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ABSTRACT

The present master's dissertation aimed at conducting a detailed cyclostratigraphic study of gamma-ray logging
series (total gamma and thorium, potassium, and uranium spectral channels) from two deep-marine Paleocene
sequences spanning from the Cretaceous-Paleogene boundary (~66 Ma) to the Paleocene-Eocene Thermal
Maximum (~56 Ma), an interval encompassing the post-extinction biotic recovery, the progressive
destabilisation of the global carbon cycle, and a series of orbitally paced hyperthermal events that culminated
in the largest rapid warming event of the Cenozoic, recovered during Expeditions 392 (Hole U1579D, Agulhas
Plateau, southern Indian Ocean) and 369 (Hole U1514C, Mentelle Basin, offshore western Australia).
Preliminary cross-correlation tests between the gamma ray component data series indicated a strong zero-lag
correlation of the thorium channel with the total gamma-ray series (|r| = 0.784 and 0.917; holes U1579D and
U1514C, respectively) and with the potassium series (|t = 0.737 and 0.893, respectively), alongside phase
offsets and reduced coherence consistent with post-depositional diagenetic remobilisation for the uranium
channel, supporting the selection of the thorium series as the most suitable proxy for cyclostratigraphic analysis
in these pelagic carbonate sequences. Multi-taper method spectral analyses identified significant spectral peaks
exceeding the 99% confidence level at both holes. Long eccentricity (E405) peaks were detected at 7.39, 5.46,
and 5.07 m at U1579D, and at 7.04, 6.29, 4.45, and 4.29 m at U1514C. Short eccentricity (el131, el125, €99,
€95) peaks were identified at 2.80, 2.57, 2.40, and 2.03 m at U1579D, and at 1.34 and 1.28 m at U1514C.
These periodicities are consistent with the predicted spectral ratio for ~61 Ma (405:131:125:99:95:39 =
21.6:6.7:5.1:2.1:1.2:1; Laskar et al., 2004). In conjunction with evolutionary harmonic analysis of the series,
it was possible to delimit the frequency band associated with the long eccentricity signal, with a central
wavelength ratio of ~5 to 7 m (band limits of ~4.55-8.40 m at U1579D; ~4.24-7.19 m at U1514C). COCO,
eCOCO, and TimeOpt analyses corroborate sedimentary accumulation rate estimates of ~1.1-2.1 c/kyr for
U1579D (main peak ~1.5-1.9 em/kyr; TimeOpt ~2.12 cm/kyr) and ~1.0-1.8 cm/kyr for U1514C (TimeOpt

~1.62 cm/kyr). Short eccentricity cycles are identified but exhibit intermittent frequency on evolutionary



harmonic analysis. Obliquity (~39 kyr) is preliminarily identified at U1579D; precession is unresolvable at the
15.2 cm sampling resolution. Taken together, these results allow the construction of astronomical time scales
anchored at the K-Pg boundary and calibrated by biostratigraphic datums, recording approximately 25.5 and
25 long eccentricity cycles at U1579D and U1514C, respectively, consistent with the astrochronological
framework of 25 cycles for the Paleocene and a PETM age of ~ 55.7-55.9 Ma. A prominent positive thorium
anomaly at both holes is constrained to ~58.15 Ma, consistent with the unnamed "*" carbon isotope excursion
marking the termination of the Paleocene Oxygen Isotope Maximum. This excursion occurs close to an
eccentricity minimum and is not considered a classical hyperthermal; its expression as a positive thorium
anomaly at both holes argues for a globally coherent sedimentary signal consistent with carbonate dilution or
enhanced clay flux during this global carbon-cycle transition. The stronger orbital signal preservation at
U1579D relative to U1514C is attributed to the more homogeneous Nannofossil Chalk lithology at the Agulhas
Plateau versus the greater lithological heterogeneity of the Mentelle Basin. Integrated Prediction Error Filter
Analysis curves document trend reversals consistent with depositional regime changes at the Cretaceous-
Paleogene boundary and near the Early Late Paleocene Event /"*" carbon isotope excursion interval, broadly
consistent with the Paleocene barystatic sea level, and possibly providing a wireline-based trend indicator of

Paleocene depositional dynamics at the Indian Ocean.

Keywords: Cyclostratigraphy; Paleocene; K-Pg boundary; PETM; thorium; E405; astrochronology.
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RESUMO

A presente disserta¢do de mestrado teve como objetivo a realizagdo de um estudo cicloestratigrdfico detalhado
de séries de perfilagem de raios gama (gama total e canais espectrais de torio, potdssio e urdnio) de duas
sequéncias pelagicas paleocénicas de mar profundo, abrangendo o intervalo entre o limite Cretaceo-
Paledgeno (~66 Ma) e o Maximo Térmico do Paleoceno-Eoceno (~56 Ma). O intervalo engloba a recuperagdo
bidtica pos-extingdo, a desestabiliza¢do progressiva do ciclo global do carbono e uma série de eventos
hipertermais orbitalmente controlados que culminaram no maior evento de aquecimento rapido do Cenozoico,
recuperadas durante as Expedi¢ées 392 (Furo U1579D, Platé das Agulhas, sul do Oceano Indico) e 369 (Furo
Ul1514C, Bacia de Mentelle, margem oeste da Australia). Testes preliminares de correlacdo cruzada entre as
series de dados dos componentes dos raios gama indicaram forte correlagdo de defasagem nula do canal de
torio com a série de gama total (|r| = 0,784 € 0,917, sitios UI579D e U1514C, respectivamente) e com a série
de potassio (|r| = 0,737 e 0,893, respectivamente), aléem de defasagens de fase e coeréncia reduzida
consistentes com remobilizacdo diagenética pds-deposicional para o canal de urdnio, fundamentando a
selecdo da série de torio como o proxy mais adequado para a andlise cicloestratigrdfica nessas sequéncias de
carbonatos pelagicos. Andlises espectrais pelo método de multiplas janelas identificaram picos espectrais
significativos acima do nivel de confianca de 99% em ambos os sitios. Picos de excentricidade longa (E405)
foram detectados a 7,39, 5,46 e 5,07 m em UI579D, e a 7,04, 6,29, 4,45 ¢ 4,29 m em Ul514C. Picos de
excentricidade curta (el31, el25, €99, €95) foram identificados a 2,80, 2,57, 2,40 e 2,03 m em UlI579D, e a
1,34 e 1,28 m em Ul514C. Essas periodicidades sdo consistentes com a razdo espectral prevista para ~61 Ma
(405:131:125:99:95:39 = 21,6:6,7:5,1:2,1:1,2:1; Laskar et al., 2004). Em conjunto com a andlise harménica
evolutiva das séries, foi possivel delimitar a banda de frequéncia associada ao sinal de excentricidade longa,
com razdo de comprimento de onda central de ~5 a 7 m (limites de banda de ~4,55-8,40 m em U1579D; ~4,24-
7,19 m em Ul1514C). As andlises COCO, eCOCO e TimeOpt corroboram estimativas de taxa de acumulagdo
sedimentar de ~1,1-2,1 cm/kyr para Ul579D (pico principal ~1,5-1,9 cm/kyr; TimeOpt ~2,12 cm/kyr) e ~1,0-
1,8 em/kyr para U1514C (TimeOpt ~1,62 cm/kyr). Os ciclos de excentricidade curta sdo identificados, mas



