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Abstract

The Chalk Group deposited on the Schill Grund Platform in Dutch offshore comprises a near complete early Danian to late
Cenomanian chalk succession. Such a long record (730 Myrs) allows for the study of long period (>1 Myr) astronomical cycles
providing insights into amplitude modulation of astronomical cycles. A 405kyr eccentricity-based tuning was created for one
gamma-ray log and one thorium well-logs which go through the Chalk Group. These results were tuned to astronomical solution
La2010d, which were then be used to study aspects of long period astronomical cycles. Firstly, the amplitude modulation of
the 405 kyr eccentricity by long period astronomical cycles was studied, which indicates that secular resonance transitions took
place at "85 Ma and “92 Ma. The secular resonance transition at “92Ma shifted the duration of the 2.4 Myr eccentricity cycle to
a 1.2 Myr period while the resonance transition at "85 Ma shifted the period shifted back 2.4 Myr. The amplitude modulation
records were also compared to the amplitude modulation records of astronomical solutions. None of the astronomical solutions
accurately model the observed resonance transition. The second result is related to Ocean Anoxic Event II (OAEII). The
2.4 Myr cycle is at a maximum ~ 400kyr before the onset of OAEII and progressively transitions towards a minimum during
OAEII, as the 1.2 Myr obliquity cycle peaks during OAEII. This phase relationship between these astronomical cycles leads to

a progressive increase in the contribution of the obliquity to the astronomical-insolation signal during OAEII.
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Abstract

The Chalk Group deposited on the Schill Grund Platform in Dutch offshore
comprises a near complete early Danian to late Cenomanian chalk succession.
Such a long record (~30 Myrs) allows for the study of long period (>1 Myr) as-
tronomical cycles providing insights into amplitude modulation of astronomical
cycles. A 405kyr eccentricity-based tuning was created for one gamma-ray log
and one thorium well-logs which go through the Chalk Group. These results
were tuned to astronomical solution La2010d, which were then be used to study
aspects of long period astronomical cycles. Firstly, the amplitude modulation of
the 405 kyr eccentricity by long period astronomical cycles was studied, which
indicates that secular resonance transitions took place at ~85 Ma and ~92 Ma.
The secular resonance transition at ~92Ma shifted the duration of the 2.4 Myr
eccentricity cycle to a 1.2 Myr period while the resonance transition at ~85 Ma
shifted the period shifted back 2.4 Myr. The amplitude modulation records were
also compared to the amplitude modulation records of astronomical solutions.
None of the astronomical solutions accurately model the observed resonance
transition. The second result is related to Ocean Anoxic Event IT (OAEII). The
2.4 Myr cycle is at a maximum ~ 400kyr before the onset of OAEII and progres-
sively transitions towards a minimum during OAEII, as the 1.2 Myr obliquity
cycle peaks during OAEII. This phase relationship between these astronomical
cycles leads to a progressive increase in the contribution of the obliquity to the
astronomical-insolation signal during OAEII.
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1. Introduction

The development of the Astronomical Time Scale is one of the great advances
in modern geochronology. Cyclic variations in the Earth’s orbit and tilt relative
to the Sun (commonly known as the Milankovitch Cycles), influence Earth’s
climate, which is recorded in the sedimentary record as equally cyclic changes
in the stratigraphy. Cyclic sediments act as a geological ’clock’ and can thus
be used to create timescales based on numerically calculated solutions for the
different astronomical cycles. The geological timescale has been astronomically
calibrated in such a way down to the Middle Jurassic (Huang, 2018). On top of
the precession, obliquity and eccentricity cycles which have a well-documented
calculated duration for the Quaternary ranging between 20 and 405 kyr, orbital
models also predict the occurrence of million-year long cycles, corresponding to
the modulations of lower order cycles (J. Laskar et al., 2011; Laskar et al., 2004).
The two main longer period (>1 Myr) astronomical cycles are the g4-g3 (2.4
Myt eccentricity cycle) and s4-s3 (1.2 Myr obliquity cycle) which are in a secular
resonance of 2(gd—g3) = (s4—s3) since at least 45 Ma (Jacques Laskar et al.,
2011a; Laskar et al., 2004). This secular resonance however can break down to a
(g4—g3) = (s4—s3) relationship where the 2.4 Myr eccentricity cycle transitions
towards a 1.2 Myr cycle. A secular resonance transition has been predicted to
have taken place between 50 and 100 Myr (Jacques Laskar et al., 2011a; Laskar
et al., 2004). However, to date none of the published astronomical solutions for
periods pre-58 Ma has shown a perfect fit with existing tuned records, when
emphasis is placed on the expression of the amplitude modulation aspects of
longer period (>1 Myr) astronomical cycles. Recent papers by Ma et al., (2019,
2017) indicate that a secular resonance transitions took place at ~85 Ma and
~92 Ma, but these results have not been validated by overlapping records.

