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Fig. 12. Calculated maturity (vitrinite reflectance values; Sweeney & Burnham 1990) at the top of the Hot Shale unit over four time steps: (a) modelled
maturity of the Hot Shale layer during the Late Cretaceous; (b) Eocene; (¢) Oligocene; and (d) the present day. (e)—(h) The modelled hydrocarbon
generations for the same time steps as above. The calculated transformation ratios are based on Vandenbroucke ez al. (1999) TII North Sea for the Hot
Shale source rock.
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(Fig. 12a) and later during the Oligocene (27 Ma) at the location of
well C-16-1 (Fig. 9a). The maximum maturity (0.9%Ro) is reached
in the Outer Rough Basin at the present-day.

On the Outer Rough High (Fig. 9c, well A-9-1), the Posidonia
Shale was eroded by Mid-Cimmerian erosion and only the Hot
Shale is preserved there, reaching the oil window first during the
Late Miocene.

Hydrocarbon generation history

The transformation ratio is an indicator of hydrocarbon generation
of the source rocks. The transformation ratios are calculated for the
source rock units according to the assigned reaction kinetics (Van-
denbroucke et al. 1999, TII North Sea; Burnham 1989, TIII), and
are therefore more specific for source rocks than the general classi-
fication using oil and gas windows based on vitrinite reflectance
values. Figures 10—12 show the transformation ratios (TR%) of
the top of the three source rock layers for four time steps.

A remarkable difference is observed in the transformation ratio
of the Namurian—Visean layer between the northern part (Outer
Rough High), the Central Graben area and the southern part on
the Schillgrund High (Fig. 10e—h). The model indicates that the
total transformation of organic material into hydrocarbons is
already reached within the Central Graben (John Graben) during
the Late Jurassic (Fig. 10g). Eighty per cent are reached at the pre-
sent day within the Outer Rough Basin at the border with the Danish
North Sea in the NE (Fig. 10h).

Up to 96% of the organic matter of the Posidonia Shale layer was
transformed during the Late Jurassic—Early Cretaceous within the
deepest parts of the John Graben (Fig. 11e, f). The maximum of
97% is reached at the present day (Fig. 11h).

The Hot Shale source rock shows only low transformation ratios
of less than 20% within the Central Graben area at the present day
(Fig. 12e—h). There is a remarkable difference with the present-day
transformation ratio of the Hot Shale layer in the Outer Rough
Basin. Here, the transformation ratio reaches up to 78% (Fig.
12h). A significant increase in the transformation ratio is observed
between the Oligocene (44%) and present day (Fig. 12f, g).

Discussion

The aim of this study was to reconstruct the maturity evolution and
petroleum generation of three potential source rocks in the NW
German North Sea.

Uncertainties in the model are introduced from various sources
but can be studied with scenario calculations. We addressed the
uncertainty of the source rock distribution of the Posidonia Shale,
the influence of different reaction kinetics on the marginally mature
Hot Shale and the influence of initial salt thicknesses.

In the simulations, we assumed that the Namurian—Visean
source rock is present across the whole study area (Fig. 10). We
also assigned source rock properties for the entire Hot Shale
layer, which is partly eroded in the Step Graben System
(Fig. 12). The distribution of the Posidonia Shale was greatly
reduced by erosion during the Mid-Cimmerian tectonic phase. In
the Step Graben System, only erosional remnants of the Posidonia
Shale occur within the Mads Graben. In the Central Graben, the
Posidonia Shale is present to a large extent but was eroded towards
the Schillgrund High (Fig. 11). In the base model, we only assigned
source rock properties to the Posidonia Shale where the Middle
Jurassic is also present, thus reducing the possible kitchen area.

Burial history

1D burial histories indicate that deepest burial is at the present day,
and is associated with the maximum maturity of the source rocks in

the NW and SE part of the study area (Figs 10—12). In the north, the
current burial depth of the Lower Carboniferous source rocks is
approximately the same as during the Jurassic (Fig. 9b, c).

Ten Veen et al. (2012) calculated an initial thickness of the Zech-
stein Group of about 700 m within the Dutch North Sea, and we
used this value in our base model. From the Dutch North Sea in
the north into the Entenschnabel and approximately along the Ger-
man—Danish border, the salt basin margin is approached which
leads to reduced Zechstein salt thicknesses. Therefore, we calcu-
lated models using different initial thicknesses of 500 and 900 m
and the present-day thicknesses. The influence of different initial
thicknesses on the present-day maturity of the three source rocks
is negligible for all three models. Nevertheless, the salt thickness
has an influence on migration, especially in the case of a thin salt
layer which can be more easily eroded or mobilized.

