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Fig. 10. Seismic section showing extensional faults in the pre-Zechstein deposits with a thin Zechstein layer on top.
A thickened Lower Triassic is seen on top of the thin Zechstein layer. See Figure 4 for profile location.

that was repeatedly subject to uplift, non-deposition
and erosion, in particular: near the basin margins and
at intra-basin swells such the Mid North Sea
high during the Hardegsen phase (Rohling 1991;
Bachmann et al. 2010; Pharaoh et al. 2010); and
by the rifting pulses of the Early Cimmerian phase
(Ziegler 1990), thermal doming during the Middle
Cimmerian phase (Geluk & Rohling 1999) and dur-
ing Late Cimmerian accelerated subsidence of the
Central Graben (Remmelts 1995, 1996).

Contrary to the general perception of southern
provenance of RBM reservoir sands, we propose
an alternative provenance of sediments encountered
in the NW part of the Step Graben, deposited in a
local depositional system similar to the observations
in the LO9 block where Solling sandstones present a
unique gas-bearing reservoir drilled by L09-08 (de
Jager 2012). Here, well and seismic data show that
the reservoir package is wedge-shaped, thickening
into a listric normal fault that detaches onto the top
of the Zechstein salt, adjacent to a salt wall. The
aeolian sandstones were clearly preserved in a syn-
depositional half-graben, the development of which
appears to be related to Early Triassic extension.
These locally deposited aeolian wedges were also
drilled in LO6, but were however salt-plugged
(de Jager & Geluk 2007; de Jager 2012). Similar
to such localized Solling ‘Fat’ sand deposits in the
L Quadrant, local depocentres could have existed
in the NW Step Graben area, preserving reservoir
sands as drilled by A15-01.

The seismic data shows potential for local depo-
centres in rim-synclines in the A15-01 area near

the Step Graben western boundary fault (Fig. 8;
van der Kooij 2016). Here, a ‘pockmark-like field
of mini salt domes’ records Early Triassic halo-
kinesis, possibly halted by the interplay between
(1) restricted halite precipitation at the margin of
the Zechstein basin, (2) repeated uplift and removal
of cover sediments during Early Triassic rift pulses
and subsequent Cimmerian tectonic phases, and
(3) withdrawal to salt walls that built up towards
the basin centre (Remmelts 1996). The generation
of accommodation space by the proposed pod
synform system, analogous to the observation of
Smith et al. (1993) in the UK Central North Sea,
and by concurrent rim syncline formation in the
A15-01 area, outlines the potential for local sand
deposition during the Early Triassic.

The presence of sands in the unique vertical RBM
profile of A15-01 (type 5; Fig. 4) confirms the expo-
sure of this northernmost area of the Dutch offshore
sector to sand erosion and subsequent transport. It is
not clear whether the sands at A15-01 represent (1) a
condensed section (described above as type 5) of the
full tectono-cyclic sandstone package of RBM as a
transition between the regular type 1 and the Bunter-
like type 4 or (2) shale intercalated RBMVL (similar
to type 2), whereas the younger RBM sandstones
are absent. Option 1 would suggest the widespread
deposition of sands across the NW area, possibly
facilitated by relay ramp systems in the transfer
zones of the major north-south—striking faults,
whereas option 2 would be in favour of RBMVL
facies association with the transition to ephemeral
lakes at the basin centre to the east and SE.
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The different log character of A05-01 and A15-01
(Fig. 4), the indication of a local depocentre in A15
(Fig. 8) and the bimodal grain-size distributions
found within samples of these two wells (Bezemer
2016) could indicate an alternative reservoir prove-
nance in the NW Step Graben area. Bimodal grain-
size distributions in A05-01 and A15-01 suggest a
different transport mechanism or sediment source,
in contrast to the unimodal grain-size distributions
of all samples from A18-01, F16-04 and L09-08
(Bezemer 2016) that suggest aeolian transport. It
should be noted that the samples from A05-01,
A15-01 and A18-01 were taken from cutting mate-
rial, while the other samples were taken from cores.