The second aspect of long period (>1 Myr) astronomical imprints corresponds
to the astronomical imprint on Oceanic Anoxic Event 2 (OAEII). Oceanic anoxic
events (OAEs) were episodes when the extent of the oxygen poor (anoxic) wa-
ters led to extinction events and increased the burial of large amounts of organic
carbon (Jenkyns, 2010, 1999; Schlanger and Jenkyns, 1976). OAEII is a minor
extinction event typified by a large perturbation of the carbon cycle and the
spread ocean anoxia being expressed as organic-rich black shales in the geologi-
cal record (Lenniger et al., 2014; Takashima et al., 2006; Trabucho Alexandre et
al., 2010). Ocean Anoxic event 2 (AOEII) occurred during the Latest Cenoma-
nian Farliest Turonian and is the largest Ocean Anoxic event of the Cretaceous
(Takashima et al., 2006; Trabucho Alexandre et al., 2010). Studies focusing on
the imprint of astronomical cycles during OAEII showed an amplification of the
obliquity signal in the low and middle paleolatitude records (Charbonnier et al.,
2018; Kuypers et al., 2004; Meyers et al., 2012). The reason for the presence
of obliquity cycles at low and middle paleolatitude during OAEII remains enig-
matic. Processes such as the establishment of a high-latitude teleconnection or
by an increase of the relative contribution of obliquity to astronomical-insolation
have been put forwards (Meyers et al., 2012). A high latitude teleconnection



would imply that a process happening at higher latitudes where the contribution
of obliquity to the insolation signal is greater can also exert a control on the pro-
cesses/climate at lower latitudes. Processes with a high latitude teleconnection
which can be invoked to explain the presence of an obliquity signal in low and
middle paleolatitude records are: formation of high latitude intermediate/deep-
water formation transporting water from the poles to lower latitudes, an oblig-
uity modulated meridional temperature gradient impacting low-latitude wind
strength or the establishment of polar icecaps changing global climate patterns
(Berrocoso et al., 2008; Friedrich et al., 2008; Kuhnt et al., 1997; Mérz et al.,
2009; Nederbragt et al., 2005). Another way obliquity can influence middle
to low latitudes is when obliquity controls the intensification of the monsoonal
activity (Bosmans et al., 2015). The seasonal contribution of precession to in-
solation is opposite for both hemispheres so a seasonal increase in insolation in
one hemisphere leads to a decrease in the other. As monsoonal activity is influ-
enced by the seasonal low latitude cross-hemispheric temperature gradient the
opposite influence of precession on both hemispheres effectively cancels out the
contribution of precession to the monsoonal activity. Because the influence of
precession on monsoonal activity is reduced changes in obliquity can therefore
influence monsoonal activity to a greater degree. A high latitude teleconnec-
tion or monsoonal activity modulated by obliquity can explain the presence
of an obliquity signal at middle to low latitudes, but these processes do not
explain why an increase in obliquity occurred during OAEII specifically. To
explain the enhanced presence of obliquity during OAEII either a relative in-
crease of obliquity to the astronomical-insolation should have occurred during
OAEII which would have amplified obliquity modulated processes in middle to
low latitudes or OAEII itself changed processes in in middle to low latitudes
allowing for obliquity to exert a greater on middle to low latitudes processes.
To know if the contribution of obliquity to astronomical-insolation changed dur-
ing OAEII longer period astronomical cycles modulating the contribution of
obliquity to the astronomical-insolation need to be extracted from the record.
These extracted cycles can then be used to state whether the presence of an
obliquity signal during OAEII is due to an increased contribution of obliquity
to astronomical-insolation or processes due to OAEII itself lead to an increased
presence of obliquity.

To be able to study the behavior of longer period astronomical cycles during the
late Cretaceous, a ~30 Myr long dataset covering the Cenomanian to Danian
Chalk Group of the Schill Grund Platform, in the Dutch offshore is investigated.
This dataset consists of petrophysical, seismic and biostratigraphic data. In
this study, our aims are to integrate these datasets to investigate the presence
of Milankovitch short and long cycles in the Chalk group succession on the
Schill Grund Platform. Biostratigraphic data can be used to yield absolute
time boundaries, allowing us to re-evaluate and identify new time constraints
for stage boundaries.

The records of the Chalk Group are tuned and the 2.4 Myr eccentricity and
1.2 Myr obliquity cycles can are extracted which can then be used to check



whether the stratigraphic interval contains the secular resonance transitions (Ma
et al., (2019, 2017)). Furthermore, the fit between the Chalk Group records and
the expression of the amplitude modulation aspects of longer period (>1 Myr)
astronomical cycles will be checked to investigate the (relative) increase in the
contribution of obliquity to astronomical-insolation during OAEIIL.

2. Geological setting and stratigraphy

2.1 Tectonic evolution of the Schill Grund platform

The Schill Grund platform in the Dutch offshore is a structural element that is
a part of the larger North Sea basin, which originated from fault trends that
were formed during the Caledonian orogen (figure 1) (De Jager, 2007; De Vos
et al., 2010; M. C. Geluk, 2007; Pharaoh et al., 2003). These faults trends were
later reactivated three times, during the late Carboniferous Variscan orogeny,
the Permian orogenic collapse, the early Triassic to early Cretaceous failed rift
phase and late Cretaceous to Paleogene inversion events (Bachmann et al., 2010;
M. M. C. Geluk, 2007; Kombrink et al., 2010; van Buggenum and Den Hartog
Jager, 2007; Vejbaek et al., 2010; Wong et al., 2010). During the Jurassic a
failed rift phase started which induced salt movements in the Permian salts
present at the Schill Grund Platform into salt pillows (Ten Veen et al., 2012).
During the early Cretaceous, rifting halted and a post-rift thermal sag phase
started. The combination of a thermal sag phase and a global eustatic sea-level
rise led to an overstepping of the basin margin (Herngreen and Wong, 2007;
Van der Molen, 2004; Vejbak et al., 2010). The early Cretaceous rise in sea-
level led to a progressively decreasing continental influence and initiated the
transition from the Lower Cretaceous argillaceous claystone dominated Lower
Rijnland Group to the open marine carbonate facies of the Upper Cretaceous
Chalk Group (Herngreen and Wong, 2007)

