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A B S T R A C T

The Rotliegend feather-edge area in the central part of the endorheic Southern Permian Basin in the Dutch
offshore is characterized by a predominance of mud-prone, evaporite-bearing playa and lake deposits with a
subordinate amount of interbedded, thin, fluvial sheet sandstones. The distribution and lateral facies changes of
the sandstone bodies have been analyzed by generating a long-range, high-resolution chronostratigraphic cor-
relation framework. The correlation technique of pattern matching of GR logs was applied, supported by cal-
culating spectral trend curves. Flooding events are the primary near-synchronous correlation surfaces, which can
be traced up to and over 100 km. The basin setting of the Southern Permian Basin, the studied sandstone
depositional architecture (logs) and sedimentary characteristics (core) are analogous to the depositional setting
of laterally-amalgamated terminal lobes of dryland-river systems in an endorheic basin, such as the Holocene
Altiplano Basin in Bolivia, present-day Lake Eyre (Australia) and the Miocene Ebro Basin (Spain). The integrated
approach has yielded a stratigraphic reservoir-architecture framework in which the reservoir sandstones, with
net sand up to 10 m, have been identified as amalgamated terminal-splay sandstone sheets formed at the end of
dryland-river pathways, alternating with lacustrine mudstone layers deposited during short-duration, high-
magnitude flooding in intermittent wet climate periods.

1. Introduction

Permian Rotliegend aeolian and fluvial sandstones are prolific gas
reservoirs throughout the Southern Permian Basin (SPB), and comprise,
among others, the giant Groningen Gas Field with 2900 × 109 m3 GIIP
(Grötsch and Gaupp, 2011). The geology, paleogeography and reservoir
potential of the Rotliegend rocks in the sand-dominated southern flank
of the SPB have been the subject of extensive research (Van Adrichem
Boogaert, 1976; Fryberger et al., 2011; George and Berry, 1994, 1997;
Verdier, 1996; Glennie, 1998; Glennie and Provan, 1990; Van Wees
et al., 2000; Maynard and Gibson, 2001; Geluk, 2005, 2007;
Doornenbal and Stevenson, 2010; Grötsch and Gaupp, 2011; Henares
et al., 2014). The overall production decline in the mature NW Eur-
opean Gas Province triggered the search for reservoir targets within and
beyond the limits of the fairway, in part through infrastructure-led
exploration. One of the target areas is the Rotliegend feather edge in the
central part of the SPB in the Dutch offshore, i.e. the area where the
south-derived fluvial sandstones grade to evaporite-bearing lake

deposits in the north at the interface between the Slochteren and Sil-
verpit formations (Figs. 1 and 2). The area was to date considered
marginally prospective, and the stratigraphy is characterized by a low
net-to-gross, mud-prone and evaporite-bearing succession where in-
dividual sandstone sheets are below seismic resolution, and with
thicknesses as low as 15 cm even below the resolution of conventional
well-logging tools.

The objective of the present study is to assess the reservoir potential
of thinly bedded sandstones in the mud-prone Rotliegend feather edge
in the central part of the Dutch offshore (D, E, F, K and L blocks; Fig. 1).
For this, a long-range (> 100 km correlation length), high-resolution
stratigraphic reservoir-architecture framework is constructed applying
conventional wireline-log-based well-to-well correlation which is sup-
ported by maximum-entropy spectral trend analysis of gamma-ray (GR)
logs. Premises of the viability of long-range correlation are that, by
analogy with the dryland-river systems in the semi-arid climate setting
of the Altiplano Basin (late Quaternary, Bolivia): (1) basin-wide, cor-
relatable lacustrine mud layers formed in short-duration, high-
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magnitude flooding of the dryland-river coastal plain in wet climate
periods (140 m base level rise and fall in only 10 ka; Baker et al., 2001;
Donselaar et al., 2013,2017), and (2) laterally extensive, amalgamated
sheet deposits formed at the end of the dryland-river path by com-
pensational stacking of terminal-splay sediments (Fisher et al., 2007,
2008; Donselaar et al., 2013; Van Toorenenburg, 2018; Van
Toorenenburg et al., 2018).

Dryland river systems have been studied among others in the Ebro
Basin (Tertiary, Spain) and Lake Eyre (late Quaternary, Australia)
(Fisher et al., 2007, 2008; McKie, 2011; Sáez et al., 2007), thus offering
potential analogues for the Rotliegend. The Altiplano Basin is the pri-
mary analogue of depositional processes in this study, because both
lowstands and highstands are well documented, thus offering a modern
full-cycle analogue for the Rotliegend.

