauwerszee Trough and the east of the Lower Saxony Basin
(Fig. 9) with temperatures of up to 160 °C, respectively.
Minimum present-day temperatures of approximately 55 °C
are modeled in the south of the study area, where the top
Carboniferous is buried to a depth of 1200 m at present-day.
Paleozoic sediments on the platforms, in the Lower Saxony
Basin, and the Lauwerszee Trough experienced maximum
temperatures in the Jurassic before Kimmerian erosion and
in some locations at the present-day. In the southern part of
the study area, maximum temperatures were either reached
during Permian or Jurassic times due to elevated heat flows
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Fig.9 Burial history with temperature overlay and 50 °C, 100 °C,
150 °C, 200 °C, 250 °C, and 300 °C isotherms of 1D extractions near
the wells AKM-02 on the Friesland Platform (a), ROT-01-S1 on the

and simultaneously deep burial (Fig. 9). The Mesozoic suc-
cession experienced the highest temperatures in the Late
Eocene and in some areas before the Laramide erosion in the
Paleogene (Fig. 9). Maximum modeled present-day tempera-
tures of the Jurassic Altena Group (AT) and the Cretaceous
Niedersachsen Group (SK) of around 95 °C are calculated in
troughs between salt walls and diapirs in the Lower Saxony
Basin. Present-day surface heat flows are elevated in the
vicinity of salt walls and domes due to their high thermal
conductivity; this mainly occurs in the east and north of the
study area.

Wells with available vitrinite reflectance data were cali-
brated to assess the effect of subsidence, inversion, and
paleo-heat flow on the stratigraphic succession across the
study area. Modeled present-day maturities at the well loca-
tions fit to the vitrinite reflectance data (Fig. 10c-i). In the
north, for example in the vicinity of the well USQ-01, the
maturity of Paleozoic sediments slightly started to increase
again in the Cenozoic due to strong sedimentation from
Cretaceous times (Fig. 11). In contrast, most other wells in
the Lauwerszee Trough and on the platforms show the lat-
est increase in maturity before Kimmerian uplift (Fig. 11).
In most parts of the Lower Saxony Basin, the increase in
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maturity ceased during Jurassic erosion but continued from
Late Cretaceous times to the present day (Fig. 11). Fig-
ure 12 shows highest present-day maturities at the top of
the Carboniferous in the Dutch Lower Saxony Basin and the
Lauwerszee Trough with modeled maturities up to 3.5 %R,,.
Westphalian sediments with lowest maturities down to
0.6 %R, are calculated on the Friesland Platform and in the
southernmost part of the study area (Fig. 12). On the Gron-
ingen Platform and the Lauwerszee Trough, the petroleum
generation of Westphalian coals peaked during the Jurassic,
was halted during the Kimmerian inversion, and resumed
in areas with sufficient sedimentation and subsidence from
Late Cretaceous times. Due to the deeper burial of Paleo-
zoic sediments, petroleum generation in the Lauwerszee
Trough is more advanced in comparison to the surrounding
platforms as shown in Fig. 13. The hydrocarbon generation
history of Westphalian coals on the Friesland Platform is
similar, but present-day transformation ratios are lower. In
basins that did not experience such a severe uplift in Juras-
sic times compared to the platforms, hydrocarbon genera-
tion continued during the Jurassic to Cretaceous times due
to subsequent subsidence. Throughout the study area, the
highest present-day transformation ratios are observed in
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Fig. 10 Calculated present-day temperatures with corrected tempera-
ture measurements (a, b) and present-day maturity calibrations using
Easy %R DL with vitrinite reflectance data (c-1) of 1D extractions
near selected wells on the Groningen Platform (TJM-02-S1, ROT-
01-S1, USQ-01), the Friesland Platform (CLD-01, AKM-02, NSL-

areas with limited Base-Permian and Kimmerian erosion in
the east (Fig. 13) and the partial presence of Stephanian and
Jurassic sediments.