During the late Cretaceous the alpine orogeny manifested itself in the Dutch
offshore as multiple inversion phases related to the Subhercynian and Laramide
tectonic events, which led to inversion in the basins in the Dutch offshore while
deposition continued on the platforms and structural highs (figures 1 and 2)
(Herngreen and Wong, 2007; Van der Molen, 2004; Vejbak et al., 2010). The
deposition of the Chalk Group was heavily influenced by the Subhercynian and
Laramide tectonic events, which reduced the stratigraphic completeness of the
basins adjacent to the Schill Grund platform. The Northern Dutch offshore was
impacted by a south west tilting during the Turonian and continuous subsidence
took place in the eastern Dutch offshore during the Coniacian to Santonian (Van
der Molen, 2004; Van der Voet, 2015). Two inversion pulses occurred in the Cam-
panian to Maastrichtian in the Dutch Northern offshore (Van der Voet, 2015).
The Step Graben, western Dutch Central Graben and Terschelling basin were
inverted during the first pulse and the Elbow Spit Platform was inverted during
the second pulse. The inversion in combination with the inherent instability of
the chalk sediments led to erosion and redeposition, which manifested itself as



slumps, slides, channels and frontal splays. The inversion phases also led to a re-
newed phase of salt movement in the Dutch offshore which heavily impacted the
structural basins in the Dutch Offshore, but barely impacted the Schill Grund
Platform (Ten Veen et al., 2012). The Laramide tectonic phase occurred during
the latest Cretaceous/early Paleogene and initiated a shift from a carbonate to
siliciclastic dominated depositional environment and ending the deposition of
chalk in the Dutch offshore (Knox et al., 2008; Wong et al., 2007). Considering
that the Schill Grund platform remained undeformed, it is therefore the ideal
location to conduct a cyclostratigraphic study on the Chalk Group.
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A: Upper Cretaceous paleogeography of the North Sea basin and
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in the Dutch offshore, modified after Kombrink et al.(2012). Indicated on the
map are wells G14-05 and G17-S-01, which are the wells being investigated for



2.2. Chalk Group Stratigraphy

The Chalk Group in the Dutch offshore is divided into 3 stratigraphic units: the
Texel, the Ommelanden and the Ekofisk Formations (van Adrichem Boogaert
and Kouwe, 1994; Van der Molen, 2004) (Figure 2). The Texel Formation, of
Cenomanian age consists of white to beige marly chalks and limestones. The
top of the Texel Formation is defined by the Plenus Marl Member, made of dark-
grey to locally black calcareous bituminous claystones and marls. The Plenus
Marl Member -is up to 10 meters thick and coincides with OAEII (Niebuhr et al.,
2001; Schlanger et al., 1987). In well G17-S-01 the Plenus Marl can be divided
upper and lower Plenus marl/shale beds, identified by two large peaks in the Th
record, two smaller peaks in the sonic log and a decrease in the density log (Van
der Molen, 2004).The upper and lower Plenus marl/shale beds have been linked
to two known phases of expanding anoxia and increasing '3C values (Clarkson
et al., 2018; Danzelle et al., 2018; Laurin et al., 2016).

The Ommelanden Formation consists of an alternation between white to beige
chalks and more clay rich light-olive-green to grey chalks. The chalk is generally
fine-grained. Flint nodules are common within this Formation. The top of the
Ommelanden Formation is of Latest Maastrichtian to early Danian age and is
defined by a large shift towards higher GR and sonic values.

The Ekofisk Formation is of Danian age and consists of an alternation of white
chalks and grey/green clay rick laminated chalks (van Adrichem Boogaert and
Kouwe, 1994; Van der Molen, 2004). Nodular and bedded flint layers and glau-
conite rich beds are also present. The Ekofisk Formation is characterized by
resedimented facies and by high amplitude seismic reflectors.
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3 Material and methods

3.1 Dataset

The dataset used in this study consists of seven 3D seismic surveys, two 2D
seismic surveys, 15 wells, mapped surfaces and a velocity /depth model. These
data were provided by TNO-GDN. Detailed descriptions of the used data and
the data itself can be freely accessed via https://www.nlog.nl/datacenter/.
The exact locations of the seismic and well data can be found in SI Figures
S1 and S2 10.1 and 10.2. The 3D seismic covers most of the Dutch part of
the Schill Grund Platform and adjacent parts of the Dutch Central Graben,
Terschelling Basin and Ameland Platform. The seismic lines from 2D surveys
Z2NOP1987A-6 and Z2NOP1983A2D cover most of the northern and central
part of the Dutch Offshore sector and are used as a regional correlation tool
between the different 3D seismic surveys. All the used wells penetrate the
Chalk Group. The data from the wells consists of Meta data (identification
information, location, drilling purpose and results, client information and cur-
rent operational status) and a geological /geophysical dataset (vertical seismic
profiles (VSP’s), checkshots, well-logs, or cuttings-based calcareous nannofos-
sil biostratigraphy, lithologs, drillings reports and deviation data). The Group
based layers from TNO-GDN’s DGM-diep V5 offshore dataset are used for a
first order correlation between the seismic and well-log datasets. TNO-GDN’s
Velod-3.1 velocity model is used for the time-depth conversion of the seismic
data.

