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Abstract

The upper Carboniferous in the southern North Sea, especially the Westphalian B and lower Westphalian C stage is
characterized by the deposited cyclothems that are a series of coarsening-upward fluvial sediments cycles. These
cyclothems are often coal-bearing and no more than 15 m. Studying the fluvial cyclicity has a good potential for
improved stratigraphy because the cyclothems show cyclic signals and provide a possible way of high-resolution
correlation. An integrated approach using multiple approaches to come to a solid outcome also enables improving the
stratigraphy. The previous studies mainly focused on large-scale stratigraphy with a vertical resolution of a few
hundred meters. This study has analyzed the fluvial cyclicity and constructed an improved stratigraphic framework of
Westphalian B and lower Westphalian C to better understand the sedimentary system. An integrated approach
including lithostratigraphy, biostratigraphy and Integrated Predictive Error Filter Analysis (INPEFA) is applied to the

series.

Six intermediate-scale biozones with a thickness of tens of meters to around 150 m are applied. Six intermediate-scale
units named stratigraphic packages were recognized by INPEFA curves of the gamma-ray log. The correlations of the
biozones and the stratigraphic packages are consistent with each other, and the offset between the boundaries of
these two zonations is generally between 2-15 m. Individual intermediate-scale units have a highly variable thickness
and the standard deviation of one unit can be up to 42 m. Constrained by the biozones and INPEFA stratigraphic

packages, four main coal seams are correlated and their lateral extent can reach 15 km.

The small-scale cyclothems that range from 7 to 15 m can be extracted by INPEFA of potassium content log, referring
to the small-scale INPEFA cyclicity. The cyclothems and the corresponding INPEFA cycles are thicker and better
developed in the southern area. The average thickness of small-scale cycles is 12 m and these cycles are related to
obliquity with a duration of approximately 35 kyr. The duration of Westphalian B calculated by the number and the time
span of obliquity-scale cycles is nearly 1.2 Myr. No long-period, 100 & 400 kyr eccentricity cycles were recognized in
this study.
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1 Introduction

High-resolution stratigraphy of 3D sedimentation through time is needed for subsurface engineering
applications since the stratigraphic framework can lead to a better prediction of the reservoir quality and
optimal strategies for production. However, it is difficult to accurately develop a high-resolution stratigraphy
with limited data since the controlling factor of a sedimentary system is often controversial. Generally, the
sedimentary units are controlled by both allogenic and autogenic processes. Allogenic processes, usually
caused by climate, tectonics, and sediment input, are thought to able occur on a basinal or even global
scale (Cecil, 2003). In contrast, autogenic processes are local because they are introduced by the
sedimentary system itself. It is hard to completely untangle the effects of different types of processes in the

previous sedimentary system located underground.

The upper Carboniferous is known for its characteristic fluvial cyclic patterns called cyclothems (Weller,
1930) consisting of coal-bearing deposits and is widely assumed to be related to glacio-eustatic sea level,
tectonic subsidence, and sedimentation (Wilkinson et al., 2003; Weedon and Read, 1995). Studying the
fluvial cyclicity has a good potential for improved stratigraphy because the cyclothems show cyclic signals
and provide a possible way of high-resolution correlation (Henderson et al., 2020). The cyclic signals refer
to the cyclic sedimentation that changes repeatedly in the depositional systems. The cyclic sediments
comprise different types of rock and show repeating patterns (Ferrero and Celestina, 2004). An integrated
approach using different stratigraphic methods to come to a solid outcome can also improve the
stratigraphy. The integrated stratigraphy often contains lithostratigraphy, biostratigraphy, isotope
stratigraphy, and cyclostratigraphy.

The upper Carboniferous has been studied in different areas for the past decades. For instance, eccentricity
cycles (~100 kyr) in Ostrava formation, Upper Silesian Basin located in the Czech Republic were defined
(Jirasek et al, 2018). Two conceptual models for peat formation in a lower Palaeocene fluvial system, north-
eastern Montana in the USA was generated (Noorbergen et al, 2018). Astronomical cyclicity in Upper
Carboniferous fluvial-deltaic sediments in the subsurface of the Netherlands was studied by Bosch (2008)
and a high-resolution stratigraphic correlation of Rotliegend deposits in the central Dutch offshore has been
made (De Jong et al, 2020).

The upper Carboniferous in the southern North Sea (Fig. 1.1) does not contain detailed, high-resolution
correlations. The previous studies mainly focused on the regional, large-scale stratigraphy related to the
third order in sequence stratigraphy. The vertical resolution often ranges from nearly 150 meters to several
hundred meters. Some intermediate-scale stratigraphic frameworks with a vertical resolution of more than

50 meters to around 150 meters are available. But these stratigraphic correlations utilized a single approach



like the biostratigraphic method, the lithostratigraphic method, and these stratigraphic frameworks are
independent of each other. Specifically, O’Mara has classified detailed facies and interpreted sequence
stratigraphy in third-order (O’Mara, 1995; O’Mara and Turner, 1997; O’'Mara and Turner 1999). Several
marine bands which are commonly dark-colored shale rich in marine fossils play important roles in the
determination of stratigraphic zonation. McLean (1996, 2005) synthesized biozonation based on miospore
taxa and a limited number of macrofaunal control points. De Jong et al. (2007, 2020) used the climate

stratigraphic method to make a subsurface correlation in the Upper Carboniferous of Anglo-Dutch basin and

central Dutch offshore. Therefore, an improved integrated stratigraphy with a vertical resolution of tens of

meters or even a vertical scale of 10 to 20 meters is expected and the cyclicity analyses are of great

importance.

Lithostratigraphy
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Fig.1.1 Summary of substages and lithostratigraphy of Westphalian stage for the northern UK and western

Europe. Different names were given to the same substages or lithostratigraphic units. No vertical scale

implied.

In order to study the fluvial cyclicity and develop an improved stratigraphy in the upper Carboniferous of the
southern North Sea basin, the Westphalian B and lower Westphalian C being a part of the upper
Carboniferous deposits (Fig. 1.1) are the best targets. The Quadrant 44 and a small part of Quadrant 49, as

well as part of nearby Dutch D and E quadrants, are good to start (Fig. 1.2). The area of interest has a long



history of gas production resulting in high data availability including wireline well logs and cores. The
dominant sediments deposited in the interval are alluvial and upper delta plain associations consisting of
abundant coal seams as well as fluvial-deltaic sandstones, siltstones, and shales (O’Mara, 1995; Kombrink,
2008). Different types of rock, especially coal seams and marine bands repeatedly occur (O’Mara and
Turner 1999) and the astronomical cyclicity of Westphalian B and C in the onshore of the Netherlands
which is near the study area has been studied (Bosch, 2008; De Jong et al., 2020). Furthermore, the later
Westphalian formations including upper C and D were severely eroded by Base Permian Unconformity
(BPU) while the preservation of Westphalian B and lower Westphalian C are relatively good and shown in
many wells in Quadrant 44 and 49(Cameron et al, 1997; Schrijver et al, 2020).
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Fig. 1.2 The map showing the study area consisting of Quadrant 44, part of Quadrant 49, part of Dutch
Quadrant D, and Dutch Quadrant E (marked in red square). The red polygons represent oil and gas fields.
This map is taken from Oil & Gas Authority, UK.

Therefore, an integrated stratigraphy for the Westphalian B and lower Westphalian C in the study area is

expected to establish. To achieve the goal, the research questions of this study are:

® \What is the character of sedimentary cyclicity in the Upper Carboniferous successions?

B What is or are the vertical scale or scales?
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B What is the lateral consistency and heterogeneity of the cyclicity?
B Can the identified cyclicity be related to astronomical climate forcing?

® Can an improved integrated stratigraphy produce more reliable correlations at the 10s-of-meters scale?

The orbital forcing and allogenic signals that are essential to cyclicity study are hard to directly detect,
especially in the subsurface. And they are often interacting with other factors controlling sedimentation.
Thus, the recognition and analyses of the fluvial cyclicity need assistant from the integrated stratigraphic
approach and previous studies. The integrated approach in this study includes biostratigraphy,
lithostratigraphy, and Integrated Predictive Error Filter Analysis (INPEFA). Biostratigraphy was developed in
view of palynology applied to cuttings or some core materials (McLean, 1996; McLean 2005), and some
wells in this area have reported detailed palynology. Although biostratigraphy has some limitations and
measurement can have errors of the order of meters, its framework still provides important clues for an
intermediate-scale stratigraphical correlation. INPEFA is thought to be related to climate change and
astronomical forcing (Nio et al., 2005; De Jong et al., 2020). The application of INPEFA in the upper
Carboniferous of onshore and offshore Netherlands can also be a strong tool to aid in understanding the
fluvial cyclicity and constructing a stratigraphic framework. Additionally, lithostratigraphy will also be
involved since the lithofacies in the different parts of the formations show various characteristics (O’Mara
and Turner, 1999). Among them, the indications of thick coal seams and marine bands could be useful
because they can be widely distributed. However, marine bands are hard to be distinguished in the

subsurface due to the different petrophysical responses (O’Mara, 1995).

In this thesis, the geological setting of the study area will be introduced at the beginning to give a first view
of the sedimentary system. Then, the integrated approach including biostratigraphy, INPEFA stratigraphy,
and lithostratigraphy will be explained and applied to several wells in the study area. Considering the
manual identification of lithofacies is time-consuming and subjective, automatic interpretation of
sedimentary facies will be developed before the integrated stratigraphic method. Afterward, the results of a
single method and the comparison of different methods will be provided in order to study the potential
cyclicity and develop improved stratigraphy. By the end of this study, a discussion about the reliability of the

results and the astronomical forces will be presented.
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2 Geological Setting

2.1. Overview stratigraphy and formations

The upper Carboniferous period in the southern North Sea dominantly consists of the Westphalian stage
deposits aged 300 Ma. The sediments deposited in the same stage have various names in different areas
(Fig. 1.1). The Westphalian can be subdivided into Westphalian A, B, C, and D from bottom to top,
containing four different sedimentary associations, but the stratum in the upper Westphalian C and
Westphalian D in the southern North Sea are often invisible due to the severe erosion caused by BPU
(Cameron et al, 1997; Schrijver et al, 2020).