Jurassic and Cretaceous source rocks are only preserved
in the basins and have low overall calculated present-day
maturities. The Posidonia Shale, only locally present,
has highest modeled present-day maturities of 0.55 %R,
and only shows negligible transformation ratios of up to
1% (Fig. 14a). Highest temperature is observed during
Paleogene times, while the strongest increase in maturity
of the Posidonia Shale is calculated from the Cretaceous
to the Paleogene. In contrast to the Posidonia Shale that

01), the Lauwerszee Trough (NOR-01) and in the basins (COV-10,
DEW-05, LUT-06) as shown in Fig. 3. Dots and crosses show availa-
ble temperature and vitrinite calibration data with assigned error mar-
gins of 10 °C for corrected temperature data from Bonte et al. (2012)
and min/max margins for vitrinite reflectance measurements

is preserved in most parts of the Dutch LSB, the Wealden
Shale is in parts early oil mature with modeled maturities
of up to 0.57 %R, in troughs between salt walls and domes.
Petroleum generation of the Wealden Shale is limited to such
troughs, in which transformation ratios of up to 7.5% are
calculated (Fig. 14b). A strong maturity increase and the
start of the petroleum generation is calculated in the Late
Cretaceous related to strong sedimentation and subsequent
subsidence. The highest temperature was reached prior to
Pyrenean erosion during the Eocene.
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Fig. 11 Maturity (Easy %R DL)
and temperature evolution

at the top of the Limburg

Group (DC), comprising the
main source rock intervals, on
different structural elements.
Well NSL-01 is located on the
Friesland Platform and well
USQ-01 on the Groningen
Platform showing the general
trend on platforms, well NOR-
01 is situated in the Lauwerszee
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Fig. 12 Calculated present-day maturity map at the top of the Car-
boniferous succession using Easy %R DL. Main structures are out-
lined with black solid lines

Discussion

Four important assumptions have been made which reflect
the uncertainty in the large-scale basin model, presented:

First, the structural element Dalfsen High, located in the
southwest of the study area (Fig. 1), is treated as a platform
like the surrounding Friesland Platform for the temperature
and maturity history modeling. However, it should be noted
that there are no vitrinite reflectance data in this rather small
area (Kombrink et al. 2012).
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Fig. 13 Calculated present-day transformation ratio map at the top of
the Caumer Subgroup comprising the major Westphalian coal succes-
sion using a kinetic from Froidl et al. (2020a). Main structures are
outlined with black solid lines

Second, the Carboniferous succession was subdivided
using well picks from 14 wells that penetrated parts of the
Carboniferous succession across the study area. The Caumer
Subgroup comprises the Maurits, Ruurlo and Baarlo forma-
tions, deposited in the Westphalian A to Early Westphal-
ian C, with coal seams therein forming the most impor-
tant source rock. The thickness of the Caumer Subgroup
ranges from 1000 to 2000 m in the Lower Saxony Basin, the
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Fig. 14 a Calculated present-day transformation ratio maps at the top
of the Posidonia Shale using a kinetic from Pepper and Corvi (1995).
b Calculated present-day transformation ratio maps at the top of the
Wealden Shale using a kinetics from Froidl et al. (2020b). A maxi-

western Friesland Platform and Lauwerszee Trough. In the
Groningen Platform, the northern Friesland Platform, and
the southernmost part of the study area, most of the unit is
between 500 and 1000 m thick. However, most of the wells
do not penetrate the lower boundary of the Maurits forma-
tion. Therefore, the Caumer Subgroup was not further sub-
divided based on well picks, but a mixed lithology (Table 1)
was used to account for the low thermal conductivity of
coal in the alternating successions of siliciclastic sediments
and coal seams in varying amounts. Additionally, seismic-
reflection data of the Limburg Group shows relatively low
impedance contrasts in between siliciclastic sediments and
a high impedance contrast of coal seams (Figs. 6, 7; van
Buggenum and den Hartog Jager 2007). Because coal seams
differ in their thickness, vary in their regional presence and
are difficult to trace across a large area, the entire Caumer
Subgroup was assigned as a source rock interval (Table 2).

Third, the Zechstein Group was implemented as one
homogenous layer of salt, although it comprises several
evaporitic cycles and sequences (Warren 2008; Strozyk
et al. 2017). This is shown by the complex structure of the

mum of 20% transformation ratio is displayed due to general low val-
ues as indicated in the color bar. Main structures are outlined with
black solid lines

Zechstein unit in the seismic-reflection sections (Figs. 6, 7).
In reality, most of the tectonic deformation was accommo-
dated by the Z2 salt unit, whose primary thickness is esti-
mated to reach 500 m (Strozyk et al. 2017). As the in-built
facies piercing tool has been applied to estimate the vertical
movement of salt in this large-scale 3D model, no lateral salt
movement is considered. This potentially affects the source
rock maturation near elevated salt successions.