Thermal and maturity history

The modelled present-day heat flow is calibrated using measured
vitrinite reflectance and temperature data in wells covering the
study area. The matches between the measured and modelled cali-
bration data suggest that the combination of the present-day heat
flow and the thermal conductivity of the major lithologies is accept-
able (Fig. 7a, b, e). The derived present-day heat flow of
52 mW m > (Fig. 6¢) in the main model scenario is similar to
those used in publications of surrounding realms of the German
Central Graben: for example, Beha er al. (2008: 52 mW m?)
from the Danish Horn Graben; Verweij et al. (2011: 55—
58 mW m™2) and Abdul Fattah et al. (20124) from the NW
Dutch offshore sector and the southern Dutch Central Graben;
and Heim er al. (2013: 55-58 mW m™2) on the Schillgrund
High. Based on these data, the thermal history of the Central
Graben in the SE portion of the Entenschnabel area is found to
be distinctly different to that in the central and NW parts of the
Entenschnabel area (Fig. 7e). Therefore, for reconstruction of
the heat flow history from the beginning of basin formation until
the present, two different scenarios for the Step Graben System
and the Central Graben have been applied (Fig. 6¢). The main dif-
ference is a Late Jurassic heat flow peak of 85 mW m > for the
Central Graben, whereas the heat flow for the Step Graben System
does not exceed 57 mW m > (Fig. 6¢). Thus, using a decreasing
heat flow during the Late Jurassic (Fig. 6¢, dotted line) to a present-
day value of 52 mW m? within the Step Graben System, the mod-
elled results of the Namurian— Visean source rock interval (Fig. 7e,
dashed line) show a better fit to measured vitrinite reflection data
(Fig. 7e, solid line). This shows that the Central Graben area has
experienced higher heat flow values during rifting in the Late Juras-
sic than the central and NW parts of the Entenschnabel.

Hydrocarbon generation (Central Graben)

The Namurian—Visean source rock in the Central Graben entered
the early oil window in the Late Carboniferous and reached an over-
mature state by the Late Jurassic within the John Graben (Fig. 10).
This implies that, if there are gas accumulations from Namurian—
Visean source rocks, the conditions for preservation of gas gener-
ated 150 myr ago must have been favourable for a very long
time, and that the reservoirs were not destroyed by diapirism and
inversion tectonics in the Late Cretaceous. Maturity and hydrocar-
bon generation models in the southern part of the Dutch Central
Graben for the Carboniferous source rocks (Westphalian) describe
a major phase of hydrocarbon generation during the Late Jurassic
and Early Cretaceous times (Verweij et al. 2009). On the graben
shoulder (Schillgrund High), a transformation ratio of around
60% is calculated at the present day. Similar transformation ratios
were calculated for the Carboniferous source rocks on the
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Fig. 13. Transformation ratio evolution of the Hot Shale layer in the John Graben extracted from the 3D basin model for three different reaction kinetics
after Pepper & Corvi (1995), Vandenbroucke et al. (1999) and Di Primio & Horsfield (2006). From the Miocene to present, a difference is calculated with
the TIIB kinetics (dashed line) reaching 20% at the present day, and the kinetics BH263 (Kimmeridge Clay, dotted line) and TII North Sea (solid line) reaching

12 and 10%, respectively.

Schillgrund High, already reaching 50% during the Middle Perm-
ian (Heim et al. 2013). It is possible that gas accumulations exist
below the Zechstein salt layer in Rotliegend sediments and/or vol-
canics at depths of generally more than 5500 m. These accumula-
tions might have been affected by salt diapirism (> 10 salt diapirs
in the Central Graben) and Late Cretaceous inversion. This could
lead to leaking and dismigration of gas through salt windows and
faults or restructuration of reservoirs.

The calculated transformation ratios indicate that within the John
Graben the Posidonia Shale starts generating hydrocarbons during
Late Jurassic—Early Cretaceous times (Fig. 11a, b). During this
time interval, almost maximum transformation ratios were reached
just before Late Cretaceous inversion tectonics and associated tec-
tonic uplift. This is also in agreement with the hydrocarbon gener-
ation results by Verweij et al. (2009) for the southern Dutch Central
Graben. Hydrocarbon generation in the study area was resumed
during the Paleocene because of continuous burial and continued
until present.