2. Geological setting

The Rotliegend sediments in The Netherlands are part of the Lower
Permian Upper Rotliegend Group (URG) (Van Adrichem Boogaert and
Kouwe, 1993). The URG sediments accumulated in the large west-east
trending SPB, which extended from eastern England to Poland and was
bounded to the south by Variscan Highlands (London-Brabant and
Rhenish Massifs) and to the north by the Mid-North Sea High and the
Ringkøbing-Fyn High (Fig. 1). In a setting of tectonic quiescence after
the Variscan Orogeny, subsidence of the SPB is attributed to thermal
contraction of the lithosphere (Van Wees et al., 2000), thus allowing
application of the concepts of layer-cake stratigraphy and ramp-like
facies-belt transitions. The SPB was an endorheic basin (Glennie, 1998;
De Jager, 2007; Van den Belt and Van Hulten, 2011). Core and well-log
analyses from the German part of the URG (Legler and Schneider, 2008)
suggest rare intermittent connection with the marine environment of

Fig. 1. Location map with wells and correlation lines presented in this paper. Blue arrows in the inset: position of the major fluvial supply system. Dashed line:
position of the cross section of Fig. 2. MNSH-RBFH = Mid-North Sea High - Ringkøbing-Fyn High; VH=Variscan Highlands. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Chrono-lithostratigraphy of the Dutch
Rotliegend. The position of onset-of-flooding events
is shown in the relation to the generalized lithofacies
distribution of the members of the Slochteren and
Silverpit formations. See the inset of Fig. 1 for loca-
tion. Red box: stratigraphic interval and part of the
basin covered in this study. Modified from: Van
Adrichem Boogaert and Kouwe (1993) and Henares
et al. (2014). (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)
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the Arctic rift system between East Greenland and the Fennoscandian
Shield; three minor short-termed ingressions are reported, with influx
of a limited amount of marine water only and no impact on the litho-
facies succession. The SPB basin fill in the Dutch sector largely consists
of continental siliciclastic and evaporite sediments formed in an arid
climate setting during base-level lowstands. Extensive evaporite-
bearing lake deposits occupy the basin centre (Silverpit Evaporite
Member, Fig. 2), and are fringed by playa mudflats and sandflats with
aeolian dune deposits (Lower and Upper Slochteren members). South-
north running rivers dissected the aeolian domain (Van Adrichem
Boogaert, 1976; Glennie, 1998; George and Berry, 1994; Verdier, 1996;
Geluk, 2005, 2007; Donselaar et al., 2011). The fluvial sediments were
sourced from the Variscan Higlands in the south and show a suite of
proximal channelized conglomerates and sandstones to distal sandy
unconfined sheetflood deposits (Donselaar et al., 2011). Recently some
of the larger, mappable fluvial fairways cross-cutting the Rotliegend
have been interpreted as fluvial fans (Fryberger et al., 2011;
Moscariello, 2005, 2017).

The large-scale URG palaeogeographic setting and spatial relation of
the depositional environments is captured in a lithostratigraphic fra-
mework (Van Adrichem Boogaert and Kouwe, 1993, Fig. 2). High-re-
solution, reservoir-scale correlation is hampered by the absence of

continuous biostratigraphic markers in the continental barren red-bed
deposits and by the poor imaging of seismic data below thick Zechstein
salts (Van Ojik et al., 2011). Techniques akin to or rooted in sequence
stratigraphy (Catuneanu et al., 2009) are often applied nowadays,
usually revolving around the concept of (maximum) flooding, wetting,
or abandonment surfaces as the near-synchronous markers of wide
lateral extent (George and Berry, 1994; Howell and Mountney, 1997;
Maynard and Gibson, 2001; Minervini et al., 2011; Van den Belt and
Van Hulten, 2011; Van Ojik et al., 2011; Dalman et al., 2015).

A high-resolution stratigraphic correlation of the thinly bedded
Silverpit Formation deposits has not yet been published. Van Ojik et al.
(2011) presented a large-scale lithostratigraphic framework for the
claystone-dominated evaporite-bearing succession of the Silverpit For-
mation: Lower Silverpit Member, Silverpit Evaporite Member and
Upper Silverpit Member (Fig. 2). The Upper Silverpit Member merges to
the south into the claystone-dominated Ten Boer Member (Van Ojik
et al., 2011). Donselaar et al. (2011) presented a stratigraphic corre-
lation framework of the Ten Boer Member to map out the spatial dis-
tribution of thin fluvial sheet sandstones.