Finally, the paleo heat flow scenarios based on the classi-
cal approach from McKenzie (1978) are used in large-scale
models of the CEBS such as Adriasola Munoz et al. (2007),
Uffmann and Littke (2011), Bruns et al. (2013) and Bruns
et al. (2016). In these, a Permian heat flow peak occurs
throughout the study area, while the area of the Lower
Saxony Basin is characterized by a second heat flow peak
related to rifting in the Jurassic. This heat flow approach
was used and adapted to calibrate 1D simulations at 28
well locations. Final heat flows of these simulations were
extrapolated and used as the lower thermal boundary for the
3D model through time. To validate the calibration results
obtained from 1D modeling in the 3D model, 1D extractions
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at all well locations were done (Fig. 10). The results are in
accordance with the initial 1D calibration results, despite the
additional effects of heat transport in 3D and temperature
disturbances caused by salt diapirs (Magri et al. 2008). Van
Wees et al. (2000, 2009) published an alternative approach
taking the tectonic subsidence, sedimentation rates, and
other factors into account. Paleo heat flow maps from this
approach were used as an additional scenario in a model by
Bruns et al. (2016), covering the extent of the 3D model in
this study. Comparing both approaches in this study area,
the paleo heat flow is higher in the McKenzie approach and
elevated, particularly during phases of crustal thinning. Heat
flow maps of the probabilistic scenario of the 3D model of
Bruns et al. (2016) were used but do not significantly change
the modeling results concerning the maturity and transfor-
mation ratio of source rocks.

The overall subsidence history of the platforms and the
Lauwerszee Trough is similar to other adjacent platforms
such as the Cleaverbank Platform (Abdul Fattah et al. 2012).
The modeled geological evolution of the Dutch Lower Sax-
ony Basin is in line with the results of other basin modeling
studies in salt-dominated and inverted Jurassic basins in the
Netherlands (Verweij 2003; Nelskamp 2011; Verweij et al.
2012; Bouroullec et al. 2019; Bonte et al. 2020). Erosion
in the Jurassic related to the Kimmerian tectonic phase is
simulated in this study and other studies by Groetsch et al.
(2011) and Abdul Fattah et al. (2012) as one strong event
that predominantly affected the platforms in places down
to the Permian (to a much lesser extent the Lower Saxony
Basin). This unconformity occurs at the base of the Lower
Cretaceous Rijnland Group (Fig. 6¢) and is related to the
culmination of the disintegration of the Southern Permian
Basin into several sub-basins starting in the Triassic (Geluk
2007). Other erosional intervals associated with tectonic
phases (Lower Triassic Hardegsen) can be observed as
unconformities on seismic data in various other parts of the
study area (Figs. 6a, 7a). As a result of the erosion triggered
by the Pyrenean collision event in the Eocene, only a thin
cover of Paleogene and Neogene sediments are preserved in
the most southern part of the study area at the boundary of
the Lower Saxony Basin to the Central Netherlands Basin
(De Jager 2003). In this area, strong erosion took place in the
Campanian Sub-Hercynian and Paleocene Laramide phases,
as illustrated in erosion maps derived from 1D calibrations
(Figs. 8, 9¢).