apresentam expressdo intermitente na andlise harmoénica evolutiva. A obliquidade (~39 kyr) é
preliminarmente identificada em U1579D; a precessdo ndo é resolvivel na resolugdo de amostragem de 15,2
cm. Em conjunto, esses resultados permitem a constru¢do de escalas de tempo astronémicas ancoradas no
limite K-Pg e calibradas por datums bioestratigrdficos, registrando aproximadamente 25,5 e 25 ciclos de
excentricidade longa em Ul5S79D e UlS514C, respectivamente, consistentes com o arcabougo
astrocronologico de 25 ciclos para o Paleoceno e uma idade do PETM de ~55,7-55,9 Ma. Uma proeminente
anomalia positiva de torio em ambos os furos é constraida a ~58,15 Ma, consistente com a excursdo isotopica

"

de carbono inominada que marca a termina¢do do Maximo de Isotopos de Oxigénio do Paleoceno. Essa
excursdo ocorre proximo a um minimo de excentricidade e ndo é considerada um hipertermal classico, sua
expressdo como anomalia positiva de torio em ambos os sitios aponta para um sinal sedimentar globalmente
coerente, consistente com dilui¢do de carbonato ou aumento do fluxo de argilas durante essa transicdo global
do ciclo do carbono. A melhor preservagdo do sinal orbital em Ul579D em relagdo a Ul514C ¢ atribuida a
litologia mais homogénea de giz nanofossilifero no Plato das Agulhas, em contraste com a maior
heterogeneidade litologica da Bacia de Mentelle. As curvas de Andlise de Filtro de Erro de Predi¢do Integrado
documentam inversoes de tendéncia consistentes com mudancgas de regime deposicional no limite Cretdceo-
Paledgeno e proximo ao intervalo do Evento do Paleoceno Tardio Inicial / excursdo isotopica de carbono "*",

amplamente consistentes com o nivel do mar barystitico do Paleoceno, possivelmente fornecendo um

indicador de tendéncia baseado em perfilagem das dinamicas deposicionais paleocénicas no Oceano Indico.

Palavras-chave: Cicloestratigrafia; Paleoceno; limite K-Pg; PETM; torio; E405; astrocronologia.
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better visualization of the studied interval marked approximately by red hollowed polygon. Green line along
seismic reflector represents the upper limit, possibly related to the Paleocene/Eocene boundary while light
blue line to the bottom of the studied sequence represents the Paleocene/Maastrichtian boundary. Modified
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Figure 6 — Schematic representation of the three Milankovitch orbital parameters and their characteristic
temporal signals over a 1 Myr window. A. 405 kyr Long eccentricity and B. ~100 kyr Short eccentricity: a
single parameter expressed across two frequency bands, the long eccentricity (Esos, ~405 kyr), driven by the
Jupiter-Venus gravitational interaction and stable for > 250 Myr, and the short eccentricity (Eio0, ~95—-131
kyr), whose amplitude is modulated by the Esos envelope. C. Obliquity (¢): cyclic variation in the tilt of
Earth's rotational axis relative to its orbital plane (~41 kyr; range 22.1°-24.5°), governing latitudinal
insolation contrasts. D. Precession index (e sin y): combined effect of axial and apsidal precession (~21 kyr
mean period), controlling which hemisphere experiences summer at perihelion and affecting all latitudes.
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1 INTRODUCTION

Throughout Earth's history, extreme events have repeatedly disrupted the stability of the Earth system,
reshaping environmental conditions and influencing the evolution of life. These perturbations, operating across
a range of temporal and spatial scales, have significantly altered ocean circulation patterns and global
ecosystems. Evidence of such events is preserved in marine sedimentary archives, where successive strata
record characteristic sedimentary features and biological assemblages that provide key insights into Earth
system processes. However, the sedimentary record is inherently incomplete, representing only the preserved
fraction of past events and commonly including hiatuses associated with erosion and non-deposition.

Among these perturbations, mass extinctions, collectively referred to as the “Big Five”, are the most
extreme disruptions of the Earth system, fully reshaping the biosphere through the loss of over 75% of
estimated species and opening ecological spaces for new organisms throughout the last ~540 Myr (Barnosky
et al, 2011; Burgess, 2019; Jablonsky and Edie, 2025). Improved understanding and chronostratigraphic
calibration of the geological time intervals associated with post-extinction biodiversity recovery are essential
for assessing biosphere resilience and the factors that govern ecosystem recovery, while also providing a basis
for interpreting both past biological crises and the biodiversity loss observed today (Hull, 2015; Bottjer, 2024;
Dunhill ez al., 2024).

In such context, the Paleogene Period (~66 to 23 Ma; Zachos et al., 2001) represents a pivotal interval
in Earth's history, marked by profound climatic and biotic transformations. It encompasses both the aftermath
of the end-Cretaceous mass extinction and a series of global warming events that significantly affected ocean-
atmosphere interactions, biogeochemical cycles, and sedimentary regimes (Friedrich et al., 2012). Its onset is
marked by the Paleocene Epoch (~ 66 - 56 Ma; Gradstein et al., 2020), spanning from the Cretaceous-
Paleogene (K-Pg) boundary, associated with an abrupt extinction of approximately 75% of Earth's species,
primarily linked to the impact of a large extraterrestrial body and its cascading climatic and ecological
consequences (e.g., Alvarez et al., 1980; Schulte et al., 2010) - to the Paleocene-Eocene Thermal Maximum
(PETM), characterised by a rapid global temperature increase of ~ 5-8°C over a few thousand years,
accompanied by ocean acidification, major disruptions to the carbon cycle, and large-scale biotic migrations
(e.g., Zachos et al., 2005, 2008; Sluijs et al., 2011). During the Paleocene, deep-ocean temperatures rose by
approximately 6-8 °C from the K-Pg boundary to the Early Eocene Climatic Optimum (EECO; Zachos et al.,
2001; Westerhold et al., 2020), the biological pump underwent a protracted multi-million-year recovery
(Barnet et al., 2019), and a series of orbitally paced hyperthermal events punctuated a long-term warming trend
driven by volcanic CO: emissions from the North Atlantic Igneous Province (NAIP; Svensen et al., 2004;
Barnet et al., 2019; Gutjahr ef al,, 2017).