Fig. 3. Short section of the Rotliegend in well K2-2. See Fig. 1 for location. Key to vertical tracks: 1 - Depth (m TVDSS); 2 - GR (natural gamma-ray log, API scale;
colouring to highlight variation in values); 3 - Spectral trend curve (INPEFA) of GR data (scale dimensionless from 0 to 1); 4 - Flooding surfaces (FS, this paper). C-
shape patterns identified and correlated in this study are indicated in red in track 3. Also note the overall coarse-grained nature of the interval below FS140 and the
fine-grained character above. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3. Data and methodology

3.1. Data

Well-log data from all exploration and appraisal wells in the study
area (Fig. 1) have been used for generating the high-resolution corre-
lation framework. In addition, well logs from development wells of the
gas fields in the study area have been analyzed, together amounting to
more than 80 wells The lithofacies characteristics of the sandstones,
siltstones and claystones at the interface of the Silverpit Formation and
the Lower Slochteren Member, in the lower part of the Rotliegend, were
analyzed from 55 m of core from wells E17-3, K2-1, K2-2 and K3-1 in
the K2b-A gas field. Lithofacies description followed the convention of
Reijers et al. (1993).

3.2. Wireline-log correlation methodology

3.2.1. Log correlation of flooding surfaces
The correlation technique employed in this study is based on pattern

matching of trends and trend changes in the lithofacies succession as

expressed in wireline logs, notably gamma-ray (GR) logs. The correla-
tion method is a simplified version of De Jong et al. (2006, 2007), Nio
et al. (2006) and Van Ojik et al. (2011) with focus on trend changes
from coarser-grained to finer-grained lithologies (flooding trend) only,
as opposed to the previous studies that also consider trend changes from
finer-grained to coarser-grained lithologies (progradational trend). The
choice is based on the concept that in endorheic basins a change from
drier to wetter climate conditions results in short-duration, high-mag-
nitude lake-level highstands, with high preservation potential in the
basinal sedimentary record. The reason for this is that in an inland basin
the increase of meteoric water is not dissipated in the world's oceans,
but stored in the basin confinement. Kessler (1984), Bills et al. (1994),
Blodgett et al. (1997), Sylvestre et al. (1996, 1999), Argollo and
Mourguiart (2000), Fornari et al. (2001) and Placzek et al. (2006) de-
scribed high-magnitude, short-duration lake-level rise and fall cycles in
the Late Pleistocene-Holocene Altiplano Basin of Bolivia with lake level
fluctuations of 55–140 m, and a total duration of 2–11 ka. The impact of
climate change on the sedimentary architecture of the basin fill is that
such drastic base-level changes cause rapid drowning of the low-gra-
dient floodplain and the (saliferous) lake in the basin centre. The

Fig. 4. Correlation diagram of the total Rotliegend interval in wells K2-1 and K2-2. See Fig. 1 for location. Key to vertical tracks: 1 - Depth (m TVDSS); 2 - GR (natural
gamma-ray log, API scale; colouring to highlight variation in values); 3 - DT (sonic log, μsec/ft); 4 - Neutron and Density logs (fraction and g/cc, resp.); 5 - Spectral
trend curves (INPEFA) of GR data (scale dimensionless from 0 to 1); 6 - Flooding surfaces (FS, this paper; T/Rotl = top of the Rotliegend, corresponding with the base
of the Coppershale Member of Van Adrichem Boogaert and Kouwe (1993); CARB/BPU = top of Carboniferous/Base Permian Unconformity). Datum plane is FS230.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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erosive power associated with rapid lake-level rise in a low-gradient
setting is weak, owing to the absence of wave and tides, hence re-
working of the floodplain deposits is limited. An extensive, basin-wide,
continuous blanket of lacustrine mud is draped over the previously
deposited lowstand deposits (Donselaar et al., 2013; Van Toorenenburg,
2018; Van Toorenenburg et al., 2018). Such rapid, basin-wide transi-
tions from coarser-grained fluvial deposits to finer-grained distal fluvial
and lake deposits may thus be interpreted as near-synchronous flooding
surfaces. The flooding surfaces and highstand deposits of the Rotliegend
in the endorheic SPB are inferred to have formed under similar condi-
tions (Donselaar et al., 2011).

Conceptually similar correlation methods, with focus on wetting
surfaces, have been applied in the sandstone-dominated aeolian and
fluvial section to the south of the present study area (Martin and Evans,
1988; George and Berry, 1994, 1997; Howell and Mountney, 1997;
Minervini et al., 2011; Van den Belt and Van Hulten, 2011), which
paves the way for extending the present correlation framework to the
basin margin in the south.