Observations regarding the present-day heat distribution
in the subsurface are in accordance with published data from
Uffmann and Littke (2011), Scheck-Wenderoth and May-
strenko (2013), Bruns et al. (2016), and Bekesi et al. (2020).
Variations in present-day temperatures related to salt domes
creating a chimney effect due to locally high thermal con-
ductivities are present across the study area (Magri et al.
2008). A sensitivity analysis was carried out to investigate
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the effects of changes in the heat flow and different extent
of erosions during two decisive phases of burial and sub-
sequent erosion in the Late Carboniferous and Jurassic
(Fig. 15). Figure 15a shows the variation of the heat flow
in 10 mW/m? steps from the best fit scenario. The best fit
scenario assumes high heat flows at times of extensional
tectonics (Fig. 5) as used in previous studies by Uffmann and
Littke (2011) and Bruns et al. (2016). Well ROT-01-S1 is
located on the Groningen Platform (Fig. 3), where heat flows
were enhanced during Late Carboniferous to Early Permian
times (Fig. 5a). To illustrate the effect of changes in paleo
heat flows, different heat flows during the Early Permian,
the Late Jurassic and from Paleogene to Neogene times
are tested. Scenarios were applied incrementally increas-
ing heat flows by 10 mW/m? for the Early Permian, Late
Jurassic and Paleogene to Neogene. By increasing the basal
heat flow to 80 mW/m? or higher during maximum burial in
Late Jurassic times (Fig. 15a; blue lines), calculated maturi-
ties are too high compared to measured data. Increasing the
heat flow values during the Early Permian does not show
a significant change of the calculated maturity, but rather
changes the gradient of the maturity curve in the Limburg
and Carboniferous Limestone Groups (Fig. 15a). Increasing
the paleo heat flow during the Paleogene to Neogene has a
strong influence on the overall maturity (Fig. 15a) of well
ROT-01-S1 due to strong sedimentation from Late Creta-
ceous times on (Fig. 9b). Second, the influence of the eroded
sediment thickness was assessed (Fig. 15b). This was done
increasing the thickness of eroded sediment by 500-2000 m
during two phases of burial and erosion in the Late Carbon-
iferous to Early Permian and Jurassic (Fig. 8). Indicated by
the presence of basinwide unconformities on seismic data,
both times are thought to be decisive phases in the geologi-
cal evolution of the area (Fig. 6b, c). In the best fit model of
well ROT-01-S1 (Fig. 15), an eroded sediment thickness of
1150 m assigned to the Base-Permian erosion and 1300 m
of eroded sediments related to the Kimmerian erosion were
set (Fig. 8). Eroded sediment thicknesses of above 1600 m
for the Early Permian erosion and above 1500 m for the
Jurassic phase yield calculated maturities that are too high
for well ROT-01-S1 using the heat flow scenario described
above. Vitrinite reflectance measurements across a higher
number of sedimentary formations in more depth intervals
could help to further delimit possible heat flow and erosion
scenarios. High erosion thicknesses of Carboniferous sedi-
ments are found in other modeling studies such as Schroot
et al. (2006) and are indicated by locally preserved Carbon-
iferous sediment thicknesses of above 5500 m (Fig. 4; Van
Buggenum and den Hartog Jager 2007). The thickness maps
of Mesozoic units (Fig. 4) show the partial absence of the
Niedersachsen, Altena, and Germanic Trias Group and the
effect of strong erosion during the Mesozoic. The influence
of both burial phases on the maturity of the Paleozoic source
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Fig. 15 Sensitivity analysis for the well ROT-01-S1 located on the
Groningen Platform. Available vitrinite reflectance measurements
are located in the upper part of the Carboniferous Limburg Group.
Crosses show available vitrinite calibration data with min/max mar-
gins for vitrinite reflectance measurements. a Variations in the heat
flow (Fig. 5a) in the Early Permian (H1), Late Jurassic (H2) and
Cenozoic (H3) from the best fit scenario (black line) in+ 10 mW/m?

rocks is also stated in other studies on the area (Groetsch
et al. 2011; Nelskamp 2011). Eroded sediment thicknesses
during the Sub-Hercynian, Laramide, and Pyrenean phases
do in most places not exceed a maximum of a couple of
hundred meters of eroded sediments. Thus, erosion events
during the Paleogene and Neogene did not contribute signifi-
cantly to the overall maturity of the succession.

The strongest increase in the maturity and transformation
ratio of Westphalian source rocks is observed before the area
experienced severe uplift and erosion related to the Kim-
merian phase (Fig. 11). The maturity did not further increase
in most of the platform areas but resumed in the north due
to strong sedimentation (Groetsch et al. 2011). Because of

b Erosion
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e E£1: 1500m e £2:1500m
m— E1:2000m — E2:2000m
E1:Base Permian erosion
= bestfit E2: Kimmerian erosion

steps (blue, green and red lines) and their influence on the maturity of
the well. The best fit heat flow is illustrated in Fig. 5a (platforms). b
Variations in the amount of Base-Permian (E1) and Kimmerian (E2)
erosion and burial (black line; amount of erosion in Fig. 8) in+500 m
steps (blue and green lines) and their influence on the maturity of the
well

limited Kimmerian erosion and subsequent deeper burial
in the Lower Saxony Basin, maturities are higher than in
platform areas. An accelerated hydrocarbon generation in
the Jurassic rift basins was described by De Jager and Geluk
(2007) during Late Jurassic to Early Cretaceous times. For
the Lower Saxony Basin, this is not in agreement with the
results presented, as there is no increase in the overall matu-
rity due to limited erosion in the Late Jurassic (Figs. 9d,
11). In other Dutch rift basins such as the West Netherlands
Basin, an increased generation of hydrocarbons during the
Jurassic was modeled by van Balen et al. (2000) and Nel-
skamp (2011). Other observed trends are in line with pub-
lished data from Uffmann and Littke (2011), but the results
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of this study show a more detailed maturity distribution
across the northeastern onshore part of the Netherlands.