Regarding the major environmental changes encompassed by the Paleocene, the establishment of high-
quality chronostratigraphic constraints by improvements at the temporal calibration of the K-Pg boundary and
the PETM is of central importance, as both events correspond to primary, global time markers for estimating

rates, timespans, and temporal relationships of life recovery, greenhouse warming, carbon-cycle disturbances,
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and sedimentary processes throughout the early Paleogene. In such context, cyclostratigraphy has emerged as
a key tool for refining the temporal resolution of sedimentary sequences by identifying periodic signals related
to variations in Earth's orbital parameters, known as Milankovitch cycles (e.g., Barthes et al., 1999; Weedon,
2003; Westerhold et al., 2008; Paulissen and Luthi, 2011; Hinnov, 2013; 2018; Dinarés-Turell et al., 2014; L1
et al., 2019; Leandro et al., 2022). Among the proxies commonly used, natural gamma ray (NGR) and its
spectral components stand out due to high resolution, cost-effectiveness, and sensitivity to lithological and
compositional variations driven by climatic forcing (e.g., Goldberg, 1997; Myers and Wignall, 1987; Barthes
et al., 1999; Ruffell and Worden, 2000; Gorgas and Wilkens, 2002; Schnyder et al., 2006; Paulissen and Luthi,
2011). In particular, the thorium channel (HTHO), as a lithophile, diagenetically immobile element
concentrated in detrital heavy minerals, has been shown to faithfully record orbital-scale detrital flux variations
in pelagic carbonate sequences without the redox-sensitive behaviour that compromises uranium as a
cyclostratigraphic proxy (e.g., Adams and Weaver, 1958; Myers and Wignall, 1987; Osmond and Ivanovich,
1992; Schnyder et al., 2006).

This study applies cyclostratigraphic methods to HTHO data obtained from two deep-marine
sedimentary records recovered during IODP expeditions: Hole U1579D, located on the Agulhas Plateau (IODP
Expedition 392, South Indian Ocean), and Hole U1514C, located on the western Australian margin in the
Mentelle Basin (IODP Expedition 369). These successions span the entire Paleocene interval and include both
the K-Pg (~66 Ma) and PETM (~56 Ma) as key stratigraphic tie points (Huber ef al., 2019; Uenzelmann-Neben
et al., 2023).

The primary objective of this work is to establish cyclostratigraphic frameworks for both pelagic
carbonate records, complementing previous interpretations based on magneto- and biostratigraphic constraints,
thereby refining their chronostratigraphy and estimating the duration of the preserved Paleocene record. In
doing so, this study also investigates the differential preservation of orbital signals between the two
depositional settings, evaluates the suitability of HTHO as a cyclostratigraphic proxy in pelagic carbonate

sequences, and contribute to discussions about the unnamed "*" carbon isotope excursion event at ~58.15 Ma.
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2 OBJECTIVES AND JUSTIFICATION

2.1 GENERAL OBJECTIVES

This study aims to establish cyclostratigraphic frameworks for two pelagic carbonate records
recovered during IODP Expeditions 392 (Hole U1579D, Agulhas Plateau) and 369 (Hole U1514C, Mentelle
Basin), spanning the Paleocene interval between the K-Pg boundary (~66.0 Ma) and the PETM (~56.0 Ma).

To achieve this goal, the study pursues the following specific objectives:

(1) Proxy evaluation via cross-correlation function (CCF) analysis, to assess the behaviour and mutual
relationships of the available spectral gamma-ray channels (NGR, potassium, thorium, and uranium) and to
identify the most reliable proxy for orbital signal detection in each borehole;

(2) Detrending method evaluation, to compare the performance of multiple detrending approaches
(linear, LOESS, high-pass Butterworth filter) and to identify the method that best isolates orbital-band signals
while avoiding apparent transient coalescence between low-frequency spectral power, interpreted as million-
year-scale eccentricity modulations, and the 405-kyr orbital eccentricity component.

(3) Recognition of orbital imprint through spectral analyses (MTM and EHA) applied to the Thorium
series, as well as sedimentary accumulation rate (SAR) testing methods (COCO, eCOCO, and TimeOpt) in
order to estimate sedimentation rates consistent with the given target periodicities;

(4) Construction of astronomical time scales (ATS) for both boreholes, anchored to the K-Pg boundary
and calibrated by biostratigraphic datum positions, in order to refine the chronostratigraphic placement of
Paleocene events;

(5) Evaluation of depositional trend patterns for both stratigraphies by means of integrated prediction
error filter analysis (INPEFA) to identify changes in depositional regimes and sequence stratigraphic surfaces,
and to compare such findings with the Paleocene barystatic sea-level record from Miller et al. (2024);

(6) Inter-site comparison and event identification, to assess the differential preservation of orbital
signals between U1579D and U1514C stratigraphies, and to use the co-temporal expression of anomalous
HTHO peaks at both holes as a basis for identifying and contextualizing the unnamed "*" CIE event at ~58.15
Ma (e.g., Barnet et al., 2019; Hollis et al., 2022).

2.2 JUSTIFICATION

The Paleocene represents a critical interval for understanding the interplay among orbital forcing,
carbon cycle dynamics, and Earth's climate system. Despite significant advances in Paleocene astrochronology
from classical deep-sea sections at Walvis Ridge (Westerhold et al., 2008; Littler et al., 2014; Barnet et al.,
2019), Shatsky Rise (Westerhold et al., 2011; Zachos et al., 2010), and Zumaia (Dinares-Turell et al., 2003,
2007, 2014), the Indian Ocean sector remains comparatively underrepresented in cyclostratigraphic studies.
The IODP wells investigated here, one on the Agulhas Plateau off South Africa (Hole U1579D) and one on
the western Australian margin (Hole U1514C), fill an important geographic gap in the global Paleocene orbital

framework.
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Moreover, the use of downhole spectral gamma-ray data for cyclostratigraphy, as opposed to the core-
based geochemical proxies (XRF-Fe, CaCOs, 6'*C) that have underpinned most Paleocene ATS work, provides
an independent and publicly available dataset for testing and extending the orbital calibration of these wells.
The identification of the "*" CIE at ~58.15 Ma (Littler et al., 2014; Barnet et al., 2019; Hollis et al., 2022) at
two widely separated Indian Ocean locations provides new geographic constraints on this poorly characterised
global perturbation and its paleoclimatic context at the termination of the Paleocene Oxygen Isotope Maximum

(Hollis et al., 2022).