Three formations with various lithofacies and sedimentary patterns were defined in the Westphalian B and

lower Westphalian C, from bottom to top namely Caister sandstone formation, Westoe Coal formation, and

Cleaver formation (Fig. 1.1, Fig. 2.1). The boundaries of the formations developed based on lithofacies vary

in different studies and they are accepted to be regionally diachronous (Cameron, 1993b; Besly, 2002;

Cameron et al, 2005). The Caister sandstone formation is also known as Murdoch sandstone. Westoe Coal

formation can be divided into two parts according to the frequency of coal seams and different biological

areas, which will be explained in part 2.3. Also, the Cleaver formation was considered to be subdivided into

upper and lower parts.
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Fig. 2.1 Overall stratigraphy of Westphalian B and lower Westphalian C stage for the study area. The figure

contains biostratigraphy, lithostratigraphy, sequence stratigraphy, marine bands, and INPEFA stratigraphy.

The dashed lines indicate the boundaries are not solid surfaces. The last three columns are the results of

this study, which will be explained in the following parts. No vertical scale implied.
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2.2. Structure

The southern North Sea basin is located on the east of the United Kingdom continental shelf and close to
the Netherlands, covering an area of 36,951 km?. It underwent multiple stages of evolution in geological
history. From the middle Carboniferous up to Westphalian C, tectonics went through uniform thermal
subsidence (McKenzie D, 1978; Schroot B M et al, 2003; Bailey J B et al, 1993). Due to the reactivation of
base faults during the post-rifting stage, an NW-SE-trending graben system around the basin was formed
from late Carboniferous to early Permian. As a result, the Carboniferous formations were folded and,
especially Westphalian C and D were eroded in Permian time creating the BPU (Stewart and Coward,
1995; Schroot B M et al, 2003). The deposits of Westphalian in the filling basin were widely thought to be a
northerly source (Schroot B M et al, 2003). However, based on the heavy-mineral data, more than one
provenance could exist. Collison (2005) thought the source of Cleaver formation could lay to the south,
while the sediments for the Westoe Coal formation may be shed from the Wales-Brabant High, and the

southward source from Variscan terrain cannot be ruled out.

The southern North Sea covers an area from the central Quadrant of 42 to 44 and southern parts of 48 and
49 quadrants. The study area, Quadrant 44 and the north part of Quadrant 49 (Fig. 2.2), is situated in the
inner Silver Pit Basin. Some NW-SE trending faults and folds had been developed inside Silver Pit Basin.
The nearby Quadrant E and D in the Dutch sector is on the Cleaver Bank High which is a high platform
comprising multiple deformations resulting from both folding and faulting (Schroot B M et al, 2003).

2¢ 1 'y

'NORTH SEA>

BASIN
SHELF/PLATFORM O CALEDONIAN GRANITE
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Fig. 2.2 Structural framework during Early Carboniferous showing the paleotopography (from Besly, 1998).
Note that the study area covers Quadrant 44 and part of Quadrant 49 in the offshore UK, and a small part of

Quadrant D, E in the offshore Netherlands.

2.3. Westphalian B and lower Westphalian C

Westphalian deposits are well known as coal-bearing rocks, especially in the Westphalian B stage. The
main sedimentary facies present are Lower Delta Plain, Alluvial, and Upper Delta Plain Associations
corresponding to Westphalian A/B/C, respectively (O’'Mara, 1995; Kombrink, 2008). In Westphalian B and
C, the fluvial-deltaic sediments were deposited in low relief, humid environments. The coastal alluvial plain
is dominant, consisting of crevasse splay and minor distributary channel deposits prograding into lacustrine
and floodplain fills (O’'Mara, 1995; O’Mara and Turner, 1999). The sandstone content was thought to
decrease southward as a result of south-southwest trending palaeoslope where channel system from

northern source passed through (Besly, 1990; Collinson et al, 1993; O’Mara, 1995).

The Westphalian B and lower Westphalian C sediments are believed to be primarily deposited during a
Transgressive Systems Tract (TST) while the lower sand-bodies were thought to be deposited during a
Highstand Systems Tract (HST) to Lowstand Systems Tract (LST) (O’'Mara, 1995; Quirk, 1997; Schrijver et
al, 2020).

The lower and upper boundaries of Westphalian B are two, third-order marine bands (MB), namely
Vanderbeckei MB and Aegiranum MB, respectively (O’Mara, 1995; Quirk, 1997). When the transgressive
sequence set formed, it was frequently influenced by marine incursion. Several fourth-order marine bands
developed inside and the remarkable marine bands are Malby MB, Clown MB, Haughton MB, and Sutton
MB. The Malby MB is considered the boundary between the upper and lower Westoe Coal formation
(O’'Mara. 1995; O’Mara and Turner, 1999; Schrijver et al, 2020). Marine bands reflect the fluctuation of sea
level and subsequently, show the change of base level. They are commonly dark-colored shales, usually
rich in marine fauna and organic materials and no more than 2 m (O’Mara, 1995). Marine bands often show
uranium enrichment due to the anoxia conditions and low sedimentation rates (Fisher and Wignall, 2001).
However, the wireline response characteristics, especially the uranium response of MBs in Westphalian B
vary markedly (O’Mara, 1995). This raises the difficulty of recognition of MB in the subsurface without

specific calibration of log response.
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Fig. 2.3 Summary of sedimentary facies and wireline log facies in Westphalian B (from O’Mara, 1995)

The lower part of Westphalian B in the study area is Caister Sandstone deposited by low-sinuosity braided
channels (O’Mara and Turner 1995, 1999). It is characterized by coarse, major-stacked sand-bodies,
usually ranging from 30 to 40 m thick and covering an area over 250 km? (Ritchie and Pratsides, 1993;
O’Mara, 1995). From bottom to top, the fluvial channel style gradually transformed to single and high-
sinuosity, and thus, sandstones were interspersed in the Westoe Coal formation (O’Mara and Turner,
1999). With the development of the lake and floodplain, shale and coal seams frequently appear and were
concurrent with the change of channel features. In the lower Westoe Coal formation, the coals are thicker
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(=3m) and more frequent compared with thinner and infrequent coals deposited in the upper Westoe Coal
formation, which suggests a higher rate of stratigraphic base-level rise (Flint et al, 1995; O’Mara and
Turner, 1999). Coal seams correlation combined with biostratigraphy has been worked in several studies
because the wireline log response of coals is distinguishing and the coal seams are able to cover a large

area within the low-relief area (Quirk, 1993; O’Mara and Turner, 1999).

Besides marine bands and coal seams, detailed sedimentary facies and electrofacies (Fig. 2.3) of upper
delta plain and alluvial plain associations have been synthesized by O’'Mara (1995) from a view of literature.
The essential facies involve the distributary channel, interfluvial floodplain, interdistributary lake, stacked
channel sands. They act as a good base for automatically interpreting electrofacies in this study. Stone et al
(2010) also depicted an idealized schematic model within the upper delta plain depositional environment of
the Westphalian, Pennine Coal Measures Group which is the same formation as the interval studied in this
study but in the onshore area (Fig. 2.4). It enables to illustrate the lateral facies distribution, and both
vertically and laterally reflect the relationship among different facies.
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Fig. 2.4 Schematic illustration of the facies variation within the upper delta plain depositional environment of

the Westphalian, Pennine Coal Measures Group (from Stone et al, 2010)

The repeating and coarsening-upward cyclic series which are also named cyclothems were deposited in the
Westphalian B. They are usually capped by minor distributary channel sandstone or coals (O’Mara, 1995).
Tucker et al (2003) generated an ideal scheme of this type of cyclothems deposited in the transgressive
system (Fig. 2.5). The sequence of deposition they follow is mudstone at the bottom, then sandstone
overlying siltstone, and finally palaeosoil and coal seams (Tucker et al, 2003). Sometimes the upper coal
seams might be oxidized after depositing or might not form, which depends on the sedimentary

environment. The ideal cyclothems were thought to be formed when a channel moved into a lake at the
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beginning. Then it was abandoned, overlaid by vegetation and swamp to deposit seatearths and coals
(Tucker et al, 2003). In other words, the formation of each cyclothem is related to a flooding event. The
thickness of coal-bearing cyclothems developed in the study area is commonly no more than 15 meters.
The vertical scale of the cyclothems is defined as a small scale in this study, referring to the short term in

cyclostratigraphy, and fifth order in sequence stratigraphy.

A B C D
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carbonate flooding surface boundary
DiStgl?:r‘]i?; Estuarine/ Sail
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Shiorsiece LOWSTAND sands and mud
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sands Mouth
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HIGHSTAND Incised valley- Crevasse splay
do;nisr::trerg fill sands progradation
sands Prodelta
d:
% = HIGHSTAND
Oﬁ:::éz Marine
, muds A i
Transgressive Maximum flooding Marine muds Fresh to brackish water
coastal alluvial
N Marine plain lake
carbonate carbonate
Parasequence
Transgressive boundary
I — I — Lt 1
&, 8 & 8, 8 C &, 8 G 8, 8
é;p % ‘9/)0, /91, % 9/)0, /6/,’// 6/)0 {91,’// ‘9/)0,
. Thicknesses vary considerably:
Limestone
A Shoreline succession up to 30 metres
B Typical delta-dominated Yoredale cyclothem 15-35 metres
Seatearth
C Incised valley-fill sequence more than 10 metres
Midgtons D Coal measures cyclothem up to 15 metres
Sandstone Within the Yoredale Group A and B are typical of the Alston Formation,
e C and D of the Stainmore Formation
9

Fig. 2.5 lllustrative logs and interpretations for some types of high-frequency clastic sequences within the

Yoredale and Pennine Coal Measures groups of northern England (from Tucker et al, 2003)

In the previous study, the identification of marine bands and the correlation of coal seams are strongly
related to palynology. Hence, miospore biostratigraphy has been studied for a long time and the classified
biozones are widely accepted. The offshore biozones in the North Sea are defined on the last occurrence of
specific taxa which consistently show in the interval of drilling cuttings and core materials (Ritchie and
Pratsides, 1993; McLean, 2005). The recent palynostratigraphy in Westphalian B (Fig. 2.6) contains W4
and part of W5 biozones, inside which four sub-biozones were divided. From bottom to top they are
W4a/W4b/W4c/W5a (McLean, 2005). Since the interval of interest in this study contains part of Westphalian
C, another two biozones which are W5b and W6 are included. The Duckmantian stage corresponds to

Westphalian B and the Bolsovian stage represents Westphalian C (Fig. 2.6). According to the updated
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correlation of biozones for several wells in Quadrant 44 and 49 from Wintershall Noordzee (personal

communication), not all wells with Westoe Coal formation and Cleaver formation have complete biozones of

Westphalian B from W4a to W5a. Although the thickness of biozones greatly varies, it is usually between

tens of meters and nearly 150 meters. In this study, the vertical scale of the

an intermediate scale.

detailed biozones is defined as

Palynostratigraphy
Stages Sub
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Fig. 2.6 North Sea Westphalian biozones (from McLean et al, 2005).