Mesozoic source rocks such as the Posidonia Shale and
Wealden Shale are only sparsely present in the study area
and have relatively low modeled maturities. Maturities of the
Posidonia shale are in accordance with published measured
and modeled maturity data of adjacent areas in the Western
Netherlands Basin and the Lower Saxony Basin in Germany
(Song et al. 2015; Bruns et al. 2016). In comparison to the
central part of the Lower Saxony Basin, in which maturi-
ties of up to 4 %R, were reached before strong Late Creta-
ceous inversion, the Posidonia Shale is immature to early oil
mature in the study area and did not significantly contrib-
ute to hydrocarbon accumulations (Fig. 14a) in the Dutch
Lower Saxony Basin whereas it likely did in other parts of
the CEBS (Maystrenko et al. 2008; Bruns et al. 2016; Stock
and Littke 2018).

The large Schoonebeek oil field at the Dutch border to
Germany is thought to be sourced by the Wealden Shale of
Beriassian age and not by the Posidonia Shale (Wehner et al.
1989; De Jager and Geluk 2007). Geochemical data indicate
that the oil was expelled from the Wealden Shale during
the “early oil window” stage at maturities of up to 0.7 %R,
(Wehner et al. 1989). In published kinetic data by Ziegs et al.
(2015), temperatures of 160 to 170 °C, with a heating rate of
3 °C/Ma, are needed for peak petroleum generation from the
Wealden, which is not consistent with oil and source rock
maturities in the area (Wehner et al. 1989; Bruns et al. 2016).
A new, improved kinetic data set for the Wealden Shale by
Froidl et al. (2020b) was used in this study, in which peak
petroleum generation is starting at around 130 °C. Accord-
ing to modeled maturities, the Wealden Shale is in places in
the early oil window and started to produce hydrocarbons
with maximum transformation ratios ranging from 5 to 8%
(Fig. 14b). Migration of these early generated hydrocarbons
to suitable reservoirs is, therefore, possible. Published data
from Bruns et al. (2016) and Froidl et al. (2020b) indicate
higher maturities of the Wealden Shale to the east in the
central part of the Lower Saxony Basin, in which the source
rock experienced higher temperatures due to deeper burial.

Conclusion

The most recent subsurface model of the Netherlands
(DGM-deep v5) and additional published data were used to
reconstruct the burial and temperature history of the sedi-
mentary succession from Carboniferous to recent times in
onshore northeastern Netherlands in a large-scale petro-
leum systems 3D model. Seismic interpretation was used to
identify five unconformities related to major erosion events
that were implemented in the 3D basin and petroleum sys-
tem model. 3D modeling reveals strong variations in the
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present-day temperature and the thermal maturity maps
of Carboniferous source rocks depending on the location
within one of the structural elements. Maturities of Paleo-
zoic source rocks are lowest on the Friesland Platform in
the west and the most southern area and are highest in the
Lauwerszee Trough and Lower Saxony Basin. Present-day
temperatures show a similar trend, predominantly depending
on the burial depth. Two major phases of burial and subse-
quent uplift influencing the thermal maturation of Paleozoic
sediments are observed. The first deep burial and matura-
tion occurred during Carboniferous prior to Base-Permian
erosion and a second phase from Triassic to Jurassic times
before Kimmerian erosion. During subsequent burial from
the Late Cretaceous times onwards, hydrocarbon generation
resumed in the northern part of the study area.

Mesozoic source rock intervals are mainly limited to the
Dutch Lower Saxony Basin. The Toarcian Posidonia Shale
is just present in a few locations within the Lower Saxony
Basin, while the Berriasian Wealden Shale is present across
a larger area in the Lower Saxony Basin and two locations
within the Groningen platform. An increase in maturity of
both source rocks is mainly driven by burial from Creta-
ceous to Paleogene times for the Posidonia Shale and from
Cretaceous to Eocene times for the Wealden Shale. The 3D
basin and petroleum systems model shows that both source
rock intervals are in parts early oil mature, for example, in
trenches between salt diapirs. Transformation ratios of the
kerogen type II Posidonia Shale are very low. In contrast, the
Wealden Shale containing kerogen type I started to generate
hydrocarbons indicating a potential source for nearby oil
fields in the Dutch LSB. Utilizing 3D basin modeling and
depth maps with a high spatial resolution, the provenance of
oil in hydrocarbon fields of the western LSB can thus be pos-
sibly further resolved using recently published kinetic data.
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