18



3 EARLY PALEOCENE PALEOCEANOGRAPHIC AND CLIMATIC EVOLUTION: K-PG
BOUNDARY TO THE POST-PETM INTERVAL (66 - 54 MA)

The Paleocene epoch, spanning from the K-Pg extinction (~66 Ma) to the PETM (~56 Ma), records
the recovery from the end-Cretaceous mass extinction, the progressive destabilisation of the global carbon
cycle, and the culmination of greenhouse warming in the Paleocene-Eocene Thermal Maximum. Between 66
and 54 Ma, deep-ocean temperatures rose by approximately 8 to 10 °C, the biological pump underwent a
protracted multi-million-year recovery, and a series of orbitally paced hyperthermal events punctuated a long-
term warming trend driven by volcanic CO: emissions from the North Atlantic Igneous Province (NAIP). This
period represents a key phase in global paleoclimatic evolution, often cited as a geological analogue for modern

anthropogenic CO: emissions (Pagani et al., 2006; Zeebe et al., 2016).

3.1 ASTRONOMICAL FORCING AND THE CYCLOSTRATIGRAPHIC ARCHITECTURE OF
THE PALEOCENE

The Paleocene sedimentary record is pervaded by orbital cyclicity, and astronomical calibration now
provides the highest-resolution chronological framework for this epoch. The 405-kyr long eccentricity cycle
constitutes the primary tuning target as it remains the most stable component of Earth's orbital solution over
the entire Phanerozoic (Laskar et al., 2004). Between the K-Pg boundary at ~66.04 Ma and the PETM onset
at ~55.93 Ma, the Paleocene encompasses approximately 24 to 25 long eccentricity cycles. Westerhold et al.
(2008) initially proposed 24 cycles spanning the K-Pg to PETM, whilst Hilgen et al. (2010) advocated 25
cycles. A number of studies (e.g., Dinarés-Turell et al., 2014; Clyde et al., 2016) favour the 25-cycle option,
yielding the now accepted K-Pg age of ~66.0 Ma and the PETM onset age of ~55.93 Ma (Zeebe and Lourens,
2019).

The most precise currently available age estimate for the K-Pg was provided by Sprain et al. (2019),
who place it at 66.052 £ 0.008/0.043 Ma. For the PETM, Zeebe and Lourens (2019) established an age of
56.01 £ 0.05 Ma derived from their ZB18a orbital solution. Short eccentricity (~95 and ~124 kyr components)
is prominently expressed in XRF Fe intensities, weight-percent CaCOs, colour reflectance, and benthic
foraminiferal stable isotope records from key deep-sea sites. Obliquity (~39 kyr) shows remarkably weak
expression in Paleocene deep-sea records (e.g. Westerhold et al., 2007; Zachos et al., 2010; Littler et al., 2014;
Zeebe et al., 2017), consistent with low-latitude forcing mechanisms operating through monsoonal
precipitation and terrestrial organic carbon cycling, rather than high-latitude ice-sheet dynamics (Barnet ef al.,
2019; Westerhold et al., 2020).

Longer-period eccentricity modulations, on the million-years scale, exert profound influence on
hyperthermal pacing. The ~2.4 Myr eccentricity cycle, arising from the g4-g3 orbit-orbit resonance between
Mars and Earth (Laskar ef al., 2011), modulates the amplitude of the 95 and 124 kyr components. Lourens et
al. (2005) demonstrated that both the PETM and the ETM-2 (Elmo) correspond to 405-kyr and 100-kyr

eccentricity maxima that post-date prolonged minima in the ~2.25 Myr cycle, establishing astronomical pacing
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as a key triggering mechanism for Paleogene hyperthermals. The landmark CENOGRID compilation
(Westerhold et al., 2020) synthesised astronomically dated benthic foraminiferal isotope records across the
entire Cenozoic, placing the Paleocene within a Warmhouse climate state, characterised by eccentricity-paced

carbon-cycle variability with 8'*C amplitudes of 0.5 to 1.0 %o and temperature oscillations of up to 4 °C.

3.2 CHRONOSTRATIGRAPHIC CONSTRAINTS FROM MAGNETO-, BIO- AND
CHEMOSTRATIGRAPHY

3.2.1 Magnetostratigraphy

The magnetostratigraphic backbone of the Paleocene spans chrons C29r through C24r, calibrated
through the Geologic Time Scale 2020 (Gradstein et al., 2020), building upon Cande and Kent (1995) and
astronomical tuning by Westerhold ef al. (2008, 2020). The K-Pg boundary at 66.04 Ma falls within the
reversed chron C29r, whose total duration is constrained at 587 + 53 kyr (Sprain et al, 2018). Chron C29n
(~65.69 to 66.00 Ma) encompasses the earliest Danian, followed by C28r (~65.12 to 65.69 Ma) and C28n
(~64.67 to 65.12 Ma). The mid-Danian is represented by the long reversed chron C27r (~63.49 to 64.67 Ma)
and the normal chron C27n (~62.55 to 63.49 Ma), at whose termination the Latest Danian Event (LDE) occurs.
The exceptionally long reversed chron C26r (~59.24 to 62.55 Ma; ~3.31 Myr) spans the Danian-Selandian
boundary, whilst chrons C25r, C25n, and the protracted C24r (~53.90 to 57.66 Ma; ~3.76 Myr) carry the record
through to the early Eocene. The PETM onset at ~56.0 Ma falls approximately 1 Myr above the top of C25n
within C24r.

3.2.2 Biostratigraphy

The Paleocene calcareous nannofossil (CNP) biozonation follows the revised scheme proposed by
Agnini et al. (2014), which replaces the traditional NP zonation with the CNP framework and employs more
robust and globally correlatable bioevents. Zone CNP1 spans the post-extinction recovery phase immediately
following the K-Pg event, characterised by extremely low diversity assemblages dominated by
Thoracosphaera blooms and opportunistic Braarudosphaera bigelowii. Successive zones CNP2 through
CNP11 document the progressive diversification of calcareous nannoplankton through the Paleocene, with key
events including the base of Discoaster mohleri (CNPS8, ~58.97 Ma), the base of Discoaster multiradiatus
(CNP10-11 boundary, ~56.01 Ma), and the extinction of Fasciculithus richardii group at the PETM.Planktonic
foraminiferal zonation follows Berggren and Pearson (2005) and Wade et al. (2011). The lowermost Danian
zones PO-P1 record the progressive recolonisation of planktonic habitats. Zones P2 through P5 span the mid
to late Danian and Selandian-Thanetian interval, with the Paleocene-Eocene boundary coinciding with the base
of Zone E1, marked by the appearance of Acarinina sibaiyaensis and the benthic foraminiferal extinction event

(BFEE).
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3.2.3 Elemental Chemostratigraphy

Elemental chemostratigraphy derived from natural gamma-ray spectroscopy (NGR/SGR) provides
supplementary palacoenvironmental information through the behaviour of K (%), Th (ppm), and U (ppm). The
Th/K ratio serves as a clay-mineralogy proxy: elevated values indicate kaolinite-smectite dominance reflecting
intense chemical weathering under warm, humid conditions, whereas low values indicate illite-mica
dominance characteristic of physical weathering in cooler or more arid climates (e.g., Ruffell and Worden,
2000; Schnyder et al, 2006). The Th/U ratio functions as a redox indicator, with low values reflecting
reducing, potentially anoxic bottom-water conditions (Myers and Wignall, 1987).