No vertical scale implied.
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3 Dataset

Accurate and high-resolution stratigraphic correlation requires a large amount of data and different
methods. Core materials are the most direct data, allowing access to the rocks and doing measurements
such as fossil content or chemical composition. Wireline logs serving as second-hand data are objective
and continuous, which can vertically extend to whole intervals. Besides, digital data can be processed and

applied to mathematic methods to better understand and analyze.

Within the area of interest in this study, there are many gas fields with high well density. Most of the wells
contain wireline log data and lithostratigraphy which was accepted by the Wintershall company. Some of
the wells have bio-reports, core materials as well as man-made interpretations of lithofacies. Different types
of logs are provided and the most useful data for this thesis are acoustic logging and nuclear logging data
(Table. 3.1). The bio-reports and core photos of some wells are available on Oil & Gas Authority, British
Geological Survey, and NLog Dutch Oil and Gas portal website. After looking through all available wells, not
all wells have full Westoe Coal formation or Cleaver formation. For some wells, the Cleaver formation was
eroded by overlaid BPU.

Table. 3.1 The conventional logging data provided in this project and their use in this thesis

Petrophysical | Gamma . . _ . Neutron Bulk _

} Potassium | Uranium | Thorium | Caliper ] ] Sonic
logging data Ray Porosity | Density
Abbreviation GR POTA URAN THOR CALI NPHI DEN DT
Usage in this

| v v v v x x v v
thesis

There are 16 wells in the study area with detailed bio-reports and 15 wells covering both Cleaver formation
and Westoe Coal formation. Besides, 6 wells have photos of borehole cores located in the interval of
interest. Another well situated in onshore Netherlands namely KPK-01 will also be used. Its astronomical
cyclicity in Westphalian B&C fluvial-deltaic sediments has been studied and suggested by Bosch’'s master
thesis, which provides a good example to compare whether the results in this study show the same idea on
astronomical forcing. Therefore, a total of 27 wells will be studied (Table. 3.2). The distance between most

wells is relatively long, usually between several kilometers to ten kilometers (Fig. 3.1).
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Fig. 3.1 The map shows the location of used wells (except KPK-01) in the study area. Most areas are in
Quadrant 44. 2 wells in the south are situated in Quadrant 49. Part of Quadrant D and E in the offshore

Netherlands are also involved.



Table. 3.2 Information of well conditions. If the log data of a well comprises GR, POTA, DEN, and DT log, Vv was placed in the corresponding basket. If
the formations of one well contain complete Cleaver formation and Westoe Coal formation, ¥ was given as well. The total thickness of the interval covers

both Cleaver formation and Westoe Coal formation.

. . Total thickness of Core
Wells Biozones Log data Formation interval (TVD) / m | materials
44/12a-3 W4a| W4b v V 164.96 -
44/19a-8 W4a| W4b| W4c| W5a vV vV 233.13 -
44/19b-7 W4a| W4b| W4c| W5a No URAN/POTA v 197.83 -
44/21-2 - v V 432.13 V
44/21-3 W4a| W4b| W4c| W5a| W5b URAN/POTA/DEN x complete No Caister SST - -
44/21-4A W4a| W4b| W4c| W5a| W5b No URAN/POTA/DEN/DT No Caister SST - -
44/21a-7 - v vV 436.28 -
44/22-4 - No URAN/POTA No base Ketch - V
44/22b-8Z W4a| W4b| W4c| W5al W5b V No base Ketch - -
44/23-6 - No URAN/POTA No base Ketch - V
44/23b-11 W4a| W4b| W4c| W5a| W5b v No Caister SST - -
44/23b-13 W4a| W4b| W4c v v 277.84 -
44/23g-14 W4a| W4b| W4c| W5a No URAN/POTA vV 280.07 -
44/239-15 W4a| W4b| W4c| W5ha No URAN/POTA V 297.28 -
44/24-4 W4a| W4b| W4c| W5a Vv v 250.8 -
44/27-1 |W4a] W4b| W4c| W5a| W5b| W6a URAN/POTA x complete V 633.23 V
44/28-2  |W4a| W4b| W4c| W5a| W5b| W6a v vV 542.92 Vv
44/28-3 - v No base Ketch - V
49/1-3 - V No Caister SST - -
49/2-3  |W4a| W4b| W4c| W5a| W5b| W6a v vV 712.32 -
D12-06 W4a| W4b| W4c| W5ha No URAN/POTA/DT No Caister SST - -
D15-4 W4a| W4b| W4c No URAN/POTA No base Caister SST - -
E16-3 - v No base Ketch - V
E16-5 - v vV 286.12 -
E17-2 - No URAN/POTA V 223.23 V
E17-A2 - v V 217.54 -
KPK-01 - No DT No Caister SST - -




4 Methodology

Based on the available data, integrated stratigraphy in this study comprises biostratigraphy, Integrated
Prediction Error Filter Analysis (INPEFA) stratigraphy, and lithostratigraphy (Fig. 4.1). The detailed
biozones with a thickness of tens of meters to around 150 meters are in the intermediate scale. Two scales
of the INPEFA approach are applied to extract medium-term trends and short-term trends. The medium-
term INPEFA units range from tens of meters to approximately 150 meters in the vertical direction, and the
short-term INPEFA units with a thickness of 7 to nearly 20 meters. The lithology correlation focuses on thick
coal seams, as they can cover a large area in this study. The coal seams correlation is constrained by the
biostratigraphy and INPEFA stratigraphy. The lateral extent of different stratigraphy, as well as cyclothems,
will be analyzed and discussed through vertical well sections and lateral computed thickness maps.

Integrated
approach

Lithostratigraphy
(Coal seams
correlation)

INPEFA
stratigraphy

Biostratigraphy
Cutoff values

Medium-term Short-term

Biozones INPEFA of GR IR INPEFA of POTA Electro-facies

Upscaling

Thickness
and shape of
GR

Middle-scale
Comparison stratigraphic Small-scale Validation
packages cyclicity

Main coal

Cyclothems
seams

Integrated
stratigraphy

Fig. 4.1 The workflow of this study.




4.1. Electrofacies

As described in Chapter 2, deposits in the fluvial-deltaic system mainly consist of sandstone, siltstone,
shale, and coals. Constrained by the wireline log data obtained from different companies without uniform
standards, it's challenging to accurately distinguish sandstone and siltstone. Instead of detailed recognition
of types of rock, different sedimentary facies associations will be identified. Thus, three general depositional
facies which are sandstones, floodplain deposits (including shale and some siltstone) and coal seams will
be interpreted. Then sandstones will be further classified according to the various sedimentary environment
involving channels, point bars, crevasse splays, and mouth bars. The whole process will proceed in Python
(Fig. 4.2). Also, it’s challenging to accurately distinguish marine bands only based on wireline logs because
different marine bands have various characteristics and log responses (Table. 4.1) (O’'Mara, 1995). Thus,

the marine bands that are commonly consisted of black shale are merged into the floodplain deposits type.

Workflow in Python Log (GR, DEN, DT, URAN)

DEN: 1.2~2.3 DEN: >2.4
GR: <120 GR: <80
DT: >80 DT: <80

Upscale and smooth

Calculate coefficient of
regression line (C.R) (x
axis: GR; y axis: depth )

Calculate average GR
(A.GR) and length of
each column (LC)

LC: > 0.9 (0.15%6)
AGR: <50

LC: > 09 (0.15*6)
AGR: <50

Fig. 4.2 Workflow for lithology and facies interpretation. The cutoff values are personally defined. They will
be explained in Chapter 4 and shown in Chapter 5.

In terms of lithology, the usages of the various log are essential to know. Three types of petrophysical logs
will be used for lithology identification: GR, DEN, and DT. The gamma ray log which can detect the
radioactive isotopes is generally used to discriminate shales from other formations because the level of
radiation in shales is usually high caused by the absorption of radioactive elements by clay minerals. By
contrast, sandstones and coals have relatively lower GR values. The density log records the bulk density of
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the rocks and it can be also useful in the identification of lithology though it runs primarily to estimate rock
porosity. Whereas the density of coal can vary greatly due to different compaction ratios, the general
density values of coals are lower compared to sandstone and limestone. The sonic log measures the speed
of sound waves transmitting through rocks, which also can be used to indicate lithology. In general,

moderate velocities are related to sandstones and low velocities are associated with coals.

Table. 4.1 Log responses of marine bands in Westphalian B stage in the southern North Sea. (modified
from O’Mara (1995))

Marine bands GR URAN content Characters
Aegiranum High High Often eroded
_ _ _ Only known from the central part of the basin and
Sutton High Slight high _
in Northumberland
_ Maybe inferred by the relative stratigraphic
Haughton High Vary - _
position of upper and lower marine bands
Clowne (Sub- _ _ _
_ High High Double gamma peak signal
Clowne tonstein)
Malby High High Must be inferred from the Sub-Clown tonstein
Vanderbeckei High Low Some variations in uranium response

In an overview, coals have moderate to low GR values, low DEN readings, and high DT values. Sandstone
shows low GR readings, relatively high DEN values, and relatively low DT readings. Floodplain deposits
have a wider range of petrophysical logging responses due to the complex composition including siltstone
and shale. The distinctive feature of them is the high GR response, especially for marine shales. In order to
automatically interpret them at a quick speed, cutoff values for lithology in the study area need to be set.
The specific values will be defined based on 3D cross-plots of different lithologies which are interpreted
manually and obtained from the Wintershall company, and literature researching on the similar depositional
environment (Zhou B and O'Brien G, 2016; Zhou F, et al, 2020). The three coordinates are GR, DEN, DT,

and the boundary values of different lithofacies units are expected to be different.