For the base model, we assigned source rock properties for the
Posidonia Shale only where the Middle Jurassic sediments are pre-
sent, to be on the conservative side regarding the extension of the
kitchen area (Fig. 11h). Itis possible that the Posidonia Shale is pre-
sent elsewhere as well, thus having a larger kitchen area. The results
of this optimistic model are shown in Figure 11h (inset).

Locally, within the Central Graben, where Triassic—Jurassic
fault systems were reactivated accompanied by salt tectonics dur-
ing the Late Cretaceous inversion phase, the Hot Shale was not bur-
ied deep enough to reach a mature state for hydrocarbon generation
(Fig. 12d, blue coloured areas). Within the Central Graben area, the
Hot Shale Formation generally shows only low transformation
ratios (<20%: Fig. 12e—h). High transformation ratios of up to
60% are calculated only locally in rim synclines around salt diapirs
in the Central Graben, reflecting the high thermal conductivity of
the Zechstein salt (Fig. 12e—h). Thus, only local expulsion from
the Upper Jurassic Hot Shale source rock can be expected, which
might be enough to explain local oil shows in wells. The transfor-
mation ratio in the base model was calculated according to the
kinetic TII, North Sea by Vandenbroucke et al. (1999). To assess
the influence of the reaction kinetics on the transformation ratio
we calculated two additional models using the TIIB (Pepper &
Corvi 1995) and BH263 (Kimmeridge Clay: Di Primio & Horsfield
2006) kinetics. All three kinetics calculate transformation ratios of
between 3 and 8% up until the Miocene. From the Miocene to pre-
sent, a significant difference is calculated with the TIIB kinetics of
Pepper & Corvi (1995), reaching 20% at the present, and the TII
North Sea of Vandenbroucke et al. (1999) and BH263 of Di Primio

& Horsfield (2006) reaching 10 and 12%, respectively, within the
John Graben (Fig. 13). This exhibits the impact of kinetic models
on hydrocarbon generation and source rock transformation ratios.
In order to reach the main oil window and accordingly higher trans-
formation ratios of about 50% within the Central Graben, the Hot
Shale layer should have been buried at least 500 m deeper, as indi-
cated by simulation results.

Maturity history and hydrocarbon generation (Step Graben
System, central and NW Entenschnabel)

In the NW part of the study area, the Mesozoic formations are less
thick, and the degree of uplift and erosion of Mesozoic strata was
more pronounced compared to the Central Graben area (Fig. 8a—
¢). This resulted in maturity variations over the area mainly attrib-
uted to differences in the burial depth history of the source rocks
(Fig. 9a—c). In the NW part of the Entenschnabel, the Namur-
ian—Visean source rock shows a present-day maturity in the
range of 0.85-3% Ro (Fig. 10c). The calculated transformation
ratios between wells A-9-1 and B-11-2 range between 65 and
75% at the present day. Values of about 88% are reached in the
Mads Graben and 80% in the Outer Rough Basin (Fig. 10h). We
assigned the Namurian—Visean source rock as a fluvial and deltaic
kerogen type III facies with coal-bearing sediments.

Lower Jurassic sediments, including the Posidonia Shale, are
only preserved within the Mads Graben and are elsewhere widely
eroded within the Step Graben System as a result of the Mid-
Cimmerian erosional events. Only in the southern Mads Graben
does a small part show transformation ratios above 20%.

The maturity of the Hot Shale source rock increases from the
Central Graben area towards the NW. Within the Outer Rough
Basin, the Hot Shale is buried deeper than in the Central Graben
and therefore reaches the highest maturities there. This is in con-
trast to the other two source rocks (Namurian—Visean and Posido-
nia Shale) which reach highest maturities in the Central Graben.
Together with the distribution of the Bo Member interpreted by Ine-
son et al. (2003), which extends into the Entenschnabel area and is
verified by well DUC-B-1 (Fig. 14, dashed red line), a part of the
Outer Rough Basin can be considered as a hydrocarbon kitchen.
So far this part of the Outer Rough Basin has not been targeted
by wells.