The key wells used to investigate the presence of astronomical cycles are wells
G14-05 and G17-S-01 (Figure 3). The other investigated wells are used for corre-
lation purposes, to calculate sedimentation rates based on calcareous nannofossil
biostratigraphy and to use the biostratigraphy to constrain the K/Pg boundary
to a specific seismic reflector. Well-logs are measured using well-logging tools,
which do not do direct spot measurements, but measure the properties within a
certain interval a so-called cone of influence. Because of this complication, high
frequency changes within well log are smoothed out and are therefore not de-
tectable. To assess the resolution of well-logs and thus the minimum detectable
cycle length, one can use the log association parameter (LAP) which calculates
the minimum period (meters) detection limit for cycles in different well-logs
(Worthington, 1990). The minimum detectable cycle lengths according to the
LAP is 1.2 m for (spectral) GR logs (Worthington, 1990).
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3.3 Software and analytical tools

To investigate the presence of astronomical cycles we used two software pro-
grams. The first program is Petrel, which is an integrated geoscientific inter-
pretation software used to handle the seismic and well-log data input types
(Schlumberger). The seismic data, well-logs and the Group based layers from
TNO-GDN’s DGM-diep V5 offshore dataset are plotted in Petrel to check if
the top and bottom of the Chalk Group are correctly placed in both the seis-
mic and well-log data. This check is done to avoid any erroneous correlations.
The well-log data is then exported from Petrel and imported into the software
platform R (R Core Team, 2020) in which the Astrochron (Meyers, 2014) and
Biwavelet (C. Gouhier et al., 2019) packages are used to identify astronomical
cycles, to create age models and to filter the cycles from the well-logs. Wavelet
analysis and Evolutive Harmonic analysis (EHA, Astrochron) are applied to the
well-logs to identify the stratigraphic evolution of (astronomical) cycles in the
Chalk Group (C. Gouhier et al., 2019; Meyers, 2014). The wavelet spectral anal-
ysis (Biwavelet) is used as the main tool to identify the different period cycles.
The major advantage of a continuous wavelet transform is that the smallest to
the largest length cycle frequency/period can be analyzed and visualized in one
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figure. The EHA is a windowed multi-taper method (MTM) harmonic analysis
used to infer spatial changes in the dominant frequency in stratigraphic sections,
by creating a spectrum for each of the windowed studied intervals (Thomson,
1982). The MTM harmonic analysis can provide a statistical significance (F-
variance ratio test) for each frequency component which allows one to quantify
the statistical significance of spectral peaks. Evolutive Average Spectral Misfit
(eASM, Astrochron) uses the previously created EHA spectra and compares the
ratio between the spectral in the EHA spectra to a set of astronomical cycles
to compute the statistically most likely sedimentation rate(s) (Meyers, 2012;
Meyers et al., 2012; Meyers and Sageman, 2007). The resulting figure indicates
the sedimentations rates in the depth domain with a statistical confidence level.

The EHA spectra, wavelet spectra and eASM derived sedimentation rates are
compared with (bio) stratigraphic age constraints. Together these results enable
us to interpret astronomical cycles in the well-logs. An EHA spectra is used to
track the frequency of the 405 kyr eccentricity cycle which enables to track
and make sedimentation rates curves for wells G14-05 and G17-S-01. These
sedimentation rate curves are then used to convert the well-logs from the depth
domain to the time domain. The (bio) stratigraphic age tie-points are used to
tie in the well-logs to the correct geological age.

The 405 kyr cycle is filtered from orbital solution 1:a2010d and subsequently
aligned to the 405 kyr cycles filtered from the records form wells G14-05 and
G17-S-01 in the time domain.

Using the two techniques described in Ma et al. (2017) the amplitude modu-
lation of eccentricity and obliquity is extracted from the well-logs (in the time
domain) as well as from astronomical solutions 1a2004, La2010a-d 2011, ZB17a-
p and ZB18, allowing us to see how amplitude modulating cycles behave during
the late cretaceous especially with respect to the chaotic resonance observed
in Ma et al., (2019, 2017) and the how amplitude modulating cycles modulate
the expression of obliquity during OAEIIL. The two techniques described in Ma
et al. (2017) which extract amplitude modulating cycles from (proxy)records is
preferred over filtering out cycles because the two techniques of Ma et al. (2017)
avoid the pitfall that when one filters out a specific period/bandwidth from a
record one filters out all cycles within set specific period/bandwidth and not a
specific astronomical cycle. The studied records contains and interval which ac-
cording to Ma et al., (2019, 2017) that contains a secular resonance transitions
in which the 2.4 Myr eccentricity cycle transitions to a cycle with a 1.2 Myr
duration and then back to a duration of 2.4 Myr. A filter cannot distinguish
between two cycles which originate from different astronomical parameters but
have the same period, so in this case filtering out the 1.2 Myr obliquity cycle will
also filter out 1.2Myr eccentricity during a chaotic resonance transition. The
technique of Ma et al. (2017) avoid this issue by separately extracting ampli-
tude modulation records of the eccentricity and the obliquity before the 2.4 Myr
eccentricity and 1.2 Myr obliquity cycles are filtered out from the record. The
first technique of (Ma et al., 2017) extracts the spectral power of eccentricity
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and obliquity from an EHA in spectra in the time domain. Spectral power is
modulated by higher order cycles which in this case allows one to distinguish
between a 1.2 Myr Obliquity cycle modulating obliquity spectral power and
a 2.4 Myr eccentricity cycle transitioning towards a 1.2 Myr cycle during a
chaotic resonance transition modulating the spectral power of eccentricity. In
this study the spectral power and of the 405 kyr eccentricity and 173kyr oblig-
uity cycles are extracted from an EHA spectra. The second technique of Ma et
al. (2017) extracts extract the amplitude modulation by performing a Hilbert
transform on filtered records of lower order astronomical cycles. In this study
the 405 kyr ecc and 173 kyr cycle obliquity cycles are filtered from the tuned
record. On these filtered records a Hilbert transform is conducted after which
2.4 Myr eccentricity and 1.2 Myr obliquity cycles can be filtered. Using the ex-
tracted spectral power and amplitude modulation results, it is possible to study
the behavior 2.4 Myr eccentricity and 1.2Myr obliquity cycles separately help-
ing us to verify the previously identified chaotic resonance in Ma et al. (2019,
2017) and to check whether any of the current astronomical solutions accurately
models the amplitude modulation of the 2.4 Myr eccentricity and 1.2 Myr oblig-
uity prior during and after the chaotic resonance transition identified Ma et al.
(2019, 2017). The extracted 2.4 Myr eccentricity and 1.2Myr obliquity cycles
can also be used to quantify the contribution of obliquity and eccentricity to
astronomical-insolation during OAEII, which might help explain the enigmatic
presence of obliquity during the latter part of OAEII.