Natural gamma-ray logging data may display cyclic variations associated with orbital forcing in both
marine and lacustrine environments (Grant, 2012; Boulila et al., 2021). In Paleocene pelagic sequences
specifically, spectral gamma-ray data from ODP Leg 208 sites at Walvis Ridge and Shatsky Rise reveal
pervasive cyclicity at multiple depth scales that has proven particularly useful for cyclostratigraphic framework
construction (Westerhold et al., 2008; 2017; 2020). The Th/K excursion associated with the PETM at multiple
sites, reflecting selective depletion of K-bearing illite during carbonate dissolution, illustrate the capacity of
elemental chemostratigraphy to independently fingerprint major Paleocene palacoenvironmental events

(Littler et al., 2014; Barnet et al., 2019).

3.3 FROM THE K-Pg BOUNDARY TO THE PETM: MAJOR EVENTS OF THE EARLY
PALEOCENE

3.3.1 The K-Pg event: Evidence of mass extinction (~66 Ma)

The Cretaceous-Paleogene (K-Pg) boundary, dated to 66.052 + 0.008/0.043 Ma (Sprain et al., 2019),
marks one of the most abrupt and catastrophic events in Earth's history (Alvarez et al., 1980; 1981). It is
associated with a global mass extinction that eliminated nearly 75% of marine and terrestrial species, including
ammonites, marine reptiles, and most morphologically complex planktonic foraminifera (Schulte et al., 2010;
Gradstein et al., 2020). This extinction is widely linked to the impact of a ~10 km asteroid on the Yucatan
Peninsula, which formed the Chicxulub crater and triggered planetary-scale climatic and ecological
disturbances (Smit, 1999). Environmental consequences included global wildfires, injection of aerosols and
soot into the atmosphere, and the onset of an "impact winter" that severely disrupted photosynthesis and ocean
productivity (Toon et al., 1997; Vellekoop et al., 2016; Gibbs et al., 2020).

Evidence has accumulated linking the K-Pg extinction not only to the asteroid impact but also to one
of the Earth's largest magmatic events in Phanerozoic, the Deccan Traps eruptions (e.g., Font et al., 2016;
Keller et al., 2016). The Deccan Large Igneous Province (LIP), located in present-day India, erupted ~1.2
million km* of magma over 753 + 38 kyr, releasing vast amounts of gases and aerosols into the atmosphere
(Keller, 2014; Schoene et al., 2014; Renne et al., 2015). In marine records, the K-Pg boundary is classically

recognised as a thin, clay-rich horizon enriched in iridium, accompanied by shocked minerals, microtektites,
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83C anomalies, and abrupt faunal turnovers (Keller, 2014; Vellekoop et al., 2014). Its clear global expression

makes it a key chronostratigraphic marker and an important anchor point for astrochronological calibration.

3.3.2 The post K-Pg interval (~66 - 63 Ma): Catastrophe and recovery

The Chicxulub impact precipitated one of the most severe disruptions to the marine carbon cycle in
the Phanerozoic. The collapse of calcareous plankton communities and the extinction of planktonic
foraminiferal species substantially weakened the biological pump, resulting in the so-called Strangelove ocean
(Hsii and McKenzie, 1985), characterised by the near-total elimination of the surface-to-deep 8'*C gradient
(Henehan ef al., 2019). The recovery proceeded in distinct phases that were spatially heterogeneous and
temporally protracted: the biological pump recovered functionally by ~1.8 Myr post-impact (~64.2 Ma), but
ecological trait recovery required approximately 4.3 Myr (~61.7 Ma) (Birch et al., 2016, 2021).

Within this recovery interval, the Dan-C2 event at ~65.2 Ma represents the earliest Paleocene
hyperthermal, occurring approximately 800 kyr after the K-Pg boundary at the top of Magnetozone C29r. It is
characterised by a conspicuous double negative excursion in 8"C (~1.0-1.3 %o) and &0 spanning
approximately 100 kyr, a timespan suggestive for the short-eccentricity control. The Dan-C2 coincides with
the first 405-kyr eccentricity maximum of the Paleocene (Pc405-1; Barnet et al., 2019), and recent evidence

favours orbital forcing over Deccan volcanism as the primary trigger (Ma ef al., 2024).

3.3.3 The Latest Danian Event and the Danian-Selandian Transition (~62.5 - 61 Ma)

The Latest Danian Event (LDE), dated between ~61.75 and ~62.2 Ma (Westerhold et al., 2008, 2011;
Dinarés-Turell et al., 2014), constitutes the first unambiguous Cenozoic hyperthermal recorded throughout the
full water column. Named by Bornemann ef al. (2009) from Nile Basin sections in Egypt, the LDE is positioned
at the very top of magnetic chron C27n, at the C27n to C26r polarity reversal. The event exhibits a distinctive
twin-peaked structure: two negative §'*C excursions of up to ~1 %o separated by a brief recovery, with a total
duration of approximately 200 kyr. At Shatsky Rise ODP Site 1210, planktonic foraminifera record 8'*C drops
of ~0.7 %o and 580 decreases of ~0.6 %o, corresponding to whole-water-column warming of 2 to 3 °C (Jehle
et al., 2015, 2019). Harbich et al. (2024) confirmed pulsed sea-surface temperature increases of >1.5 °C and
documented synchronous declines in planktonic and benthic B/Ca ratios, indicating carbonate system
perturbation consistent with ocean acidification.