Based on the defined cutoff values, different lithologies including sandstone, shale, and coal at every
logging sampling point can be identified. Logging vertical sampling interval is every 0.152 meters. In order
to show concisely and in line with the common sense of sedimentary facies presentation, upscaling is
applied to avoid thinly interspersed layers interpreted by cutoff values. The specific operation is to take each
sampling point as the center and select the lithology with the highest frequency within a length of nearly 1

meter as the presentive lithology at that point. In other words, within each meter interval, the lithology with
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the largest proportion will be used as the lithofacies for the entire section. But recognized coal seams will
not be upscaled because coal seams are usually compacted to thin layers and they are essential to study

the small-scale cyclothems.

As described in Chapter 1, sands can be subdivided in terms of different depositional environments.
Braided channels, point bars, crevasse sands, and mouth bars are involved in this study (Fig. 4.3). The
remarkable features of recognition of them from petrophysical logs are the shape and number of GR logs.
Specifically, point bars that are fining-upward will show bell-shaped GR and the GR shape of mouth bars
which are coarsening-upward is a funnel. Braided channels and crevasses usually show cylindrical GR
while sands deposit in the major channel is usually coarser and thicker than sands deposit in crevasses
(O’'Mara, 1995; Kendall C, 2003). Hence, the GR log and depth regression line coefficient that can reflect
changes in grain size and mean GR value of a column of sand deposits will be defined to further classify

sedimentary facies of sands.
The calculation for the regression lines is shown in Eq. 4.1 and the best-fit slope m is shown in Eq. 4.2.
y =mx + b (Eq. 4.1)
m = ((mean(x) * mean(y)) — mean(x * y))/((mean(x) * mean(x)) — mean(x * x)) (Eq. 4.2)

where x represents GR values and y is depth. If a column of sandy deposits is coarsening upward showing
funnel shape, the GR values increases as the depth increases, and then the best-fit coefficient is positive

and vice versa.
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Fig. 4.3 Summary of typical sandstone facies associations in Westphalian B in the study area and
corresponding log response characteristics. The classification of facies associations and the core profile
were modified from O’Mara (1995).

Core materials and reports are used to evaluate the interpreted electrofacies, especially coal seams. By
comparing the location of specific electrofacies like coals to the position of the same lithofacies in the cores
with the consideration of depth-shift between wireline log and cores, the accuracy of the electrofacies can
be calculated (Fig. 4.4). To be more specific, the depth of coal recognized from core columns and the depth
of coal electrofacies need to be recorded. Then, the depth shift can be calculated by comparing the depth of
two records. Also, the total thickness of coal eletrofacies can be counted and divided by the total thickness
of coals identified from cores to get the coverage of eletrofacies. Six wells will be used to validate the
reliability of the automatically interpreted electrofacies. They are Well 44/22-4, Well 44/23-6, Well 44/28-2,
Well 44/28-3, Well E16-3, and Well E17-2.
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Fig. 4.4 The processes of evaluation of electrofacies. Core materials or FMI data are used to compare.

4.2. Biostratigraphy

Offshore biozones are defined based on the last occurrences of zonal taxa. Due to the scarcity of core
coverage, core-cuttings materials are used. The regional taxa with stratigraphically significance are selected
based on the consistent appearance from top to bottom in well sections and the representation compared to

the onshore biozones.

The definition and division of different biozones that developed in the Westphalian stage used in this study
are derived from McLean et al (2005). The biozones data is derived from bio-reports available on the NDR
(https://ndr.ogauthority.co.uk/dp/controller/PLEASE _LOGIN PAGE) and recent work from Huis In’t Veld
(personal communication, 2021). This study focuses on summarizing these intervals, correlating and

comparing them. A convergent interpolation method is applied to 2D map generation by using the vertical
division in wells. Consequently, the lateral consistency and heterogeneity of each biozone can be analyzed

by combing the thickness distribution in the study area.

4.3. INPEFA stratigraphy

The INPEFA is good to extract unseen visual information from the wireline log and used to identify
discontinuities, depositional trends, and hierarchical patterns in the stratigraphic succession. Especially
when it is applied to facies sensitive logging data, it could reflect vertical lithofacies changes and identical
patterns (De Jong et al, 2020). Besides, the sedimentary cycles could also be extracted by using INPEFA
(De Jong et al, 2020; Yong H et al, 2021).

Before calculating the integrated prediction error, an L1 trend filtering proposed by Kim et al. (2009) is used,
as it is a powerful tool to estimate a piecewise linear trend without priorly defining the position and number
of kink points (Kim, 2009; Hiroshi Yamada and Gawon Yoon, 2015). This is very similar to the situation in
this study. The potential cycles may exist in the subsurface and be recorded by lithofacies-sensitive logging

curves, but the specific turning points are unknown.

Afterward, another mathematical method named Maximum Entropy Spectral Analysis (MESA) (Burg, 1967)

is applied. By using a sliding window with a given length, MESA is able to calculate a Prediction Error Filter
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(PEFA), an expression of the errors arising from the prediction of data from one window to the next. It

shows the continuity of the waveform of the signals. The mathematic expression is regarded as :
e = X;j— Qi =X — Zzl:l akxi_k,i =m-+ 1, ., N. (Eq 43)

where xi denotes the real log value and %; is the prediction value from the autoregressive model (Bos,
1971). Besides, ay represents the filtering factor, N is the length of the window and e; is the output of the
filter. The integration of PEFA is INPEFA that can indicate the cumulative errors during prediction and
reflect the spectral trend attribute (Nio et al. 2005; Yong H et al, 2021).

Some types of wireline logs such as spectrum gamma-ray are good indicators of lithologies that are related
to sedimentary successions. The GR log is sensitive to the facies and the potassium component (POTA) of
the GR log is associated with feldspar content. This is one type of clay mineral and, thus, the spectral
change of GR and POTA logs derived by INPEFA can indicate important stratigraphic breaks and changes
in the sedimentary environment. In other words, it’s crucial for lithofacies patterns and sedimentary cycle

research to study the turning points and the trends (Nio et al., 2005; Yong H et al, 2021).

The INPEFA curves are standardized to values between -1 and 1. The intervals in the INPEFA curve are
separated by turning points (Fig. 4.5). A positive turning point indicates a trend changing from negative to
positive in an upward direction and a negative turning point reflects a trend changing from positive to
negative from bottom to top. Typical positive turning points are generally regarded as the base of
progradational successions and manifest negative turning points are usually considered as the beginning of

retrogradation processes (Nio et al., 2005; De Jong et al., 2007).

Considering the potential intermediate-scale cyclicity with the thickness of tens of meters, and small-scale
cyclothems developed in the study interval, different filters of INPEFA will be experienced on GR and POTA
log and compared, aiming at extracting these two scales of trends. The INPEFA curves with the most visible
cyclicity will be selected as act the final results. The matched patterns should be enveloped resembling C-
shape from INPEFA curves with specific lengths. The interval in terms of medium-term cyclicity is also
called the stratigraphic package (De Jong et al., 2020). 2D map created by convergent interpolation method

and thickness distribution will also be applied to study the lateral extent of each cycle.

The stratigraphic packages are thought to be time-synchronous and climate-controlled (Nio, 2008; De Jong
et al., 2007). The astronomical forcing will also be discussed in the present study by comparing the
thickness of each cycle and counting the number of the short-term cycles extracted from INPEFA as well as

comparing medium-term INPEFA cycles with biozones which are thought to be time-equivalent.
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Fig. 4.5 Components of INPEFA stratigraphy (from ENRES international open report, 2011). NBS and PBS

are the surfaces where negative turning points and positive turning points occur.

4.4. Lithostratigraphy

To better show the distribution of lithofacies in the well sections, different codes are given to three main
lithofacies. Sands recognized from electrofacies are set as -1. Floodplain deposits which are the most
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developed in the whole interval are provided to 0. And the coal seams that have the largest potential to

correlate are given 1.

The correlation of lithology is concentrated on coal seams which are remarkable, with the consideration of
trend changes of different grain-sized lithologies. With a low-relief slope, some flooding events including
marine incursions could cover the entire region of interest and form coal seams or marine bands. The
zonation of correlation of coal seams relies on distinctive log responses, especially URAN and
URAN/THOR, and the constrain from intermediate-scale zones divided by biostratigraphy or INPEFA
stratigraphy.

Due to the long well-to-well distance usually reaching several kilometers, the direct correlation of channel
sands is unreliable. The distance between the study wells is long, usually ranging from a few kilometers to
more than ten kilometers, which far exceeds the width of the channel belt. It is challenging to connect the

same channel sands on the regional scale only based on the interpreted lithofacies.

The identification of marine bands based on the wireline logs is not acceptable in all wells as a result of the
heterogeneous character of different marine bands (O’Mara, 1995). Furthermore, the marine bands have
been taken into account during the classification of biozones (McLean et al., 2005). Therefore, the
correlation of marine bands is excluded. Nevertheless, the relative position of sand bodies with marine
bands and coal seams in the vertical direction will be considered during zonation and correlation of trend
changes. The correlation of the fifth-order cyclothems will be attempted in several wells about three to four

kilometers away. Afterwards, the lateral extent of cyclothems and different facies can be discussed.

31



5 Results

5.1. Electrofacies

Three general lithofacies in the study area are sands, coals, and floodplain deposits. The cutoff values of
GR, DEN, and AC for three lithofacies (Table. 5.1) are set based on the 3D cross-plot (Fig. 5.1) of different
lithologies interpreted by the Wintershall company and a study in the nearby area (Bosch, 2008). Note that
the three conditions of the logging threshold need to be met at the same time. There are some overlaps

between the values of the three lithologies (Fig. 5.1). Thus, further validation of automatic interpretation,
especially the coverage of the results is needed.