3.2.2. Maximum entropy spectral trend curves
Gamma-ray (GR) log-pattern identification and well-to-well corre-

lation was done by visual interpretation, facilitated by graphical display
enhancements such as well-specific horizontal scaling and colouring.
Core GR usually shows better bed definition in the fine-grained deposits
than the conventional logs, highlighting the alternation of beds. In
addition, GR logs were treated as composite waveforms on which time-
series analysis was performed. Maximum-entropy spectral trend curves
of the GR data were generated with CycloLog software as a means to
graphically evaluate the validity of the visually matched patterns of the
unprocessed data (Figs. 3–5). The maximum entropy spectral trend
curve is the integral of the prediction errors, i.e., the differences (errors)
between a data series and a linear filter optimized to predict data-points
ahead of a sliding window. The spectral trend curve can also be thought
of as expressing changes in the spectral content of the data; the power
spectrum of the data can be calculated from the prediction filter. The
curve is commonly referred to as INPEFA, an acronym for Integrated
Prediction Error Filter Analysis (Nio et al., 2006; De Jong et al., 2009,
2019; Van Ojik et al., 2011; Qayyum and Smith, 2014). Key feature of

Fig. 5. Lower part of Rotliegend in wells K2-1 and K2-2 (from: De Jong et al., 2017). See Fig. 1 for location. Key to tracks as in Fig. 4. Datum plane is FS230. The low-
GR beds capped by FS110 are fluvial sands; the thin low-GR layer overlying Carb/BPU in K2-1 consists of debris-flow deposits (observed in core). Three thin sand
layers are present in K2-1 between FS100 and FS110, two in K2-2; the lower two layers in K2-1 are amalgamated in K2-2. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. Low-angle climbing-ripple and wavy lami-
nation observed in cores of well K3-1 (left: 3920 m;
right: 3923 m). The structures are indicative for
crevasse-splay deposits. The same structures are ob-
served in the crevasse splays of the fan of the Río
Colorado in the Altiplano Basin. (For interpretation
of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

M.G.G. De Jong, et al. Marine and Petroleum Geology 119 (2020) 104482
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the INPEFA curve is that it highlights trends and trend changes in the
input data. Specifically, it aids in evaluation of vertical lithofacies
changes in the GR log and permits inference of stacking patterns. The
spectral trend curve is always normalized to values between 0 and 1
and, hence, calculating the INPEFA from part of a data set generally
increases the apparent variance compared with the same segment in the
curve of the complete processed data set. As a result, the patterns of the
former curve are more pronounced than those of the INPEFA curve
from the total data set (Qayyum and Smith, 2014), which facilitates the
identification of lithofacies patterns (compare the coloured INPEFA
curves with the black curves in Fig. 4). For a discussion of the pitfalls
and caveats in the use of INPEFA refer to Qayyum and Smith (2014).

The matched patterns in the GR logs of the present study are es-
sentially relatively coarse-grained or coarsening-upward bed succes-
sions, alternating with relatively fine-grained or fining-upward bed
successions. The former are usually thick and locally show scour fea-
tures at the base, the latter are thin. In geological terms, the base of the
fining-upward bed succession represents the onset of the short-dura-
tion, high-magnitude flooding event in the endorheic basin, and
therefore the flooding surface (FS) is the primary near-synchronous
correlation surface. The approach to correlating bears resemblance to
the genetic sequence stratigraphy of marine basin margins proposed by
Galloway (1989). The packages between the flooding surfaces are the
terrestrial portions of chronosomes (chronostratigraphically con-
strained lithosomes) as defined by Dalman et al. (2015). This approach
facilitated the evaluation of lateral and vertical facies changes within
the framework of near-synchronous boundaries.

The envelope of a coarser-grained interval overlain by a finer-
grained interval resembles a C-shape in the GR and INPEFA curves, with
a typical thickness of 5–10 m (Fig. 3). The correlated surfaces in the GR
curve correspond with “up-to-the-right” turning points in the INPEFA
curves, while the coarser-grained bed successions correspond with “up-
to-the left” trends in the INPEFA curves and the finer-grained bed
successions with “up-to-the-right” trends.