Fluvial sediments from the local highs could have
been deposited in local depocentres. Olivarius et al.
(2017) show that heavy mineral analyses may help to
determine the provenance of Lower Volpriehausen
and Solling Sandstone deposits. A feasibility study
by Vonk (2016) shows that heavy minerals can
also be obtained in the northern Dutch offshore
from cutting material from wells A05-01, A15-01
and A18-01. However, only a few samples were
taken; it is not possible to conclude the provenance
of RBM sands in these three wells from the current
dataset. Heavy mineral analyses of both these three
northern wells and a number of wells that drilled typ-
ical Variscan-sourced Lower Volpriechausen Sand-
stones could assist in resolving the provenance of
RBM sands in the NW Step Graben, and are sug-
gested for future research.

The current evaluation provides new insights into
the northern Dutch offshore and surrounding areas,
suggesting that local depocentre development is pos-
sible at the northern margin of the Southern Perm-
ian Basin where locally, westerly or northwesterly
sourced reservoir sands may have been preserved.
In addition, the log-typing and facies description
described in this paper show that good-quality (likely
Variscan sourced) RBM reservoir sands also exist up
into the northernmost F-blocks.

Lower Triassic prospectivity in the northern
Dutch offshore: source rocks, charge and
seal mechanisms

Access to mature source rocks and hydrocarbon
charge from the underlying Carboniferous is often
identified as an additional risk for the Main Bunt-
sandstein play in the northern Dutch offshore, as
thick Zechstein salt would prevent hydrocarbon
migration into the Main Buntsandstein reservoir
layers. The primary source rock of the hydrocarbons
retained in producing Triassic gas fields are Upper
Carboniferous (Westphalian) and Namurian coals
and organic-rich shales (e.g. Fontaine et al. 1993;
de Jager & Geluk 2007). Upper Carboniferous

coals are present in the southern part of the study
area (Kombrink 2008), but the organic-rich shales
of the Epen Formation (Namurian) are also expected
to be present and mature (Gerling ef al. 1999; ter
Borgh et al. 2018b). Recent studies provide new
insights into the source-rock potential in the northern
part of the study area, where both Namurian shales
and coals and Lower Carboniferous coals from the
Scremerston (Viséan) and Yoredale (Dinantian)
formations are interpreted to be present and mature
in the northern Dutch offshore (Schroot et al.
2006; Arfai & Lutz 2017; ter Borgh et al. 2018b).
Lateral oil migration may happen when RBM reser-
voir sandstones are juxtaposed against Jurassic Pos-
idonia shale without Zechstein salt entering the fault
zone (e.g. Geluk 2007).

The migration of hydrocarbons from the Carbon-
iferous into the overburden may occur along faults,
through salt windows, along carrier beds and via
volcanic dykes. Figure 11 shows the Zechstein salt
isochron which illustrates the presence of a large var-
iability in thickness and the presence of potential
salt windows near many of the identified structural
closures. In the western area (D, E blocks) where
Zechstein salt is generally thick, Lower Triassic
structures may be charged from Carboniferous
coals via volcanic dykes, analogous to UK Triassic
gas fields (Kirton & Donato 1985; Brown et al.
1994; Underhill 2009). These dykes have been
mapped in the UK (Kirton & Donato 1985; Brown
et al. 1994; Underhill 2009) and can be followed
into the Dutch sector (Figs 9, 11) on seismic data
(EBN 2015). These dykes may appear as linear
features on an amplitude extraction at base Tertiary
(Brown et al. 1994; EBN 2015). Expansion and
contraction caused by heating and cooling of these
Paleogene igneous intrusions has created fractures
along the sides but also within these intrusions,
allowing vertical migration (Underhill 2009). The
UK Bunter fields Forbes, Esmond, Gordon, Hunter
and Caister B are considered to have been charged
via Tertiary dykes, as all fields are located in
an area with thick Zechstein salt deposits. Forbes,
Esmond and Caister B in particular, as it is posi-
tioned >10 km away from a mapped Tertiary dyke,
may suggest that significant lateral hydrocarbon
migration took place. Cenozoic movement of salt
is considered as a major risk for maintaining charge
in underfilled turtleback anticlines such as Caister B
(Bachmann et al. 2010).