Migration of hydrocarbons

Detailed petroleum migration and volumetric analyses were
beyond the scope of this paper because a more detailed model
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Fig. 14. Merged map showing the Late Jurassic tectonic framework of the Danish Central Graben after Ineson et al. (2003) and locations of released wells
where the Bo Member is present. The thickness (in metres) of the Bo Member at well locations and the lateral distribution of this member (blue) as deduced from
well and seismic data are illustrated. The extent of the Bo Member into the Entenschnabel (dashed red line) is verified by well DUC-B-1 (below). The
present-day transformation ratio of the Hot Shale layer is shown, as also demonstrated in Figure 12h.

would be needed that includes faults and more petrophysical data of
carrier and reservoir layers, which were not available. Neverthe-
less, the results of the migration model give important information
about where to focus more detailed studies. The simulation results
indicate that the expulsion of gas from the potential Visean—
Namurian source rock initiated in the Late Carboniferous. Peak
expulsion of gas occurred before the Late Cretaceous inversion.
The Lower Carboniferous source rock extends over the whole
study area and petroleum generation led to the formation of numer-
ous gas accumulations in the Upper Rotliegend below the sealing
Zechstein salt. The Upper Rotliegend is assigned as a typical sand-
stone lithology, thus forming an excellent reservoir layer. By
increasing the lithology porosity of the Zechstein carbonate layer,
the model produces gas accumulations at the location of the
present-day A6-A gas field. This suggests that the present-day res-
ervoir at the location of the A6-A gas field, which is located on the
Mads High, was probably charged by the Namurian— Visean source
rock. The sealing Zechstein layer prevents any migration of Car-
boniferous gas from the Rotliegend into Triassic sediments in
our model.

The Posidonia Shale expelled about 90% of the generated petro-
leum into the overlying sediments in the Central Graben. Expulsion
initiated during the Late Jurassic and increased until present.

Expulsion of hydrocarbons from the Hot Shale source rock
started during the Late Cretaceous. A more detailed study that
includes faults and their properties, as well as a complete migration
simulation, is required to simulate migration and trapping.

Conclusions

Structural data from the Entenschnabel, which is the NW part of
offshore Germany, are used for a 3D reconstruction of the burial
and temperature history, source rock maturity, and timing of hydro-
carbon generation. The study focused on three potential source rock
intervals: the Lower Carboniferous (Namurian—Visean) coal-
bearing source rocks; the marine Lower Jurassic Posidonia Shale;
and the Upper Jurassic Hot Shale:

e The basin modelling, calibrated with vitrinite reflectance data
from 16 wells and temperature data from six wells, resulted in
a present-day basal heat flow of 52mW m > for the whole
model area. The thermal history of the Central Graben in the
SE portion of the Entenschnabel area is distinctly different to
that in the central and NW parts. Therefore, two different heat
flow scenarios for the Step Graben System and the Central Gra-
ben, respectively, have been applied. The main difference is a
Late Jurassic heat flow peak of 85 mW m ™2 for the Central Gra-
ben, whereas the corresponding value during the Late Jurassic
for the Step Graben System does not exceed 57 mW m™ 2.

e The Namurian—Visean source rock had already entered the
hydrocarbon generation zones during Late Carboniferous
times throughout the area. Within the John Graben of the Cen-
tral Graben, the overmature state was reached in the Late Juras-
sic. The Carboniferous source rock charged the A6-A gas field
in the northern Entenschnabel, and the gas accumulation could
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be reproduced by assigning permeable carbonates for the lower
part of the Zechstein Formation.

e The calculated transformation ratios indicate that the Posidonia
Shale source rock starts generating hydrocarbons within the
deepest portions of the Central Graben in Late Jurassic times,
with transformation ratios reaching their maximum values
before Late Cretaceous inversion tectonics. Subsidence since
the beginning of the Cenozoic enlarged the petroleum kitchen
area and led to transformation ratios of more than 50% for
almost the whole John Graben.

e The potential Upper Jurassic Hot Shale source rock shows
transformation ratios in the Central Graben of up to 10-20%
depending on the reaction kinetic model used. Therefore, it is
important to use source rock specific kinetics to determine the
exact transformation ratio and to calculate volumes of gener-
ated petroleum.

e High transformation ratios of the Hot Shale in the Outer Rough
Basin, together with the inferred distribution of this source rock
(Bo Member) and reservoirs in the chalk or Cenozoic, could
constitute a working petroleum system.

e The mature Posidonia Shale or early mature Hot Shale can
explain oil shows in Upper Cretaceous sediments of the Central
Graben.
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