The Danian-Selandian boundary at ~61.6 Ma is defined by the GSSP at Itzurun beach, Zumaia, ratified
by the IUGS in September 2008 (Schmitz ef al., 2011). The GSSP is placed at the abrupt lithological change
between the limestone-dominated Aitzgorri Limestone Formation and the overlying grey marls of the Itzurun
Formation, 49 m above the K-Pg boundary. The Danian-Selandian Transition Event (D/STE) comprises
coupled negative 6*C and 8'%0 excursions, indicative of warming and carbon-cycle perturbation at the

boundary (Arenillas et al., 2008; Barnet et al., 2019).
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3.3.4 The Mid-Paleocene Biotic Event, Carbon Isotope Maximum, and Sea-Level Dynamics

(~59 - 57.5 Ma)

The late Paleocene is characterised by a distinctive interval of isotopic decoupling between 6'*C and
8'%0, spanning approximately 59.7 to 58.1 Ma and known as the Paleocene Oxygen Isotope Maximum (POIM;
Hollis et al, 2022). During this interval, benthic 6'*0 values remain elevated, reflecting relatively cool
conditions, while 8'*C rises toward its Cenozoic maximum, the Paleocene Carbon Isotope Maximum (PCIM).

The onset of the POIM broadly coincides with the Mid-Paleocene Biotic Event (MPBE), equivalent
to the Early Late Paleocene Event (ELPE; Coccioni et al.,, 2012, 2019; Hyland et al., 2015), a short-lived
climatic perturbation at ~59.2 Ma that constitutes the terminal phase of the Selandian-Thanetian Transition
Event (STTE). This event is expressed as a ~1 %o negative 3'*C excursion accompanied by a ~30% decrease
in CaCOs content, interpreted as lysocline shoaling driven by the injection of isotopically depleted carbon into
the ocean-atmosphere system. The core of the perturbation lasted approximately 10-11 kyr, with the broader
event spanning ~52-53 kyr based on precession-cycle counting (Bernaola et al, 2007). The Selandian-
Thanetian boundary (~59.24 Ma) is defined at the Global Boundary Stratotype Section and Point (GSSP) at
Zumaia, at the base of magnetochron C26n.

Following the MPBE/ELPE, 3'*C continues to rise, reaching its long-term maximum during the PCIM
at approximately 57.7-57.8 Ma within chron C25r (Littler et al., 2014), with benthic values of ~2.0 to 2.5 %o
VPDB, among the highest of the Cenozoic. The POIM interval overlaps with the PCIM and reflects a period
of transient cooling associated with enhanced organic carbon burial (Hollis et al., 2022).

The termination of the POIM at ~58.15 Ma is marked by an unnamed carbon isotope excursion (“*”
event; Littler ef al., 2014; Barnet et al., 2019; Hollis et al., 2022). Notably, this event occurs during a minimum
in eccentricity forcing, within a ~1 Myr decline initiated at the ELPE eccentricity maximum, rather than at an
eccentricity maximum, as is typical of classical Paleocene hyperthermals (Hollis ef al, 2022). This orbital
configuration distinguishes it mechanistically from events such as the Dan-C2, Latest Danian Event (LDE),
and the Paleocene-Eocene Thermal Maximum (PETM), and the absence of robust evidence for deep-water
warming in benthic 3'%0 records argues against its classification as a hyperthermal sensu stricto.

The “*” event was further characterised by Hollis ez al. (2022) in the context of Waipawa organofacies
deposition in the southwest Pacific, where a second organic-rich layer approximately 5 m above the main
ELPE deposit was correlated to this perturbation. The identification of coeval positive HTHO anomalies at
both IODP holes investigated in this study provides new constraints from the Indian Ocean on the expression

of this global event.

3.3.5 Late Paleocene Warming and Pre-PETM Destabilisation of the Carbon Cycle (~58 - 56
Ma)

From approximately 58 Ma onward, the deep-ocean §'*0 record documents a progressive warming

trend that would culminate in the Early Eocene Climatic Optimum (EECO). Benthic foraminiferal 3'%0 values
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declined from ~0.5 %o to approximately -0.5 %o VPDB over this interval, corresponding to deep-water warming
of ~4 to 5°C and absolute bottom-water temperatures of ~8 to 12°C immediately prior to the PETM (Zachos
et al., 2001, 2008). The North Atlantic Igneous Province (NAIP) emerges as the principal driver of late
Paleocene warming. NAIP activity proceeded in two main phases: Phase 1 at ~61 Ma (associated with initial
rifting) and Phase 2 at ~56 Ma (linked to continental breakup and the opening of the northeast Atlantic), with
total volcanic volumes possibly exceeding ~6.6 million km? (Saunders, 2016).

The Pre-Onset Excursion (POE), occurring tens of thousands of years before the main PETM carbon
isotope excursion, was first documented by Bowen et al. (2015) in pedogenic carbonates from the Bighorn
Basin, Wyoming, and subsequently confirmed in marine records. Earth system modelling indicates the POE
was driven by largely thermogenic CO.. Babila et al. (2022) observed a 1.0-1.5 %o negative 3'*C excursion
with ~2 °C sea-surface warming and a decline in ocean pH, establishing a direct causal link between NAIP

volcanism and early warming that preceded the main PETM CIE.

3.3.6 The Paleocene-Eocene Thermal Maximum and Conditions Extending to 54 Ma

The PETM (56.01 £ 0.05 Ma; Zeebe and Lourens, 2019) represents the most extreme transient
warming event of the Cenozoic and coincides with the Paleocene-Eocene boundary. The event is characterised
by a massive negative carbon isotope excursion (CIE), rapid global warming, and profound biotic disruption.
The CIE magnitude varies systematically among substrates: ~2 %o in bulk marine carbonate, ~2.5 to 4 %o in
benthic foraminifera, and up to 6 to 7 %o in terrestrial organic matter and pedogenic carbonates (Koch et al,
1992; Mclnerney and Wing, 2011). Global mean temperature rose by 5 to 8°C (Mclnerney and Wing, 2011),
and deep-sea temperatures increased by 4 to 6°C (Tripati and Elderfield, 2005). The total duration of the PETM
is constrained at ~150 to 200 kyr (R6hl et al., 2007).