4. Results

To investigate the presence of astronomical cycles, we focus on the Gamma ray
(GR) of Well G14-05, and on the Thorium (Th) log of well G17-S-01. Both
GR and Th logs have successfully been used in cyclostratigraphic stratigraphic
studies in the past (Ten Veen and Postma, 1996; Wu et al., 2014, 2013). The
sedimentological and stratigraphic relevance of Th and GR is useful for defining
a phase relation between the astronomical cycles and the sedimentology. Ac-
cording to Ellis and Singer, 2007, Th record is a proxy for detrital input, while
the GR signal from well-log G14-05 is the cumulative value of the radioactive el-
ements Potassium, Thorium and Uranium. The combination of these elemental
abundances allows us to estimate the shale content of the sediments (Ellis and
Singer, 2007). Well G14-05 has no separate Th log available and thus only the
gamma-ray log will be used to investigate the presence of cycles. The complex
composite environmental signal of the GR log hinders a straightforward inter-
pretation, however well G17-S-01 indicates that the bulk of the GR signal in
the Chalk Group is from the element’s potassium, and thorium, while uranium
is only a minor contributor to the GR signal. Since potassium and Thorium
both are proxies for the detrital/clay fraction (Ellis and Singer, 2007), one can
assume that the GR signal in well G14-05 is an indicator of the detrital fraction.
This assumption allows us to use both GR and Th as proxies for detrital input
in wells G14-05 and G17-S-01. Due to the composite environmental nature of
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the Gamma-ray log, the results of G14-05 are however to be expected of lower
quality than those of G17-S-01.

4.1 Spectral analysis
4.1.1 Wavelet and MTM analysis

The wavelet and MTM results reveal that spectral power is concentrated in fre-
quency bands that correspond to the periods of ~4-6, ~8-12, ~12-25, ~32, ~40-60,
~80-120 and ~150-250 m (Figure 4). In the wavelet spectra the observed cycles
do not have a stable period nor a stable spectral power, which is due to changes
in sedimentation rate and the modulating effect of higher order astronomical
cycles.
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4.1.2 eASM

The 2.4, 1.6 and 1.2 Myr, 966, 812, 688, 405, 200, 173 and 110 kyr astronomical
cycles (Hilgen et al., 2020; Hinnov, 2000; Laskar et al., 2004) were used as tar-
get orbital frequencies for the eASM analysis on the EHA spectra of well-logs
G14-05 Gr and G17-S-01 Th. The 95, 97, 99, 105, 124 and 131 short eccentric-
ity cycles were combined into a single 110 kyr term as these cycles have such a
close temporal spacing that distinguishing between these cycles in a spectrum
is impossible. The eASM analysis is set up to go through sedimentation rates
ranging between 1 and 25cm/kyr, which covers the spectrum of sedimentation
rates stated in current literature for the Chalk Group of the Southern Permian
Basin (Boussaha et al., 2016; Damholt and Surlyk, 2004; Niebuhr et al., 2001;
Niebuhr and Prokoph, 1997; Pearce et al., 2020; Perdiou et al., 2015; Van der
Molen, 2004; Voigt and Schonfeld, 2010; Zijlstra, 1994). The EHA spectra on
which the eASM analysis was conducted has a 200 m sliding window and fre-
quency range of 0.005-0.5 cycle/meter. The eASM results show the statistically
most likely sedimentation rates (e.g. brightest color) ranging between 3 to 7.5
cm/kyr (see figure 5). The eASM results of G14-05 GR are of lower quality
than those of G17-S-01 Th which is as expected, because the GR log is of lesser
quality when compared to the Th log (see chapter 3.1).
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Figure 5. eASM results right: eASM plot G17-S-01 Th log. Left: eASM plot
G14-05 Gr. Ho-Sl (%) is null hypothesis. A lower null hypothesis indicates
a better statistical fit between input cycles and the EHA spectra at a given
sedimentation rate.

4.2 Sedimentation rate estimates and cyclostratigraphic in-
terpretations

To check the validity of the sedimentation rates obtained through eASM we in-
vestigated the (bio)stratigraphy of the Chalk Group. The existing well cuttings-
based calcareous nannofossil biostratigraphy of the Chalk Group in the Dutch
Offshore was compiled and assigned ages which enabled the identification of
stage boundaries which were then be used as tie-points and to calculate the
average sedimentation rate between these stage boundaries (see SI Table S1).

For wells where the K/Pg boundary could be identified based on the biostratig-
raphy, a specific seismic reflector could be identified for the K/Pg boundary
for the Schill Grund Platform and adjacent areas. In the seismic data with a
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Zero phase North Sea polarity the S-wave crossing above the third peak below
the top of the Chalk Group was identified as the reflector which coincides with
the K/Pg boundary. In the Petrel standard seismic color scheme with Zero
phase North Sea polarity that means that the white reflector above the third
red reflector indicating the top of the Chalk group coincides with the K/Pg
boundary (see SI Text S1 and Figure S3 for a more in-depth explanation using
well G16-02).