® Coals

180
160
140
120
100

T ® Floodplain deposits
. ® Sands

[1av)/do

Fig. 5.1 3D cross plots of DEN, DT, and GR logs of different lithologies. Red points represent coals; blue

points indicate floodplain deposits; green points stand for sands.

The coals are generally characterized by low GR which is usually lower than 80 API (Binzhong Zhou and

Graham O’Brien, 2015). But coal seams in the study area sometimes have high GR which is nearly 120
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API. The high GR response results from the high shale content (Pradier and Nicolas, 1995). The coal
seams were deposited in a low-relief swampy area where floodplain deposits dominated, and the coals
were possible correlatable regional flooding events. In terms of water table level, the humidity of
depositional setting of coal seams differs and the vegetation, as well as sediments input, were various,
resulting in different shale content in coal seams. Thus, two types of coal seams are differentiated in this

study; normal coal seams and shaly coal seams. The cutoff value of GR is 80 API for both coal types.

Table. 5.1 Defined cutoff values for different lithologies in the study area.

Lithofacies Sands Coal Floodplain deposits
GR, API <80 <120 Rest

DEN, g/cc >2.4 1.2~2.3 Rest

AC, ps/m <80 >80 Rest

The further cutoff values for sandy deposits are defined according to the shape and the mean value of GR
(Table. 5.2). Considering the possible noise and errors in logging data, the cutoff range of GR for cylindrical
shape is set from -0.01 to 0.01 instead of cutoff values equal to 0. The minor channels in the study area
typically consist of 2.5 m sandstone and the channel fills are generally medium- to coarse-grained
sandstones (O’Mara, 1995). The crevasse deposits mainly compose fine-grained sandstone but also were
filled with silty partings (O’Mara, 1995). Considering that the sampling interval of wireline logs in this study is
equal to 0.152 m, the thickness of channels is set to be greater than 2.4 m and the mean GR value is lower
than 50 API.

Table. 5.2 Defined cutoff values for different facies of sandy deposits.

Sedimentary facies Channels Crevasses Point bars Mouth bars
Thickness, m >2.4 - - -
Coefficients -0.01~0.01 -0.01~0.01 <-0.01 >0.01

Mean GR, API <50 - - -

As a result, seven sedimentary facies associations are defined. These facies associations, which are

channel, crevasse, point bar, mouth bar, floodplain, coal, shaly coal, and floodplain, are plotted for all wells

in this study (Fig. 5.2).
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measured depth. The second column shows GR and the fourth column contains DEN, NPHI, and DT. In the

34



third column, the yellow area indicates that NPHI is larger than DEN and the grey area represents that DEN
is larger than NPHI. Seven facies associations are interpreted based on these log data.

The study interval is much thicker in the southern area than in the northern part. The total thickness of the
succession is nearly 170 m in the north and around 700 m in the south. In the Westoe Coal formation and
Cleaver formation, the floodplain deposits cover a large proportion which is around 76.4%, and sandstone
sediments account for nearly 18.2% (Fig. 5.3). The depicted net-to-gross ratio is around 20% in the whole
succession. The net-to-gross ratio is higher in the Cleaver formation which is equal to 25.8% compared to
the net-to-gross ratio in the Westoe Coal formation which is equal to 17% (Appendix A). Channel sands
also rarely appear in the Westoe Coal formation compared to Cleaver formation, after the deposition of
Caister sandstone. Specifically, channel sands occupy 11.2% in the Cleaver formation and only 4.5% in the
Westoe Coal formation (Appendix A). The overall thickness of the coal seams becomes thicker from north
to south, ranging from a few meters to nearly 30 m. Individual thick coal seams with 2 to 3 meters thickness
are more frequently recognized from wells in the southern area. The thickness of individual coal seams in

the northern part is usually thinner than 1 m.

0 1 2 3 4 O 6
o 1 1 1 L 1 1 1 -
= Fo
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31 76.4% )
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6.1% 5.4% 5.6% F
11% 2.5% 2.6%

Lo

1 2 3 - O 6

Floodplain Channel Crevasse Shaly coal Coal Mouth bar Point bar

Fig. 5.3 Histogram of the percentage of different electrofacies in 25 wells of the study area combined. Note

that marine bands are incorporated in the ‘floodplain’ electrofacies because of recognition difficulties

Six wells with core materials or FMI data are used to validate the electrofacies, especially for coal seams
(Fig. 5.4). The depth of coal seams recognized in the core columns is compared to the depth of the coal
eletrofacies. The coverage of coal electroface compared to the coals interpreted from core materials can be

calculated (Table. 5.3). And the depth shift of each coal seam between core materials and the wireline logs
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can be obtained by comparing their depositional patterns (Table. 5.3). Note that only core materials of Well

E17-2 cover the whole interval. Other used core materials and FMI data occupy part of the study

successions.

Based on the comparison results (Table. 5.3), the thick coal seams can be well identified by electrofacies.

But some thin coal seams usually thinner than 0.2 m cannot be recognized. This is due to the vertical

sampling resolution of logging data. The coverage of coal seams electroface is more than 70% and the

depth shift between cores and the wireline logs is limited to 8 meters (Table. 5.3). This indicates that the

interpreted electrofacies are acceptable and can be used in the following study.

Well E17-2
Coals
recognized from
cores/FMI
Coal
electroface
Measured depth /m -H:‘SU ' l?:ﬁ[] : ' ’ ' 42:50 ' - ' 4 1:[]0
Well 44/28-2
Coals '
recognized from
cores/FMI
Coal
electroface
Measured depth /m : lﬁ:ﬁﬂ . . : ) (41:00) X A ) (I‘II‘SU) L X X . (42'

Fig. 5.4 Comparison between coals recognized from cores/ FMI and coals identified from logging data. Two

wells, namely E17-2 and 44/28-2 from different quadrants are set as examples of the validation. Note that

the core materials of Well 44/28-2 do not cover the whole study interval.

Table. 5.3 Evaluation of the coverage of coal seams electrofacies and the depth shift between cores and

wireline logs.
Well 44/22-4 44/23-6 44/28-2 44/28-3 E16-3 E17-2
Coverage 100% 70% 84.40% 91.74% 90.80% 87.24%
Depth shift 0.5m 0.2m 0.5-8m =3m 3-5m 0.5-1m
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5.2. Biostratigraphy

There are a total of six biozones defined, namely W4a, W4b, W4c/d, W5a, W5b, W6a. Not all biozones
were found in each well (Fig. 5.5, Fig. 5.6). The northernmost well 44/12a-3 has W4a and W4b biozones
while the southernmost well 49/2-3 has all six biozones from W4a to W6a. The W4a and W4b biozones that
are located at the bottom cover the whole study area. Starting from the W4c/d interval and upward,
biozones gradually disappear in the northern area, and they can not be traced until they extend to the
middle area. The top W5b and W6a biozones only cover the southern part. The biostratigraphy is relatively
consistent in the east-west direction. Note that the Cleaver formation in some wells like 44/12a-3 is
excluded from these six biozones. They are in the same biozone of the Ketch formation overlying the

Cleaver formation. It also indicates that the classified formations are diachronous.

The thickness of each biozone varies and the trend of change also differs (Fig. 5.5, Appendix B). W4a is
thicker in the southwest area and thinner in the northeast part. Especially at the location of Well 44/27-1, the
thickness of W4a can reach around 140 m. W4b biozone has similar features. The thickest W4b zone that
is nearly 150 m is found in the Well 49/2-3 located in the south. And the thickness of W4b in the north area
is closed to 40 m. W4c/d becomes thicker from north to south. However, it cannot be traced in the
northernmost Well 44/12a-3. The thickness of W4c/d in the northern part ranges from 0 to 30 m. The
consistency of W4c/d is good in the central and southern parts and the variation of the thickness between
wells in these two areas is less than 30 m. W5a gradually thins from west to east. It can only be traced in
the central and southern areas. The thickest W5a which is nearly 65 m is found in the Well 44/21a-7. The
top zones W5b and W6a only cover a small area in the south and tend to thicken towards the south. These
top two zones were only found in three wells which are W44/27-1, W44/28-2, and Well 49/2-3.

It should be noted that the thickness trend depends on the resolution of biozones definition by specific
miospore taxa, and it is affected by the uncertainty of the data. The primary locations of the palynological
assemblages could be changed during drilling, and the measured depth could not be very accurate. Hence,

the boundaries of biozones are not solid surfaces.
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5.3. INPEFA stratigraphy

INPEFA curves of GR are generated for 16 wells with complete study interval (Table. 3.2) and INPEFA
curves of POTA are created for wells that have Pota logs (Table. 3.2). Using turning points and turning
surfaces in the INPEFA curves, different scales of units can be recognized. In this study, intermediate-scale
stratigraphic packages with a thickness of tens of meters to 150 m are classified from medium-term INPEFA
curves of GR. Small-scale cycles ranging from 7 to around 20 m are identified from short-term INPEFA
curves of POTA.

5.3.1 Medium-term INPEFA of GR

Six stratigraphic packages are classified from medium-term INPEFA curves of GR by strong negative
turning points, showing C-shape (Fig. 5.6). The value of strong negative turning points generally is larger
than 0.8. Commonly, the boundaries that are the negative turning surfaces are the basis of sandstone
successions including channel sands, point bars, and mouth bars. The thickness of the stratigraphic
packages ranges from tens of meters to around 150 m. In each stratigraphic package, the sand content
decreases upwards, from about 35% to around 5%. Coherent with this, the floodplain deposits become
abundant at the top of each package. Also, coal seams usually more frequently appear in the upper part of

stratigraphic packages.