In most Triassic fields in the Netherlands the top
seal is formed by Triassic Rot salt and Solling shale
and, where the Triassic is truncated at the Base
Cretaceous Unconformity, by Lower Cretaceous
shales (e.g. de Jager & Geluk 2007). The four-way
and three-way dip closures are generally dependent
on Upper Triassic sealing shales and/or Zechstein
side/top seal. Halokinesis can create traps in the
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Fig. 11. Zechstein isochron indicating large variability in Zechstein salt thickness (time), which could enable vertical
hydrocarbon migration through Zechstein salt windows. Red lines indicate location of Tertiary volcanic dykes. Black
polygons indicate the structural closures (leads) at RBMVL level.

Triassic overburden, but the near presence of salt can
also cause (partial) salt plugging of reservoir rocks,
resulting in reservoir deterioration. Salt-plugged res-
ervoir rocks may even act as a competent side seal
(M1-A field) (Bachmann et al. 2010). Salt plugging
may be recognized on seismic data, but it remains
difficult to recognize a salt-plugged reservoir with-
out calibration to nearby well data.

Truncation traps depend on the sealing capacity
of overlying Jurassic, Cretaceous or Paleogene
strata. The Jurassic part of the Flora field in the UK
North Sea sector demonstrates that only a thin veneer
(3 m) of Lower Cretaceous marl is sufficient to form
the top seal of this truncation trap field (Hayward
et al. 2003).

Detailed analysis of the sealing potential of the
Triassic overburden has not been the focus of this
study, but should be performed when evaluating
the sealing capacity of the individual leads.

Conclusions

A regional study using wells and seismic data from
the northern Dutch offshore and surrounding territo-
ries indicates the presence of Triassic reservoir sand-
stones north of the main, well-understood, fairway.
A comprehensive borehole review and log typing
in the study area shows the presence of sands in
the NW Step Graben area. Seismic interpretation
also indicates the presence of Early Triassic local
depocentre development in the Step Graben. Syntec-
tonic strata in local depocentres may have been
formed in this area due to early halokinesis in the Tri-
assic, in analogy to the Central North Sea described
in Smith ef al. (1993). Grain-size analyses, together
with heavy mineral analyses, are proposed to further
investigate whether fluvial sands with a (local) north-
ern provenance may have been preserved in the
northwestern area of the Step Graben system.
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Reservoir gridding allows the investigation of
regional trends but does not resolve local depo-
centres, for example, analogues to the Solling
Fat Sand play in the LO9 and LO6 areas (south of
our study area). Depocentres appear in the FO9 and
F10 areas and may be related to differential subsi-
dence and preferred sediment discharge in the
Dutch Central Graben. The northern RBMVL is
characterized by high NTG at relatively low strati-
graphic thickness, suggesting that differential subsi-
dence in the westernmost Step Graben, adjacent to
the Elbow Spit High, controlled sand preservation
at rates that were possibly sustained by an influx of
fluvial sands from the same source that supplied
the Bunter Sandstone province in the west. In
contrast, RBMDL thickness is uniform in the Step
Graben area and depocentres appear to have shifted
eastwards into the Central Graben.

Regional mapping of the Lower Volpriehausen
Sandstone in the A, B, D, E and F quadrants in the
northern Dutch offshore enabled us to identify 42
untested structures in the study area. Recent studies
on the source-rock potential in the northern Dutch
territory suggest that source rocks of different ages
are present in the study area, while the presence of
salt windows (indicated by Zechstein isochron map-
ping) and dykes (mapped on Base North Sea seismic
amplitude extraction maps) allow vertical hydro-
carbon migration. We conclude that the remaining
prospectivity of the Lower Triassic in this part of
the Southern Permian Basin may be rather large.

We thank Kees van Ojik, the reviewers Mark Geluk and
Carlo Nicolai, and editor Tom McKie for their constructive
comments.
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