The benthic foraminiferal extinction event (BFEE), during the PETM, represents the most severe
benthic crisis of the Cenozoic, with 30 to 50% of species lost within <10 kyr (Thomas, 1998, 2007). Zachos et
al. (2005) documented CCD shoaling of >2 km in the South Atlantic, producing a prominent clay layer
representing complete CaCOs dissolution at deeper sites. Recovery from the PETM was mediated by enhanced
silicate weathering and organic carbon sequestration (Bowen and Zachos, 2010). Post-PETM, warming
continued into the EECO, with orbitally paced hyperthermals (ETM-2, H-2, ETM-3; Zachos et al., 2010)
demonstrating the sustained operation of eccentricity-paced carbon-cycle oscillations through the early

Eocene.
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4 GEOLOGICAL CONTEXT:

The International Ocean Discovery Program (IODP) has played a central role in the efforts aiming to
reconstruct past environmental changes. By recovering sediment cores from diverse oceanic regions, IODP
expeditions have generated extensive and publicly available scientific datasets that underpin
chronostratigraphic, biostratigraphic, magnetostratigraphic, and cyclostratigraphic studies (e.g., Huber et al.,
2019; Uenzelmann-Neben et al., 2023). Pelagic marine environments, characterised by relatively continuous
and well-preserved sedimentation, are particularly well suited for cyclostratigraphic analysis (Weedon, 2003;
Hinnov, 2013). As discussed previously, the Paleocene interval, spanning the K-Pg boundary (~66 Ma) to the
PETM (~56 Ma), represents a critical window for investigating the interplay among orbital forcing, carbon
cycle dynamics, and climate evolution in the early Cenozoic. The two IODP sites investigated in this study,
Hole U1514C on the western Australian margin (Expedition 369) and Hole U1579D on the Agulhas Plateau
(Expedition 392), were selected because they preserve continuous Paleocene pelagic carbonate sequences in
the Indian Ocean sector, a region that, as noted above, remains underrepresented in cyclostratigraphic
frameworks in relation to classical reference sections at Walvis Ridge, Shatsky Rise, and Zumaia. The
following sections describe the geological and tectonic settings, paleoceanographic context, and stratigraphic
characteristics of each hole, providing the background necessary to contextualise the cyclostratigraphic

analysis presented in subsequent chapters.

4.1 IODP EXPEDITION 392 - AGULHAS PLATEAU, SOUTH INDIAN OCEAN

IODP Expedition 392 (Uenzelmann-Neben et al., 2023), conducted between February and April 2022,
targeted the southwest Indian Ocean, focusing on the Agulhas Plateau and Transkei Basin at paleolatitudes of
53°to 61° S during the Late Cretaceous (Figure 1). The main objective was to investigate the long-term climate
transition from the Cretaceous greenhouse to the late Paleogene icehouse, aiming to improve understanding of
southern high-latitude Earth system dynamics during large fluctuations in global temperature and atmospheric
CO:2 (Uenzelmann-Neben et al., 2023).

The expedition goals were to:

(1) Evaluate whether the Indian Ocean LIPs associated with the breakup of Gondwana originated from
a similar mantle source and exhibited comparable temporal and geochemical evolution to coeval and older
Pacific LIPs;

(2) Determine if sedimentation on the Agulhas Plateau commenced immediately after crustal
emplacement at approximately 100 Ma under subaerial conditions;

(3) Investigate whether bottom currents linked to deep and intermediate water masses, as well as
climatic events, are recorded in the sedimentary succession as seismic reflections and unconformities;

(4) Reconstruct the paleotemperature evolution at southern high latitudes across the rise and decline

of the Cretaceous supergreenhouse and throughout the early Paleogene;
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(5) Assess how the progressive opening of the African-Southern Ocean gateway influenced ocean
circulation from the Cretaceous to the Paleogene;
(6) Identify the forcing mechanisms responsible for the Cretaceous Oceanic Anoxic Events (OAEs)

and evaluate their impact on high-latitude climate, oceanography, and biota.

Figure 1 — A. Bathymetry of the Agulhas Plateau (AP) (Sandwell and Smith, 1997). Expedition 392 sites are marked as
red stars on seismic lines (black lines) (Uenzelmann-Neben, 1998, 2005, 2014). Red arrow = Site U1579; Yellow diamond
= Expedition 361 Site U1475 (Gruetzner et al., 2019; Hall et al., 2017); B. Auxiliary map showing the broader location
of the expedition’s area in which abbreviations stand for: SA = South Africa; AB = Agulhas Bank; MOZR = Mozambique
Ridge. C. Currents and water masses active in the African-Southern Ocean gateway: AC = Agulhas Current; NADW =
North Atlantic Deep Water; AABW = Antarctic Bottom Water. Modified from Uenzelmann-Neben et al. (2023).

4.1.1 Geological and paleoceanographic setting

During the Early Cretaceous, South America, Africa, and Antarctica were joined as part of Gondwana,
and the African-Southern Ocean gateway did not yet exist. Around 146 Ma, breakup initiated, leading to the
formation of two major oceanic plateaus: the Mozambique Ridge (~136 to 120 Ma) and the Agulhas Plateau
(105 to 95 Ma). These bathymetric highs acted as barriers to deep and intermediate water circulation (Konig
and Jokat, 2010). The separation of the Falkland Plateau from Africa between ~120 and 100 Ma opened the
Indian Ocean; however, large igneous provinces (LIPs) such as the Agulhas Plateau, the Northeast Georgia
Rise, and Maud Rise continued to restrict deep and intermediate water flow until ~94 Ma, when tectonic

subsidence allowed deeper connections.

4.1.2 Seismostratigraphic framework

Pre-expedition seismic studies (Tucholke and Carpenter, 1977; Tucholke and Embley, 1984),

identified distinct seismic horizons above basement (Figure 2). Expedition 392 results confirmed and refined
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this seismostratigraphic model, anchoring the reflectors with direct biostratigraphic and magnetostratigraphic

constraints.
N AWI-20050201 sse  Figure 2—A. location of Site U1579

CDP 12350 12425 12500 12575 12650 12725 12800 12875 12950
1 1 1 1 I 1 1

over seismic Line AWI-20050201.
304 25km AWI-98017* A |- Preliminary interpretation  of
seismic units according to the

3.2

chronostratigraphic ~ model s
——=——=3-—4 shown. CDP = common depth
=k cons HEC —=#~1 point, TWT = two-way traveltime,
ZS = zeolitic silicified sediments
: (Uenzelmann-Neben et al., 2023);
m‘,&wg}fﬁ‘ B. Zoom of the highlighted area

=== 1| within dashed white limits for better
visualization of the studied interval
R - , = : marked approximately by red
ss FEITY R S =\ £3 e - hollowed polygon.

Basement — e

=z
Campanial Sace
40 2 zs

4.1.3 K-Pg / PETM interval on Hole U1579D

The studied interval at Hole U1579D is entirely assigned to lithostratigraphic Unit II, specifically
Subunit IIb, a ~407 m thick succession of white to light greenish-gray nannofossil chalk with variable clay
content. Within Unit II, calcareous nannofossils are abundant and generally moderately to well preserved,
providing high biostratigraphic resolution throughout the Paleocene (Uenzelmann-Neben er al., 2023).
Planktonic foraminifera are also common and well preserved. Benthic foraminiferal assemblages are
consistently indicative of bathyal paleodepths, with well-oxygenated bottom-water conditions throughout the
Paleocene section.