From bottom to top, the stratigraphic packages are named IG1, IG2, IG3, IG4, IG5, and 1G6 (Fig. 5.6). Not
all stratigraphic packages can be traced in each well (Fig. 5.7). The bottom three zones IG1, IG2, and IG3
cover the whole study area. 1G4 can extend to the central part but cannot be traced to the northern area.
The top two zones IG5 and 1G6 only develop in the southern area. Specifically, the northernmost Well
44/12a-3 only has three stratigraphic packages, namely IG1, IG2, and IG3, while the southernmost Well
49/2-3 contains the most complete stratigraphic packages in the study area. Note that the Cleaver formation

in all wells is involved during the classification of stratigraphic packages.
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Each stratigraphic package has a variable thickness, and the thickness of different stratigraphic packages
also varies a lot between wells (Fig. 5.7, Appendix C). From an overall view, the two bottom stratigraphic
packages, IG1 and IG2 are thicker than the other stratigraphic packages. Most intervals of IG1 and IG2
exceed 50 m and can reach 150 m in some wells located in the south and west areas. The middle 1G4 and
IG5 are the thinnest intervals. For IG1, 1G2, and IG3, the thinnest part is situated in the northeast area and
they are thicker in the southwest. But the thickest IG1 appears in the west area, especially at the location of
Well 44/21a-7. 1G4 also becomes thicker from northeast to southwest, but it is absent in the north part of the
study area. IG5 and IG6 can only be traced in the southern area. IG5 becomes thicker from northwest to

southeast while IG6 thickens from southwest to northeast.

5.3.2 Comparison between Biozones and INPEFA stratigraphic packages

The biozones and INPEFA stratigraphic packages match each other, though a small offset exists (Table.
5.4 and Fig. 5.8). The lower three zones which are W4a, W4b, W4c in biostratigraphy and 1G1, 1G2, IG3 in
INPEFA stratigraphic packages are more lateral extent in the whole study area. They are generally thicker
in the southern part and thinner in the northern areas. The stratigraphic package 1G4 is absent in the north,
which is in line with the biozone W5a. The top two units that are IG5, IG6 in INPEFA stratigraphy and W5b,
W6a in biostratigraphy can only be traced in the southern area. The W4a and IG1 is the best-correlated
interval located at the bottom. The offset is limited to 30 m. Starting from 1G2 and going up, the difference of
depth of bounding surfaces between the two stratigraphic markers gradually increases, especially for the
northern area and Quadrant D. Nevertheless, the offset of bounding surfaces between the two types of
zonation is around 2 to 15 m, with the biggest offset around 60 m. Compared with the scale of the divided

intervals, this depth shift is relatively smaller and acceptable.

The reason why the uppermost boundary of the two approaches is different is that the whole Cleaver
formation is included in the classification of the INPEFA stratigraphic package, which is not the case for bio-
zonation. The definition of formation which belongs to lithostratigraphy is diachronous. Without the
Aegiranum marine band which is often eroded, the timeline of two depositional stages which are

Westphalian B and C is hard to determine.

Table. 5.4 Correspondence between the two types of intervals.

Bi Bio_A Extra Bio_B Bio_C Bio_D Bio_E Bio_F Bio_G
io-
(Base (Base (Base (Base (Base (Base (Top (Base
surface
W6) W6a) W5b) W5a) W4c) W4b) SST) W4a)
Biozones W6a W5b Wb5a Wi4c Wi4b W4a
INPEFA A Extra B C D E Top SST F
Strat.Pack IG6 IG5 1G4 IG3 1G2 1G1
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5.3.3 Short-term INPEFA of POTA

Small-scale cycles ranging from 7 m to 20 m are identified from short-term INPEFA of POTA in many wells,

especially in the wells situated in the southern part (Fig. 5.9). Typical cycles are characterized by two

positive turning points and a tendency to increase first and then decrease from bottom to top (Fig. 5.9).

They show a C-shape. However, not all cycles show a perfect C-shape, which increases the difficulty of

number counting.
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Fig. 5.9 Results of short-term INPEFA curves of POTA (last column). Small-scale cycles are visible. The

first column is true vertical depth. The second column represents the GR log, and the third column denotes

the electrofacies interpreted in this study.

Considering the uncertainty resulting from the less well-developed cycles, three different standards are set

to count the number and calculate the average thickness: (1) the most cycles defined by every positive

turning point and the smallest average thickness; (2) the minimum cycles separated by positive turning



points with the minimum values which is commonly -0.6 and the thickest average thickness; (3) the most
likely cycles based on the observation of GR shape and the corresponding thickness (Fig. 5.10). The
average thickness and the number of short-term INPEFA cycles are variable in each well. Well 49/2-3 and
Well 49/3-1 contain the most cycles that are approximately 55 over the whole target interval. Well 44/12a-3
that is the most northern well has only 16 cycles. The cycles in the southern area are relatively thicker than
the cycles in the northern area. The cycles developed in Quadrant D and E are the thinnest. The variation
between the maximum average thickness and minimum average thickness of cycles shows large in the

northern and central wells where less well-developed cycles occur.
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Fig. 5.10 Average thickness of cycles identified by short-term INPEFA curve of POTA and manual
interpretation of cyclothems based on GR is shown in the right figure, and the figure of locations of wells is
left. Note that the range of average thickness of cycles recognized by INPEFA curves is calculated by
maximum and minimum numbers, and it is marked by a black line with two points. The blocks indicate the
difference between the most likely average thickness of cycles according to INPEFA and the average

thickness of defined cyclothems.

5.4. Coal seams correlation

The distribution of coal seams is greatly variable in the studied area, raising the difficulty of making a
correlation of coal seams. Thicker and denser coal seams are deposited in the south, while the coal seams
in the north and Quadrant D are thin and sometimes almost invisible. In this way, if the distance between
adjacent wells does not exceed roughly 5 km, the connection of a single coal seam seems feasible, but it is

not easy to proceed with the increasing well spacing.
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Fig. 5.11 Long-distance correlation of main coal seams. The dashed line colored in red, located at the bottom denotes Coal 1. The light blue line situated
at the lower part represents Coal 2. The black line between the purple zone and pink zone is Coal 3. The dark blue line at the top denotes Coal 4. The

top (red wavy line) and bottom (green line) boundaries in this well section are the base of Ketch formation and the top of Caister sandstone, respectively.




Four widely distributed coal seams namely Coal 1, Coal 2 (Durham Low Main coal/ sub-B coal), Coal 3
(Main coal/ B coal), and Coal 4 are identified and correlated (Fig. 5.11) according to their locations and log
response (Table 5.5). The lower two Coal seams which are Coal 1 and Coal 2 have a low uranium
response which is lower than 3 ppm. But Coal 2 also has a high thorium response, which is different from
Coal 1. The URAN of Coal 3 and Coal 4 is higher than 3 ppm.

These coal seams are thicker in the southern area and become thinner in the central area as well as
Quadrant E (Fig. 5.11). None of them can be traced in the northern area, especially at the location of Well
44/12a-3. Coal 1 is closed to the Caister Sandstone. Most of it was deposited and preserved in the southern
area. Coal 2 is near Coal 3 but usually thinner than Coal 3. Both of them are usually studied together since
they can be distinguished even in the other areas. Coal 3 is the thickest coal seam in the whole interval and
covers the largest area. The thickness of Coal 3 ranges from 0.8 m to 4.28 m. Coal 4 is the most locally
deposited. It can extend to the central area but most of it is found in the southern area. In the vertical
direction, Coal 4 is usually located between base W4c and base IG3. And it is relatively thinner compared to

the other three coal seams.

Table 5.5 Characteristics of correlated coal seams

Coal seams Other names Thickness/m Location Log response
Near the top of URAN: low (<3 ppm)
Coal 1 +1 coal 0.42~2.03 _
Caister SST U/Th: low (<0.5)
Durham Low Main In the middle of URAN: low (<3 ppm)
Coal 2 0.54~3.19 _
coal/ sub-B coal/ B coal W4a/IG1 U/Th: high (>0.5)
Main coal/ B coal/ C3 Between base W4b URAN: high (>3 ppm)
Coal 3 0.8~4.28 _
coal and base IG2 U/Th: high (>0.5)
Between base W4c URAN: high (>3 ppm)
Coal 4 - 0.31~2.76 _
and base IG3 U/Th: high (>0.5)

5.5. Correlation of cyclothems

The cyclothems in the lower succession have been correlated in some closely-spaced wells (Fig. 5.12) in
this study, aiming at proving a plausible idea for further study about higher-resolution stratigraphy and
lateral consistency of facies. The well-defined cyclothems with the visible coarsening-upward trend are
easier to connect while the less well-defined cyclothems that are usually thicker and lack coal seams or
sandstone are relatively hard to correlate. For well-developed cyclothems correlation, the boundaries are

generally the top of the coals. The boundaries separate the lower coal seams and upper floodplain




deposits. While for less well-defined cyclothems correlation, the boundaries are usually the surfaces
between the top of sandstone and the bottom of floodplain deposits. When the floodplain deposits are

longer than 20 meters without visible change of GR values, the correlation becomes challenging.

Similar sedimentary patterns can indicate the same depositional environment or the different parts of one
environment deposited at the same time, which provides a hint to correlate. One possible small-scale

framework of lower succession in 44/23 wells (Fig. 5.12) indicates that the lateral extent of one cyclothem
can reach 3-15 km. However, the lateral heterogeneity of cyclothems developed in the 44/22 wells which
are situated in another area is greater than in the 44/23 wells. The high-resolution cyclothems correlation

that is only based on wireline logs is challenging to work.

T l:] Channel sands
- Point bar
l:l Mouth bar
- Floodplain
- Coal

- Crevasse splay

Fig. 5.12 Correlation of cyclothems in the 44/23 wells. The facies interpretation here came from the
Wintershall company. Note that the blue line represents the top of Caister SST and the dashed line

indicates the Coal 3.
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b Discussion

In this chapter, the limitation and reliability of the results will be discussed at first. It will be analyzed from
the accuracy of the data, the limitations of each applied method, and the feasibility of the outcome.
Afterwards, an integrated stratigraphic framework referring to the intermediate-scale units will be given and
the sedimentary system will be studied based on the consistency of stratigraphy. The relation between
cyclothems and small-scale INPEFA cycles will be discussed in order to provide a basis for further higher-
resolution correlation. In the end, whether the identified units of two scales are related to astronomical
climate forcing will be studied.