The cuttings-based calcareous nannofossil biostratigraphy enabled the identifica-
tion of stage boundaries which enabled us to calculate the average sedimentation
for these stages. Wells G17-01 and F15-01 have the best biostratigraphic age
constraints, and both indicate sedimentation rates around ~4 cm/kyr for the
Chalk Group (see SI Table 1), which is similar to the eASM results (3.0-7.5
cm/kyr see chapter 4.1.2).

The sedimentation rates derived from biostratigraphy and, eASM allows us to
assign the spectral peaks found in the wavelet and MTM spectral analysis to
astronomical cycles thus identifying the 4-6 m cycles as the 100 kyr short eccen-
tricity cycle, the 8-12 m cycles as the 173-183 kyr obliquity cycle, the 12-25 m
cycle as the 405 kyr eccentricity cycle, the 32 m cycle as the 800 kyr eccentricity
cycle, the 40-60 m cycle as the 1.2 Myr obliquity cycle, the 80-120 m cycles as
2.4 Myr eccentricity and the 150-250 m cycle as the 4.6 Myr eccentricity cycle.

4.3 Depth time conversion

The duration of the 405 kyr eccentricity cycle is the most stable cycle during
the Cretaceous and will therefore be used to convert the records from the depth
domain to the time domain (Laskar, 2010). An EHA spectra (100 m window,
frequency range of 0.01 to 0.1 cycles per meter) tracks the 405 kyr cycle in the
depth domain and gives us a sedimentation rate curve which is then used to
convert the data from the depth to the time domain (see Figure 6A & 6B).
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Figure 6. A. EHA spectra of G14-05 Gr with the 405 kyr eccentricity cycle
traced in grey B. EHA spectra of G17-S-01 Th with the 405 kyr eccentricity
cycle traced in grey. C. Sedimentation rate curve extracted from the traced 405
kyr eccentricity cycle in the EHA spectra of G14-05 GR. D. Sedimentation rate
curve extracted from the traced 405 kyr eccentricity cycle in the EHA spectra
of G17-S-01 Th.

4.4. Cyclostratigraphic framework
4.4.1 Proxy record and its astronomical phase relationship

Usually comparing the Hilbert transform of the precession, obliquity or short
eccentricity to the spectral filtering of respectively short eccentricity, 173 kyr
obliquity and long eccentricity allows one to infer the phase of a proxy with re-
spect to the insolation curve. In this study, precession and obliquity are below
or near the detection limit, while the 100 kyr eccentricity cycle has low spectral
power and an overall noisy signal component, which makes it impossible to use
Hilbert transform of these cycles to infer a phase relationship. A phase relation-
ship based on existing literature and basinal setting is inferred instead in which
the highest values of the detrital proxies (GR and Th) correspond to eccentric-
ity maxima. This phase relationship could be explained that seasonal contrast
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increases during eccentricity maxima, leading to a stronger summer monsoonal
activity with increased precipitation, weathering rates and runoff leading to an
enrichment in detrital proxies (Ruddiman, 2008; Ten Veen and Postma, 1996;
Wu et al., 2014, 2013). An anti-phase relationship between Milankovitch cycles
and detrital proxies is also possible, through the eccentricity minima modulated
stagnation, leading to the formation of anoxic bottom waters and to a relative
enrichment in detrital proxies (Herbert and Fischer, 1986; Liebrand et al., 2018).
The fact that the chalk group contains a large submarine channel system stretch-
ing from Norway offshore sector all the way into the Dutch offshore, indicates
a dynamic environment with large moving water masses hindering basinal stag-
nation and therefore an in-phase relationship between Milankovitch cycle and
detrital inputs in inferred (Esmerode et al., 2008, 2007; Esmerode and Surlyk,
2009; Gennaro and Wonham, 2014; Hampton et al., 2007; Jarvis, 1980; Lykke-
Andersen and Surlyk, 2004; Remin et al., 2016; Surlyk et al., 2008; Surlyk and
Lykke-Andersen, 2007; Van der Molen, 2004)..

4.4.2 Age tie point and tuning to La2010d

To turn the floating age to one with absolute ages, the record is anchored to the
K/Pg boundary subsequently tuned to La2010d. The record is specifically tuned
to La2010d because the 405 kyr eccentricity cycle filtered from this solution
has been proven to be a good fit for tuning late Cretaceous geological records
(Ma et al., 2017; Wu et al., 2014). Furthermore, La2010d is also favored over
La2010a, La2010b and La2010c as it is adjusted to INPOPO06 over the last 1 Myr
and includes the five major asteroids, Ceres, Vesta, Pallas, Iris, and Bamberga,
which makes it the most constrained version in the La2010 models (Jacques
Laskar et al., 2011a, 2011b; Westerhold et al., 2012). To anchor the record
to the K/Pg boundary the available biostratigraphy was used to constrain the
K/Pg to a single seismic reflector which could then be traced into wells G17-S-01
and G14-05 giving and approximate location of the K/Pg boundary in the well-
logs (see SI Figure S4). The phase relationship between the 405 kyr eccentricity
cycle and the K/Pg boundary is already known as being just past a minimum
in the 405 kyr cycle (Batenburg, 2013; Batenburg et al., 2014, 2012; Friedrich
et al., 2016; Husson et al., 2011; Westerhold et al., 2008). By combining the
405 kyr cycle filtered from the well-logs in the time domain, the known 405 kyr
eccentricity cycle to K/Pg boundary and the biostratigraphy and seismic based
location of K/Pg boundary in the well-log based, it was possible to constrain the
K/Pg boundary to a specific 405 Kyr cycle filtered from the well-logs allowing
us to anchor the floating timescale of the well-logs to K/Pg boundary. With the
record anchored to the K/Pg boundary it is possible to (re)tune the record to
1a2010d, through fitting 405 kyr maxima fitting in the records to the eccentricity
maxima in 1a2010d (figure 7) (for a comparison between a record solely anchored
to the K/Pg boundary and one to La2010d see SI Figure S5, S6 and S7). By
having the records with absolute ages it allows us to now to check whether the
chaotic resonance transition observed by Ma et al., (2019, 2017) is also present
in our records.
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cycle filtered from set records.