Fig. 4 illustrates the surfaces used for the correlations and the cor-
relation for the total Rotliegend interval in the closely spaced wells K2-
1 and K2-2 in the K2b-A gas field, whereas Fig. 5 zooms in on the lower
part of the section and therefore shows a higher density of correlated
surfaces. The overall similarity of patterns between the wells is high,
both in the GR curves and in the corresponding spectral trend curves,
pointing to an overall tabular geometry of units in the area. It is im-
portant to realize that relative lithofacies patterns, i.e. trend and trend
changes of lithologies, are matched between wells, and not lithologies
as such; the matched patterns in the GR and trend curves are not
identical, they are similar or equivalent. Note that the change from
finer-grained (bottom) to coarser-grained (top) packages is less distinct,
gradational, in many cases; for reasons of legibility these boundaries are
not displayed in Figs. 3, 4 and 5. The sections of Figs. 3, 4 and 5 suggest
a hierarchical stratigraphic architecture in some intervals: correlated C-
shapes or flooding surfaces are superimposed on larger-scale patterns.
For instance, FS140 in Fig. 3 is the boundary between an underlying
overall coarse-grained section and an overlying overall fine-grained
section. Other examples are at FS230 and FS370 in Figs. 4 and 5. Over
short distances, or on field scales, such patterns often show some degree
of lateral persistency, and facilitate making high-resolution correla-
tions. These larger scale trends are often not persistent on a regional
scale, due to overall lateral changes in sediment calibre. High-resolu-
tion correlating, however, is not affected. Bearing in mind that our
focus is on details, the stratigraphic scheme of flooding surfaces here
presented, therefore, is non-hierarchical.

4. Results

4.1. Lithofacies associations and depositional setting

A wealth of core descriptions is available for the Rotliegend in the
Dutch offshore. The core atlas of Mijnlieff et al. (2011) is a thorough
compilation and reference handbook. Here, a brief description is pre-
sented of the lithofacies observed in the cores from wells E17-3, K2-1,
K2-2 and K3-1, which are representative for the main clastic facies in
the central Dutch offshore. The cores consist predominantly of an in-
tercalation of claystone and siltstone and very fine-grained to fine-
grained sandstone deposits. Four lithofacies types were described on
the combination of sandstone to claystone-siltstone ratio, dominant
sedimentary structures and bed thickness: (1) Playa mudflat and lake
deposits, dominantly consisting of thin-bedded to massive claystone to
siltstone, (2) Terminal-splay deposits, made up of interbedded thin
siltstones to sandstones, (3) Fluvial-channel deposits, comprising thick-
bedded sandstones, and (4) aeolian dune deposits.

4.1.1. Lithofacies association 1 - playa mudflat and lake
This lithofacies association comprises structureless and massive, up

to 5-m-thick red-brown claystone intervals, and thin, interbedded (in-
dividual bed thickness 0.2–3 cm), red-brown claystone to brown-grey
coarse siltstone. The base of the beds is sharp to gradational. The top is
generally sharp. Parallel lamination is the dominant sedimentary
structure; wavy lamination and low-angle climbing-ripple lamination
are common (Fig. 6). Sand dykes and synaeresis cracks occur occa-
sionally. Soft-sediment deformation is present in the form of flame-,
slump- and seepage structures. Small anhydride grains are observed.

4.1.2. Lithofacies association 2 - terminal splays
The facies consists of red-brown, thin-bedded, very-fine to medium-

grained sandstone and siltstones. Individual beds are 10–40 cm thick
and may stack up to 1 m. When stacked, mudstone may be present
between the sandstone beds. Lower bed boundaries are sharp and
scoured, the upper boundaries are in general gradational. Individual
beds may fine upward to claystone. Granule stringers are occasionally
observed. Sedimentary structures include wavy lamination, parallel
lamination and low-angle climbing-ripple lamination. Water-escape

Fig. 7. A − Location of the Uyuni and Río Colorado area in Altiplano Basin of
Bolivia; B − 25 × 25 km Landsat image of the northwest-flowing Río Colorado
terminus with a branching pattern of avulsed former river paths; C − location
of Fig. 8 (from: Donselaar et al., 2017). Note that the channelized part of the fan
is small compared with the area of unconfined deposits (crevasse splays, basinal
fines). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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structures are common. Bioturbation can be observed in the form of
rootlets. The red-brown coloured beds have whitish cement spots
throughout the facies.

4.1.3. Lithofacies association 3 - fluvial channels
The brown-ocre coloured sandstone beds of the facies are up to

1.75 m each. The facies forms stacks of up to 2.5 m in thickness where

generally no claystone is present between the separate beds. The top is
gradational to sharp. The base is sometimes scoured. The grain size
ranges from very fine to medium sand. No indicative trend can be
identified. Large-scale trough cross bedding is present and forms the
main sedimentary structure of the facies. Individual sets are up to 50 cm
in thickness. Parallel lamination can also often be observed, sometimes
combined with a bimodal grain-size distribution. Occasional clay

Fig. 8. A - Río Colorado avulsed channel-belt network (from: Donselaar et al., 2017). B - Formation of alluvial ridges by the lateral expansion and vertical aggradation
of point bars (brown) and crevasse splays (outlined). Present-day river flows to the northwest (solid line with arrow). Last-avulsed river: dashed line plus arrow. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

M.G.G. De Jong, et al. Marine and Petroleum Geology 119 (2020) 104482
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drapes can be identified within the unit. Granule stringers and anhy-
dride grains are sometimes present. Cementation gives the layers often
a white bloom.