6.1. Limitation and reliability of the results

Data had different calibrations and origins and therefore comparison was difficult in some cases. Also, the
measurement quality of some wells is not optimal. These lead to the overlaps of wireline log values of
different lithofacies (Fig. 5.1) and increasing the difficulty of setting the cutoff values. Thus, the
determination of cutoff values may not apply to all wells because of the different measurement scales.
Besides, the thresholds of the same logging curve between different lithologies have overlapping parts
which cause careful definition of cut-off values. When further dividing the sedimentary facies of sandstone,
the selection of coefficients of regression curve may not be accurate, though it follows the logic of manual
interpretation. In other words, sedimentary facies such as mouth bars contain fine-grained to coarse-
grained sandstone, but the fine-grained part may be determined as non-sandstone during the identification
of electrofacies. Hence, it leads the deposits of the same sedimentary facies to be divided into two parts

and the fine-grained part to be excluded.

The verification of electrofacies has some limitations because the core coverage of the Westoe Coal and
Caister formations is focused on reservoir intervals. Six wells are used to evaluate the electrofacies, and
four of them only contain useful core materials or FMI data with a thickness of no more than 50 meters.
Some thinner coal seams less than 0.2 m are hard to identify due to the resolution of logging data. In
addition, the logging response of different types of coal varies. For instance, the strongly compacted coal
seams have a higher density, and the coal seams containing shale have a higher GR value. These distinct

coal seams are not recognized during electrofacies interpretation.

Biostratigraphy in the study area principally relies on the pollen recognized from cuttings as well as core

samples. The sampling interval ranges from a few meters to around 20 meters, which means the depth of
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the boundaries could not be very accurate. Though the boundaries of biozones are exact tie points and a
level of error needs to be taken into account, some of the biozones have been tied to major marine bands
and have an isochronous indication. Thus, the biostratigraphical framework can serve as a good constrain

to the integrated stratigraphy.

INPEFA method can aid in visualizing stratigraphical breaks in unseen wireline log data and allows the
construction of a correlation framework at different scales. Applied to facies sensitive log, the identified
INPEFA stratigraphic intervals are linked to the vertical variation of lithofacies, which means this method is
correlated to the lithostratigraphy in the background. Specifically, the negative trend corresponds to the
percentage of sandstone gradually decreases from bottom to top, and the positive trend is in line with net-
to-gross ratio increases upwards (Fig. 4.5). The defect of this method itself is that it might be assumed to
ignore the influence of tectonics. In this study, the tectonic processes are not taken into account, as the
short time-scale lithofacies change is mainly controlled by climate patterns, and the subsidence is thought
to be relatively uniform without abrupt structural events during middle Westphalian (McKenzie D, 1978;
Schroot B M et al, 2003; Bailey J B et al, 1993). This is also demonstrated in De Jong et al (2007) where
they stated that climate-controlled patterns can be regarded as superimposed on tectonic patterns and the

short-term tectonic movements are unable to impact the INPEFA correlation.

INPEFA approach was also applied in De Jong et al (2007) and several stratigraphic packages were
classified. The results of this study show a good correlation with De Jong et al. (2007), although some
packages are inconsistent. The W4000 stratigraphic package in his study comprises IG1 and IG2 in our
study. The top boundary is slightly different in the wells in Quadrant E. The W5000 looks to correspond to
IG3 and 1G4 identified in this study, and IG5 and IG6 are included in the W6000. However, his work only
focused on INPEFA interval without considering other stratigraphic methods. This results in different
conclusions of the stratigraphic packages. De Jong argues that the middle W5000 is laterally impersistent
due to erosion. However, others observe no severe erosion or interruption of sedimentation during the
deposition of the Westoe Coal formation (O’Mara, 1999; Richard et al., 2020). After comparison with the
biozones, it seems reasonable that the top IG5 and IG6, corresponding to W5b and W6a biozones, did not
develop in the northern area or relatively thin deposits in the northern area were eroded by the top Ketch

sandstone formation which deposited during active tectonic events.

Unlike Caister sandstone deposited in the high systems tract to low systems tract stage, the deposition of
fluvial sand-bodies in the transgressive systems tract is relatively local (Collinson et al., 2005), increasing
the difficulty of correlating sandstone on the regional scale. Moreover, the sandstone connection in the

whole area is low due to the fast deposition rate and the impact of autogenetic processes. Therefore, the

correlation of coal seams and the study of isochronism of lithofacies that link to cyclothems is valuable.

Thin, less frequent coals with thick alternation of sandstone and floodplain deposits appear in the upper

interval and thick, more frequent coals with fewer sandy deposits show in the lower succession. This feature
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was also observed by O’'Mara (1999). He thought it was the result of the culmination of the increasing rate
of stratigraphic base-level rise in the late Westphalian B. During the development of the 3rd order
transgressive systems tract, peat swamps rapidly drowned and lakes formed as a result of the quick base-
level rise. Meanwhile, marine incursions became apparent, and MB’s show an increased abundance,
indicating large accommodation space where a large amount of sandstone can deposit. Basinal topography
was thought another influential factor superimposed on the stratigraphic base-level rise in the late
Westphalian B since the Variscan foreland basin was closing responding to the northward migration of the
Variscan front (Leeder and Hardman, 1990; O’Mara, 1999). This led the palaeoslope to become steeper
concomitant with the rise of base-level, more sandy input, and less coal formation. These explanations are
well-founded and in line with the observation and correlation developed in this study. Therefore, the
regional-scale coal seams correlation in the lower part of the interval is relatively reliable, and its geographic

extent can be closed to the dimensions of the lake coals filled which can reach 15 km in width.

Comparing the stratigraphic packages and biozones, the position of boundaries of the two zones/packages
is not completely consistent and the thickness trends differ in some wells. The possible reason is that the
man-made division of biozones and INPEFA stratigraphic packages are not precise. Besides, the 2D maps
made by convergent interpolation have some uncertainties because only the wells containing the data of
biozones are used to calculate. They can be used to study the trend of the thickness of each stratigraphic
zone. However, limited data is used to calculate and the maps are predicted by mathematical methods, so
the thickness of the location where there is no available well data may not be very accurate. The main coal
seams that are widely distributed in the study area could assist generate a smaller-scale correlation. The
coal seams correlation could decrease the variation between the biozones and INPEFA stratigraphy. For

instance, Coal 4 deposited between base W4c/d and base 1G3.

6.2. Integrated stratigraphy

There is a good correspondence between INPEFA stratigraphic packages and biozones because the depth
offset of boundaries between two zonations is small (Fig. 2.1, Appendix E). The thickening trends of most
zones towards the southwest could indicate that the southwest area is the center of the depo-basin. It is in
line with the palaeotopography (Fig. 2.2). The southwest part of the study area is in the Silver Pit basin and
the northeast area is closed to the Cleaver High and North Sea High areas. The Westoe Coal formation and
Cleaver formation are thought to be deposited during the transgressive systems tract (O’Mara, 1995; Quirk,
1997; Schrijver et al, 2020). And the sea level increased during the deposition of these two formations. The
accommodation space is where sediments can be deposited and it is controlled by the sea level and
structure. Therefore, the accommodation space could be the reason causing the variation of deposition in

northern and southern areas.
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For both biostratigraphy and INPEFA stratigraphic packages, the middle two zones are missed in the
northern area and the top two zones are only traced in the southern area. The possibility is that they didn’t
deposit, or only little sediments were deposited and were removed by upper sands in the northern area
where accommodation space is smaller compared to the southern area. The reason is that no strong
structural events happened during the deposition of the Westoe Coal formation (McKenzie D, 1978; Schroot
B M et al, 2003; Bailey J B et al, 1993), which means that no severe erosion occurred. The sands deposited
by braided channel in Westphalian B is thought to be unable to remove many sediments (O’Mara, 1995).
The removed part could be approximately one cyclothem less than 15 m at the bottom (O’Mara, 1995). In
addition, the top defined two zones usually refer to the Cleaver formation. The provenance of Cleaver
formation was thought to lay to the south (Collison, 2005). Thus, it is plausible that the sediments from the

south were deposited in the Silver Pit basin and not many could reach the higher northern area.

6.3. Cyclothems and short-term INPEFA cycles

Four types of cyclothems including well-defined and less well-defined types are identified (Fig. 6.1). The
lithology combination of well-developed cyclothems that are type 1 is closer to the rock types of ideal
cyclothems. They consist of fine grains, sands, and coals seams from bottom to top with a visible
coarsening-upward trend. The less well-defined cyclothems usually lack some rock records and the shape
of GR is different from the ideal cyclothem’s. Many less well-defined cyclothems lack coarse-grained sands,
and some of them lack coal seams at the top, which increases the difficulty of accurately recognition and
comparison with astronomical cycles. Nonetheless, these distinguishing features can serve as the basis for
the high-resolution cyclothem correlation because they are strongly related to the sedimentary patterns and

have the capability of reflecting the lateral change of the environment.

Compared to the lithofacies and electrofacies, small cycles of the INPEFA curve correspond to both well-
defined and less well-defined coarsening-upward cyclothems in most cases. They could also correspond to
thick lacustrine shale columns or thick sandstone successions with some interval GR change (Fig. 5.9). In
line with the features of cycles, less well-defined cyclothems occur more often in the places where average
cycles are relatively thin and vise versa. Simultaneously, the range of the calculated thickness as well as
the difference between INPEFA and visual cyclothems identification based on GR logs is larger in these
wells (Fig. 5.10).

Furthermore, short-term INEPFA is applied to the potassium log, and the potassium log is strongly related
to the clay content. The clay minerals depend on the source rock. Hence, the short-term INPEFA cycles can
reveal the rhythm of clay content that is related to the source. The patterns displayed by short-term INPEFA

cycles are different from the GR (Fig. 5.9), and also link to the intermediate-scale zonations. Constrained by
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biozones and INPEFA stratigraphic packages, cycles identified by short-term INPEFA of POTA have the

potential to effectively assist the small-scale correlation. Further research can pay more attention to this

approach and smaller scale.
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Fig. 6.1 Summary of different types of cyclothems developed in the study area and their characteristics.