4.4.5 Spectral analysis in the time domain

A wavelet and MTM spectral analysis were performed on the well-logs after
tuning to La2010d. The wavelet spectra (Figure 8) shows that the Th record of
G17-S-01 has significantly more spectral power concentrated at known periods of
astronomical cycles when compared to the GR record of G14-05. A difference in
the quality of results was already observed in the spectral analysis in the depth
domain and the eASM results (figure 4 and 5) of wells G17-S-01 Th and G14-05
Gr. The quality of results is as expected because of the composite environmental
nature of the Gamma-ray log of G14-05 when compared to the Th log G17-S-01.
The wavelet and MTM spectral analysis (Figure 8) of both G14-05 and G17-
S-01 show high spectral power for the known 173, 200, 405, 688, 812 and 977
kyr and 1.2, 1.6, 2.4 and 4.7 Myr astronomical cycles. The short eccentricity
cycles have a relatively high noise component overprinting the original signal.
Both obliquity and precession cannot be distinguished from the spectral noise.
Due to fact that we tuned the records to the 405 kyr cycle we do see that the
405 kyr cycle is the cycle with the highest statistical significance and most the
prominently defined spectral peak.
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4.5 Amplitude modulation and comparison with different
orbital solutions

The Thorium record of G17-S-01 is the main record to study the amplitude
modulation because of the complex and more noisy nature of the Gamma-ray
record of G14-05 makes it less suitable to study the amplitude modulation. Us-
ing the two techniques described in Ma et al. (2017) the amplitude modulation
of eccentricity and obliquity was extracted from the well-logs (in the time do-
main) as well as from astronomical solutions 1:a2004, La2010a-d 2011, ZB17a-p
and ZB18 (figure 9 and SI Figure S8). For the methodology and how the tech-
niques described in Ma et al. (2017) were implemented see chapter 3.3. The
resulting amplitude modulating records make it is possible to directly check if
the secular resonance transitions observed in Ma et al., (2019, 2017) is present
in the records of the Chalk Group and if any of the amplitude modulation
records of astronomical solutions accurately model these secular resonance tran-
sitions. The Amplitude modulation in combination with filtered record 405 kyr
ecc and 173 kyr cycle also allows us to assess the contribution of obliquity to
astronomical-insolation during OAEII which can help us the enigmatic presence
of an obliquity signal during the latter part of OAEIIL.
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Figure 9. Filtering and amplitude modulation extracted from G17-S-01 Th

5. Discussion

5.1 Late Cretaceous secular resonance transition

Currently the 2.4 Myr eccentricity and 1.2 Myr obliquity cycles are in a 2:1
secular resonance state expressed as the 2(gd—g3)=(s4—s3) principal frequency
terms (Jacques Laskar et al., 2011a; Laskar, 1999; Laskar et al., 2004). This
secular resonance relationship can break down to (gd—g3) = (s4—s3) causing
the 2.4 Myr eccentricity cycle to change to a cycle with a 1.2 Myr cycle pe-
riod, which has been predicted to have been occurred between 50 and 100 Myr
(Laskar et al., 2004). The duration of the 2.4 Myr eccentricity cycle itself can
also change due to chaotic diffusion by the gravitational interactions of the So-
lar System which has been observed in the records from the Triassic-Jurassic
Newark-Hartford basin in which that the period of the of the 2.4 Myr eccentric-
ity decreased to a 1.75 Myr period (Olsen et al.,2019). Studies by Ma et al.,
(2019, 2017) have shown that a secular resonance transition took place at ~85
Ma and at ~92 Ma. During the ~92 Ma resonance transition the duration of the
2.4 Myr long eccentricity cycle decreased to 1.2 Myr, while during the ~85 Ma
resonance transition the 1.2 Myr long eccentricity cycle had its period restored
back to a 2.4 Myr period. A secular resonance transition impacting the 2.4 Myr
eccentricity cycle is also observed in this study. Around ~92 Ma the 2.4 Myr
eccentricity cycle reduces in amplitude and period and only fully reverts back
to a 2.4 Myr duration at ~85 Ma (Figure 10). Outside the period impacted
by the secular resonance transition the duration of the 2.4 Myr eccentricity re-
mains stable indicating that the duration of the 2.4 Myr eccentricity was not
impacted by chaotic diffusion in the gravitational interactions of the Solar Sys-
tem as is the case for the Triassic-Jurassic Newark-Hartford basin (Olsen et
al.,2019). To check if any of the existing astronomical solutions accurately mod-
els the amplitude modulation of the 1.2 Myr obliquity and 2.4 cycles extracted
from the tuned well-log Myr before during and after the chaotic resonance the
modulation extracted from the tuned well-log records were compared with the
modulation extracted from astronomical solutions (see SI Figures S9 and S10).
None of the eccentricity or obliquity amplitude modulation records extracted
from astronomical solutions fits with the amplitude modulation extracted from
the well-logs. This indicates that none of the current astronomical solutions
accurately models the late cretaceous chaotic resonance transitions observed in
this study and Ma et al., (2019, 2017), indicating the need for new astronomi-
cal solutions, which do accurately model the Late Cretaceous chaotic resonance
transitions.
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Myr duration which cannot be extracted with a filter centered on the 2.4 Myr
cycle hence the apparent mismatch. The Astronomical features of the 1.2Myr
Obliquity remain constant during both chaotic resonance transitions indicating
the 1.2Myr Obliquity remained stable during this period.