4.1.4. Lithofacies association 4 - aeolian dunes
This lithofacies comprises cross-laminated sandstone with a typical

bimodal medium-coarse and very-fine-fine grain-size distribution. It
occurs as occasional, subordinate intercalations in Lithofacies associa-
tion 3. Beds are thin (decimeter-scale) with erosional tops. Internally
the laminae are moderately- to well-sorted. It may have formed as
aeolian dunes, produced by the grain-flow and grain-fall depositional
process.

4.1.5. Depositional setting
The claystone and siltstone deposits (Lithofacies association 1)

formed in a wet playa mudflat environment, largely under evaporitic
conditions. The red-brown and brown-grey colours suggest alternating
drier and wetter conditions, the latter including lacustrine conditions.
The thin-bedded sandstones and siltstones (Lithofacies association 2)
formed by incursions of unconfined terminal splays into the playa
mudflat. Sedimentary structures such as the sharp and scouring lower
bed boundaries, climbing-ripple and parallel lamination are char-
acteristic for high-energy sheet flows, and the normal grain-size
grading, wavy lamination, and rootlet bioturbation point to waning
flow conditions and subsequent vegetation. Similar sedimentary

characteristics have been described extensively from terminal-splay
deposits in alluvial ridges in a modern-day analogue setting at the edge
of the Salar de Uyuni (Altiplano Basin, Bolivia; Fig. 7; Donselaar et al.,
2013; Van Toorenenburg, 2018; Van Toorenenburg et al., 2018). The
thicker-bedded, slightly coarser-grained sandstones (Lithofacies asso-
ciation 3) are interpreted as the upstream river-channel deposits that
connect to the terminal-splay deposits. Donselaar et al. (2013) and Van
Toorenenburg (2018) documented extensive, laterally-amalgamated
sand sheets with a correlation length of 25 km at the terminus of the
present-day Río Colorado (Altiplano Basin, Bolivia) deposited by com-
pensational stacking of terminal-splay sands after multiple upstream
river avulsions, and overlying a very-low gradient exposed lacustrine
topography which facilitated uninhibited, long-range lateral switching
of the river system (Fig. 8). The lateral and vertical facies variations in
the sandy lowstand deposits of the Rotliegend can be understood in
terms of such laterally-amalgamed sand sheets. Noteworthy is that
crevasse splays are volumetrically the most important deposits of the
Río Colorado fan (Fig. 7). The aeolian dune deposits are most likely
wind-reworked sands from Lithofacies associations 2 and 3. Their pre-
servation potential in the predominantly fluvial environment is low.
Conversely, Lithofacies association 4 is sometimes interpreted as flu-
vially reworked aeolian dune material.

Fig. 9. Schematic representation of the formation of alternating coarser-grained highstand and finer-grained lowstand deposits as a function of base-level changes:
from A to B to C to D. A – highstand period, a thin layer of fine-grained lake deposits (green layer) forms. B – lowstand period, the fluvial system starts to build out
into the basin, channels and crevasse splays form an alluvial ridge (downstream floodbasin & playa deposits and evaporites not shown). C – lowstand period, alluvial
ridges amalgamate due to consecutive avulsions and compensational stacking. D – highstand period, fine-grained lake deposits (green layer) form (as in A). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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4.2. Regional correlation framework and basin fill

Generating the well-to-well correlation framework and stratigraphic
scheme started in the K2b-A Field (Figs. 1, 3–5). The close spacing the
large number of wells enabled the identification of flooding surfaces
with good inter-well reproducibility, and facilitated the assessment of
lateral facies variations within the framework of near-synchronous
flooding surfaces (Figs. 6–8). In a subsequent step, the high-resolution
stratigraphic framework of the K2b-A Field was expanded step-by-step
and as much as possible in loop-ties of wells in all directions to cover
the southern D, E and F blocks and the northern K and L blocks (Fig. 1).
The flooding surfaces are markers of wide lateral extent, and the
packages bounded by the surfaces are sheet-like. As in K2b-A, the
coarser-grained units are usually thicker than the finer-grained units. In
terms of depositional processes, a low-gradient fluvial distributary

system – a very large fluvial fan – expanded and contracted in a regular
fashion, controlled by basin-scale fluctuations in base level, producing a
stacking of relatively coarse-grained lowstand deposits alternating with
relatively fine-grained highstand deposits in a subsiding basin
(Figs. 9–11). The observed morphology and the dimensions of the
amalgamated alluvial ridges of the Río Colorado fit with the wireline-
log-derived stratigraphic architecture of stacked tabular sheet-like de-
posits of the URG.