6.4. Astronomical forcing and climate-controlled cycles

Two order cycles were identified in the integrated stratigraphy developed in this study. The intermediate-
scale zonations comprise biozones and INPEFA stratigraphic packages. Also, the marine bands and coal
seams are included in the correlation. Biozones and coal seams are widely accepted as near-synchronous
well-to-well correlations. INPEFA curves enable showing the waveform properties of the data and are
widely regarded as a further step developing as a method for studying global cyclostratigraphy (Perimutter
et al., 1990). The reason is that the cyclic depositional patterns that are assumed to be formed by tectonic,
climate processes and driven by orbital forcing can be predictive (De Jong et al., 2007). To be more
specific, the climate change that is orbitally forced by the Milankovitch model can be reflected by vertical
lithofacies successions which can be detected using the INPEFA stratigraphic packages (Perlmutter et al.,
1990).

However, in our study the thickness variation of medium-term stratigraphic packages is large. The

difference inside one stratigraphic package can reach more than 70 m and the standard deviation can be up
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to 42 m. It indicates that the intermediate-scale zones could be near-synchronous. The variable thickness
does not suggest they are astronomical-controlled cycles. The possible reason could be variations in
palaeoslope, sedimentation rates, and tectonic movements in different areas that play significant roles
during deposition.

In order to confirm this idea, the INPEFA method is also applied to Well KPK-01, which was used to study
the astronomical cyclicity of Upper Carboniferous in Bosch’s thesis (2008). The orbital cycles of short
eccentricity were thought to be 54 m. The obliquity cycles were around 20 m, and the precessions cycles
were about 11 m (Bosch, 2008). The Aegiranum MB and Malby MB were recognized (Bosch, 2008) and
they are close to the strongly negative turning points in both medium and short-term INPEFA. Three
stratigraphic packages are identified between the Aegiranum MB and the Malby MB in this well (Fig. 6.2).

However, the variable thickness does not correspond to any astronomical cycles described in the thesis.
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Fig. 6.2 Result of INPEFA with the divided stratigraphic packages and MBs in Well KPK-01. The first
column is true vertical depth. The second column represents measured depth. The third column is the GR
log, and the fourth column is the short-term INPEFA of POTA. The last column indicates the medium-term

INPEFA of GR.

The cyclothems and short-term INPEFA cycles also vary in thickness but within expected heterogeneous
character. The small-scale cycles formed in the northern area are usually thinner, more or less 10-12 m,

while the thickness of cyclothems in the southern part is approximately 11-13 m. It could indicate that the
astronomical cyclicity in the cyclothems scale was better recorded by petrophysical data than the longer-

period cyclicity, and it has the potential to be extracted.

Cyclothems and astronomical force in the same interval developing in Europe have been studied for a long
time but the duration is various in different papers (Table. 6.1). The global time scale of Westphalian B is
2.5 Myr according to Regional Stratigraphic Reference Scales of East Europe, Central and West Europe,
Tethys, South China (eastern Tethys), and North America (Menning et al., 2006). Bosch (2008) applied
spectral analysis methods to wireline logs to calculate the duration of cycles deposited in Westphalian B of
onshore Dutch. The coal-shale alternations identified in Bosch’s master thesis (2008) are linked to climatic
precession whose duration time is about 19 kyr. The duration of Westphalian B calculated by the identified
cyclicity and the number of cycles is approximately 1.1 Myr (Bosch’s, 2008). Van Den Belt et al (2002) used
U/Pb radiometric ages to obtain the duration of eccentricity cycles and different stages of Westphalian in the
Netherlands. The average cyclothem thickness in Van Den Belt et al (2012) measured at 12.5 m, which
equals 21 kyr based on a linear thickness-timespan relation with eccentricity cycles. Van Den Belt et al
(2012) suggested that there is no specific control by precession or obliquity due to the variable thickness of

individual cyclothems, but pointed at cycle interference.

Table. 6.1 The duration of the stage Westphalian B and some astronomical periods and their corresponding
thickness, from Menning et al (2006), Bosch (2008), and Van Den Belt (2012).

Duration, Duration, Thickness, Duration, Van Thickness, Van
Stage Menning et Bosch Bosch Den Belt et al. Den Belt et al.

al. (2006) (2008) (2008) (2012) (2012)
Westphalian B 2.5 Myr 1.1 Myr - 1.2 Myr -
Precession - 19 kyr 11-18m 17 kyr -
Obliquity - 34.2 kyr ~20m 35 kyr -

Short-eccentricity - 100 kyr ~54 m 93 kyr ~60 m

Cyclothems - 19 kyr 11-18m 21 kyr ~125m
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The Well 49/2-3, 49/1-3, and 44/27-1 contain the most cyclothems and relatively complete Westphalian B
formation in the study area. There are about 33 cyclothems measured in Westphalian B, with an average
thickness of about 12 m. Approximate 34 cycles were identified by short-term INPEFA in the same interval
with an average thickness of nearly 11.8 m. The timescale of the Westphalian B calculated by the number
of cycles and obliquity period in the study area is equal to 34 x 34.2 =1.16 Myr or 34 x 35 =1.19 Myr. It is
closed to the duration of Van Den Belt (2012) and Bosch (2008). What needs to be noted is that the number
of cyclothems in the computation is different from the total number of cycles in the study interval. The study
interval contains Westphalian B and lower Westphalian C stages and thus, the number of cycles is larger.
The counted duration of Westphalian B could not be the absolute duration of the time interval because the
cycles could not be detected or some cycles were eroded after deposition. The effect of the falling systems
tract and the duration of Caister sandstone are not taken into account during calculation, which can also

influence the accuracy of the calculation.

Nevertheless, the cyclothems in the study area are largely affected by the obliquity force based on the
computed results. But the interference of different cycles such as high-amplitude precession causing
splitting of longer-period obliquity cycles reflected by various thicknesses could also exist. Compared to the
cyclothems deposited in the onshore Netherlands, the cyclothems in the study area are thinner, and the
influence from obliquity looks stronger. The most likely number of INPEFA cycles is 32 and the computed
average thickness is equal to 11.67 m in Well KPK-01 (Fig. 6.2), which is close to the length of precession
cycles (Bosch, 2008). The difference in controlling astronomical forcing could be caused by different
sedimentary systems and Palaeotopography. The onshore Netherlands is situated on the south bank,
opposite the research area in this study. The accommodation space and the sedimentary velocity could be
different. Compared with the northern source in the study area, the southerly provenance of onshore
Netherlands contained fewer sands and thus no typical cyclothems are observed. The cyclicity in the
onshore Netherlands consists of floodplain deposits and coal seams, showing different log responses.
Additionally, the long-period, 100 & 400 kyr eccentricity forcing studied in Bosch (2008) is not found in this
study.
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{ Conclusion

In this study, an intermediate-scale integrated stratigraphic framework (Appendix G) with a vertical
resolution of tens of meters to around 150 meters has been constructed by using integrated methods
including biostratigraphy, INPEFA stratigraphy, and lithostratigraphy. The boundaries of the biozones and
INPEFA stratigraphic packages are not exactly the same, but the two approaches match each other. The
offset of the two types of zonation is usually 2-15 m. Four major coal seams that cover most of the study
area are correlated, which could assist further smaller-scale stratigraphy. Sandstone correlation is hard to
be applied on the regional scale and the recognition of marine bands is not ideal in some wells. Thus, such

correlations of them are not included in this study.

The lateral extent of the lower intermediate-scale zones which are W4a/IG1 and W4b/IG2 is wide, covering
nearly the whole study area. From bottom to top, the coverage of the zones becomes smaller. The top
zones W5b/IG 5 and W6a/IG6 only appear in the southern area. The thickness of each zone varies. The
biozones generally show a trend that is thinner in the northern area and becomes thicker southward, while
such a feature is not that obvious in the stratigraphic packages where the thickest zone is found in the
middle area. Possible reasons are discussed as the inherent uncertainties of the two stratigraphic methods,
the influence of paleomorphology, the difference in sedimentation rates, and the subsequent tectonic effects

in late Westphalian B.

Thick coal seams are more frequent in the lower succession and more sandy deposits are found in the top
of the succession. The most significant coal seam which is Coal 3 can cover the most study area despite
some absence in the middle. Large-scale coal seams are thought to be related to large-scale flooding
events like marine incursions that can quickly swamp the whole region and formed the environment of the
lake. Other widely spaced coal seams can reach 15 km wide which could be the dimension of a lake where

coal seams filling in.

The small-scale cyclicity consisting of cyclothems which range from 7 to 15 m in the study area can be
identified and extracted by short-term INPEFA of POTA. Most well-defined cyclothems are coarsening
upward, comprising floodplain deposits, sand-bodies, and coal seams at the top. There are also some less
well-defined cyclothems with different sediments input, but the sedimentary patterns are similar. The lateral
extent of small cyclothems varies in different locations and at different intervals. The correlation of small
cyclothems can be achieved in closely spaced wells where the distance is no longer than 4 km. More
detailed lateral facies variations and small-scale correlation can be further studied based on the small-scale
INPEFA cycles.
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The integrated stratigraphy could be regarded as near-synchronous correlations. No longer-period
astronomical cycles are recognized due to the highly variable thickness related to the detected units. And
the thickness variation of each intermediate-scale zone classified in this study is large. During the
deposition of intermediate-scale units, the sedimentation rate, palaeoslope, and later tectonic events could
play an important role. The small-scale cyclothems could be controlled by the obliquity force considering the
average thickness which is equal to 12 m and the calculated duration of Westphalian B. The duration of
obliquity cycles is nearly 35 kyr and the calculated time span of Westphalian B in the study area is close to
1.2 Myr.
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Appendix A. Histogram of the percentage of different electrofacies in different stages.
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Appendix B. Thickness distribution of Biozones and INPEFA stratigraphic packages.

Biozones

THICKNESS / M

u 25000m [I

Panel B:
INPEFA

Thickness/ m

Panel A: The distribution of the thickness of each biozone in 16 wells. The thickness distribution of the Caister sandstone layer and the total thickness of
all recognized biozones in the Cleaver formation and Westoe Coal formation were also plotted. Panel B: Thickness distribution of each stratigraphic

package in wells comprising of the Westoe Coal formation and Cleaver formation. Note that this section is different from the section on biozones.
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Appendix C. 2D map of each identified biozone.
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Appendix D. 2D map of each INPEFA stratigraphic package.
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Appendix E. Long section of integrated stratigraphy.
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The background color represents the INPEFA stratigraphy. The biozones and coal seams correlation is marked by several lines.
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