5.2 Expression of astronomical cycles during Ocean Anoxic
Event 2

Previous studies on low and middle paleolatitude records of OAEII contain a
well expressed obliquity cycle especially during the latter part of OAEII (Char-
bonnier et al., 2018; Kuypers et al., 2004; Meyers et al., 2012). A well-expressed
obliquity cycle can also be observed in this record (Figures 9 and 11). Whether
the presence of and obliquity signal at low and middle paleolatitude during
OAEII is related to processes acting due to the climatic perturbation which is
OAEII or due to a change in the contribution of obliquity to the astronomical-
insolation during OAEII remains unresolved. Obliquity can be present in low
and middle paleolatitude records either due to a high latitude teleconnection
such as the: formation of high latitude intermediate/deep-water formation trans-
porting water from the poles to lower latitudes, an obliquity modulated merid-
ional temperature gradient impacting low-latitude wind strength or the estab-
lishment of polar icecaps changing global climate patterns or due to a modula-
tion of monsoonal activity by obliquity (Berrocoso et al., 2008; Bosmans et al.,
2015; Friedrich et al., 2008; Kuhnt et al., 1997; Marz et al., 2009; Nederbragt et
al., 2005). The amplitude modulation extracted from G17-S-01 in combination
with the filtered 173 kyr obliquity and 405 kyr eccentricity cycles provides in-
sights whether the strong obliquity signal during OAEII is related to processes
acting due to the climatic perturbation which is OAEII or due to a relative
increase of obliquity to the astronomical-insolation during OAEII (Figures 9
and 11.). In well G17-S-01 Th the 2.4 Myr eccentricity cycle and eccentricity
spectral power peak just before OAEII and trends towards a minimum during
OAEII while the 1.2 Myr obliquity cycle and obliquity spectral power reaches
a minimum just before the onset of OAEII and increases during OAEII (Figure
11). The phase relationship between the 2.4 Myr eccentricity cycle and 1.2 Myr
obliquity cycle indicates that during the latter part of OAEIIL both the relative
(2.4 Myr eccentricity decreasing) and absolute (a 1.2Myr obliquity maxima) con-
tribution of obliquity to the astronomical-insolation increases, which should lead
to a more pronounced expression of the obliquity cycle in the geological record
during the latter part of OAEIL This progressive increase in the contribution of
obliquity is astronomical-insolation agrees with the Tarfaya S13 and ODP1261B
well records of Meyers et al. (2012a).
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Figure 11. The record Well-log G17-S-01 Th tuned to La2010d zoomed in to
the 92 Ma to 95 Ma interval. The grey interval is OAEIIL. Top window Th log
and the 173 kyr obl and 405 kyr ecc cycles. Middle window band power/total
power for the 405 kyr ecc cycle, Hilbert transform of the 405 kyr ecc cycle and
the 2.4 Myr ecc cycle filtered from the Hilbert transform. Bottom window band
power/total power for the 173 kyr obl cycle, Hilbert transform of the 173 kyr
ecc cycle and the 1.2 Myr obl cycle filtered from the Hilbert transform.

6. Conclusions

The Chalk Group on the Dutch Schill Grund platform represents a practically
complete 30 Myr long stratigraphic record which contains the imprint of astro-
nomical cycles. The record is converted from the depth to the time domain
and is subsequently anchored to the astronomical solution of La2010d. The 30
Myr long record allowed the study of two facets of the expression of long astro-
nomical cycles (>1 Myr period especially) during the late Cretaceous. First, the
amplitude modulation of eccentricity and obliquity cycles in our record was com-
pared the results of Ma et al., (2019, 2017) and exiting astronomical solutions.
The 2.4 Myr eccentricity cycle extracted from Th log of well G17-S-01 confirms
the findings of Ma et al., (2019, 2017) that a secular resonance transition took
place at ~92 and ~985 Ma in which the period of the 2.4 Myr eccentricity cy-
cle switched to a 1.2 Myr period between ~92Ma and ~85Ma. The amplitude
modulation records extracted from the astronomical solutions does not fit with
the amplitude modulation records extracted from the well-logs indicating that
astronomical solutions do not accurately model the secular resonance state be-
tween the 1.2 Myr obliquity and 2.4 during the Late cretaceous. Secondly the
imprint of astronomical cycles on OAEII was investigated. Astronomical cycles
do modulate the geological record during OAEII, with the 2.4 Myr eccentricity
reaching a maximum ~400kyr before OAEII and progressively declining during
OAEII while the 1.2 Myr obliquity cycle is at a minimum just before OAEII and
peaks during OAEIL. The phase relationship between the 2.4 Myr eccentricity
cycle and 1.2 Myr obliquity cycle indicates the contribution of obliquity to the
astronomical-insolation progressively increased during OAEII, which explains
the well-defined obliquity signal observed in this and other studies of low and
middle paleolatitude records during the latter part of OAEII.
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All used data is available for download from NLOG the Dutch Oil and Gas portal
datacentre (https://www.nlog.nl/datacenter). Data with regards to borehole
measurements and metadata is available on (https://www.nlog.nl/datacenter
/brh-overview). All seismic data including survey information and the seismic
data itself can be downloaded from (https://www.nlog.nl/datacenter/smec-lines)
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