The high-resolution framework of flooding surfaces in combination
with the fluvial-fan depositional model enables the evaluation of lateral
facies changes, including the distribution of thin potential reservoir
sands, as illustrated by the following example. The sandstones of the
K2b-A Field, i.e. the sandstones capped by FS110, are also present in the
wells of the K and L blocks, while they grade to relatively fine-grained
sediments in the wells of the E and F blocks (Figs. 10 and 11). The facies

Fig. 10. Regional well-to-well correlation diagram from K2-1 to F17-8ST1 along a northern transect through the feather-edge area (from: De Jong et al., 2017). See
also Fig. 1 for location. Key to vertical tracks: 1 - Depth (m TVDSS); 2 - GR (natural gamma-ray log, API scale; colouring to highlight variation in values); 3 - Flooding
surfaces (FS, this paper; FS510 = top of the Rotliegend, corresponding with the base of the Coppershale Member of Van Adrichem Boogaert and Kouwe (1993);
CARB/BPU = top of Carboniferous/Base Permian Unconformity). Datum plane is FS230. The low-GR beds above FS200 are evaporite layers, while the low-GR beds
below FS200 in all wells consist of clastics. Not all identified and correlated flooding surfaces are displayed, for reasons of legibility. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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distribution of the package between FS110 and FS140 shows a similar
pattern, with one notable exception: sands have graded to fines in wells
K2-1 and K2-2 (Fig. 5). The post-FS140 section is essentially sand-
starved. The conclusion is that the study area became progressively
more distal, consistent with the overall back-stepping of the fluvial-fan
depositional system from the basin centre towards the southern basin
margin (e.g. Van Ojik et al., 2011, Fig. 2).

The correlations of Figs. 10 and 11 show the oldest deposits to occur
in wells F16-A3ST1, F17-8ST1 and L2-8. The basal, pre-FS30, sands in
L2-8 and in the L5 block to the south (not shown here) are amalgamated
and are interpreted as confined channel deposits. A stratigraphic sub-
division of this package is not easily made, given that relatively fine-
grained intercalations – i.e. potential transgressive/highstand deposits –
are lacking. Note that the preservation potential of the latter is low in
the confined environment owing to repeated reworking and bypassing.
Equivalent pre-FS30 deposits occur in F16-A3ST1 and F17-8ST1, with a
clear alternation of finer-grained and coarser-grained deposits. These
are interpreted as unconfined fluvial fan deposits in a position down-
stream from the amalgamated sands in the L2-8 area.

Besides the gradual north-to-south thinning and back-stepping
pattern of the stratigraphic units in the entire basin (Fig. 2) there is a
similar thinning and onlap pattern in an east-to-west direction

(Figs. 10–12). A broad south-to-north fluvial valley is thought to have
existed in the erosive surface at the base of the URG (colloquially re-
ferred to as the Base Permian Unconformity, BPU), which gradually
filled with the sediments of the URG (Neptune Energy Netherlands B.V.
unpublished information; Geluk, 2007). Mapping the sand content of
the lowstand packages also reveals a pattern of north-to-south back-
stepping and a simultaneous east-to-west expansion through time, as is
illustrated by the example of three of these units in Fig. 12. The sandy
interval associated with, i.e. below, FS30 is limited to the deeper parts
of the basin, whereas the one associated with FS110 extends to the west
and that of FS140 is restricted to the south. As expected, the oldest
deposits occur in the axial area of the valley, and over the course of
time the valley filled up and the flanks were onlapped with sediments.

5. Discussion and conclusions

Long-range chronostratigraphic correlation in the central part of the
Southern Permian Basin (SPB) in the Dutch offshore showed that the
mud-prone Rotliegend succession contains thin-bedded and laterally
very extensive sandstone packages with correlation lengths up to and
over 100 km. The correlation technique of pattern matching of GR logs
was strongly supported by calculating spectral trend curves (INPEFA).

Fig. 11. Regional well-to-well correlation diagram from K2-1 to F17-8ST1 along a southern transect through the feather-edge area. See also Fig. 1 for location. Key to
tracks as in Fig. 10. Datum plane is FS230. The low-GR beds above FS200 are evaporite layers, while the low-GR beds below FS200 in all wells consist of clastics. Well
L1-6 is interpreted to have drilled through a fault, causing a reduced uppermost section. Not all identified and correlated flooding surfaces are displayed, for reasons
of legibility. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Abrupt coarser-grained to finer-grained lithofacies changes in the suc-
cession have a characteristic C-shape expression in the GR and corre-
sponding INPEFA curves, and the changes were interpreted as corre-
latable flooding surfaces. The surfaces are regional to supra-regional in
extent and linked to events on the scale of the basin. In view of the large
number of correlatable surfaces in the Rotliegend succession, the ab-
sence of internal unconformities, and the layer-cake stratigraphic ar-
chitecture, it is proposed that the surfaces formed in response to climate
change – probably as a function of Milankovitch periodicities– rather
than as consequence of tectonics (Berger and Loutre, 1994; Gast et al.,
2010; Perlmutter and Matthews, 1990; Perlmutter et al., 1998; Roscher
and Schneider, 2006; Schröder et al., 1995). Using the analogue of well
documented, climate-driven, late Quaternary lake-level fluctuations in
the endorheic Altiplano Basin, we argue that similar fluctuations con-
trolled the fluvial base-level in the endorheic SPB. The stratigraphic
subdivision of the Upper Rotliegend of the adjacent German offshore is
based on essentially the same principles (Schröder et al., 1995). Me-
chanisms of groundwater-table fluctuations in combination with ex-
pansion and contraction of desert lakes (George and Berry, 1994,
1997), or advancing and retreating desert fluvial systems (Fryberger
et al., 2011) have been proposed as explanation for the stratigraphic
cyclicity. The patterns presented here are better explained by larger-
scale processes: large lake-level fluctuations, which may be considered
an underestimated factor in understanding the Upper Rotliegend stra-
tigraphy.

McKie (2011) discusses the relationship of depositional fabric in
core and outcrop in the Rotliegend with modern dryland depositional
processes and argues for prudence, stating that “uniformitarian prin-
ciples are not universally applicable.” A similar topic is discussed by

Schröder et al. (1995) who state that identification of claystones formed
during lake-level highstands in cored barren red-bed deposits is very
difficult, if not impossible. Sediment supply to the basin centre during
highstands is likely to be low, notably during short-lasting events, and
highstand deposits may have been eroded or scoured during lake-level
falls and lowstands, especially at the basin margin. A more fundamental
issue is the integration of core and log data. This is often not straight-
forward – the Rotliegend red-beds are no exception – owing to the fact
that each data type describes the different properties and dimensions
(resolutions) of the rock bodies (Schröder et al., 1995).

The endorheic basin setting of the SPB, and the studied sandstone
depositional architecture and sedimentary characteristics are analogous
to the depositional setting of laterally-amalgamated terminal lobes of
dryland-river systems in an endorheic basin during lowstands, such as
the Holocene Altiplano Basin in Bolivia, present-day Lake Eyre
(Australia) and the Miocene Ebro Basin (Spain). The terminal-lobe
sandstones formed by successive upstream river avulsions which are
triggered by the vertical aggradation of alluvial ridges and inherent
decrease of the along-river gradient, thereby creating an intricate net-
work of laterally-connected and amalgated sandstone units. Unique for
the endorheic basin setting is that a change from a drier to wetter cli-
mate period is translated in short-duration, high-magnitude base-level
rise which is preserved in the rock record as basin-wide lacustrine
mudstone draping the terminal lobes of the previous dry climate period.
The model of Rotliegend basin fill in the central Dutch offshore allows
predictions of the occurrence and volumetrics of potential sandstone
reservoirs. More specifically, thin - i.e. below the vertical resolution of
wireline logs – relatively coarse-grained terminal lobe deposits are lo-
cated downstream from and connected with well-developed sandy

Fig. 12. Approximate distal boundary (dashed lines) of the sandy facies of the lowstand packages associated with (below) FS30 (green), FS110 (blue) and FS140
(red), overlying the generalized well-based isochore map of the total Rotliegend interval (excerpt from a larger map). Net sand thicknesses (m) are listed in the table
(NP = not present). Note that sands with thicknesses below the resolution of the wireline logs are likely to occur beyond the distal boundaries. All wells in the map
area have been used in the determination of the limits; only the location of the wells of Figs. 3–5, 10, 11 are displayed. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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lowstand deposits, thus potentially adding to the gross rock volume of
hydrocarbon reservoirs (Van Toorenenburg et al., 2016).
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