Between the K-Pg boundary and the basal Eocene, 13 nannofossil biohorizons and 6 paleomagnetic
reversals provide robust age control. Apart from the PETM gap between Cores 16R and 17R (271.30-267.19
m CSF-A), the Paleocene succession is continuous, with an average sedimentation rate of ~1.7 cm/kyr. The
K-Pg boundary is located at 433.2 m CSF-A (Core 33R), where the white nannofossil chalk is interrupted by

a complex, ~2 m thick clay-rich sequence (Figure 3).
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The boundary is characterised by a sharp colour change at 33R-6A (96 to 99 cm), from reddish-brown
clayey calcareous chalk to grayish-green calcareous chalk with clay, affected by drilling-related deformation
and including a narrow (~1 cm) greenish-gray layer of calcareous ooze with clay (Uenzelmann-Neben et al.,
2023). The absence of distinct changes in sediment colour or physical properties between the top of Core 17R
and the base of Core 16R indicates that the Paleocene-Eocene boundary itself is not preserved in the recovered
section; however, the occurrence of Rhomboaster bramlettei at 267.1 m CSF-A suggests that part of the PETM

recovery interval may still be represented.

4.2 IODP EXPEDITION 369 - MENTELLE BASIN, WESTERN AUSTRALIA

IODP Expedition 369 (Huber et al, 2019), conducted between September and November 2017,
targeted the western Australian margin to investigate the Cretaceous and Cenozoic tectonic and
paleoceanographic evolution of the Great Australian Bight (GAB) and the Mentelle Basin (MB). The MB,
adjacent to the Naturaliste Plateau, was a primary focus due to its potential for preserving high-latitude climate
records (~60° S paleolatitude during the Cretaceous; Figure 4).

The expedition goals were to:

(1) Investigate the timing and causes for the rise and collapse of the Cretaceous supergreenhouse and
how this climate shift affected the climate-ocean system and oceanic biota;

(2) Determine the relative roles of productivity, ocean temperature, and ocean circulation at high

southern latitudes during Cretaceous OAEs;
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(3) Identify the main source regions for deep-water and intermediate water masses in the southeast
Indian Ocean and how these changed during Gondwana breakup;

(4) Characterize how oceanographic conditions changed at the Mentelle Basin during the Cenozoic
opening of the Tasman Gateway and restriction of the Indonesian Gateway;

(5) Resolve questions about the volcanic and sedimentary origins of the basin and provide stratigraphic
control on the age and nature of the pre-breakup succession.

Drilling at Site U1514 recovered an expanded Pleistocene-Eocene sequence and penetrated into upper
Albian strata. Notably, the Cenomanian-Turonian section contained deformed sedimentary rocks interpreted
as a décollement zone (Huber er al, 2019). The recovered pelagic carbonate sequences provided a well-
resolved age framework, enabling high-resolution stratigraphic reconstructions and more precise correlations
between global climate shifts and regional tectonic history. These data contribute to understanding the rise and
decline of the Cretaceous greenhouse climate, as well as changes in latitudinal thermal gradients and deep-

ocean circulation through the Cenozoic (Huber et al., 2019).

Figure 4 — A. Regional context of the
Naturaliste Plateau and Mentelle
Basin, showing the locations of
major reflection seismic profiles,
nearby DSDP sites (red numbers),
and Expedition 369 sites (yellow
circles). Site U1514 is highlighted by
a red arrow; B. Auxiliary map for
location of the two different areas
highlighted by their respective
border colours; C. Location other
Expedition 369 related sites. Site
U1512 (yellow circle) within the
GAB, the Leg 182 site (white circle),
and petroleum exploration wells
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4.2.1 Geological and tectonic setting

During the Early Cretaceous, at the onset of eastern Gondwana breakup, the Naturaliste Plateau was
positioned at ~60° S, near the junction of the Australian, Antarctic, and Greater India plates. The Mentelle
Basin formed along the western Australian margin during detachment from India, isolating the Naturaliste
Plateau from mainland Australia (Bradshaw et al, 2003). The plateau is interpreted as a volcanic margin,
coeval with the onshore Bunbury Basalt, dated to 137 to 130 Ma (Direen et al., 2017). Regional seismic surveys
(Figure 5) revealed Neogene carbonate oozes unconformably overlying Paleogene deep-marine chalk,
punctuated by thin chert layers, beneath which lies Cretaceous coccolith-rich chalk underlain by Albian-Aptian

claystones and glauconitic sandstones.

Shotpoint
986 ) 1093 1199 1306

Two-way traveltime (s)

Figure 5 — A. Time-migrated Geoscience Australia reflection seismic with location of Site U1514 marked along seismic
shotpoints (Huber et al., 2019); B. Zoom of the highlighted area within dashed white limits for better visualization of the
studied interval marked approximately by red hollowed polygon. Green line along seismic reflector represents the upper
limit, possibly related to the Paleocene/Eocene boundary while light blue line to the bottom of the studied sequence
represents the Paleocene/Maastrichtian boundary. Modified from Huber et al. (2019).

4.2.2 Rift evolution and paleogeography

While the breakup of Greater India is considered volcanic in nature, the southern margin of Australia
experienced slow, magma-poor rifting beginning between the Cenomanian and Turonian (Direen et al., 2011).
This process formed the GAB basin at the eastern end of the Australo-Antarctic Gulf (AAG), which hosted

the largest continental margin deltaic sequences of the Late Cretaceous greenhouse period. In the early
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Paleogene, transgressive sedimentation gave way to open-marine carbonate shelf conditions from the early
Eocene onward. These plate reorganisations significantly influenced global deep-water circulation. The
restriction of deep-water exchange in the nascent Indian Ocean persisted until two major Cenozoic events: the
opening of the Tasman Gateway (middle Eocene-early Oligocene) and the restriction of the Indonesian

Gateway (Miocene-Pliocene) (Huber et al., 2019).

4.2.3 K-Pg / PETM interval on Hole U1514C

The studied interval at Hole U1514C corresponds primarily to lithological Unit II, a 308 m thick
succession of nannofossil chalk with clay, with the uppermost ~10 m assigned to Unit III. The sedimentary
record from the late Maastrichtian through the early Oligocene exhibits a nearly continuous sediment
accumulation rate (SAR) of ~1.4 cm/kyr, consistent with values reported for other deep-water successions
(Huber et al., 2019). Several calcareous nannofossil and foraminiferal taxa were employed as datums to
establish the chronological framework, complemented by paleomagnetic reversal stratigraphy.

Between 250 and 260 m CSF-A (Core 9R), sediments shift in colour from light greenish gray to pale
yellow/light yellowish brown, coinciding with an NGR spike associated with U enrichment and U/Th ratios
>1, potentially linked to the PETM. The highest occurrence of Stensioeina beccariiformis, dated to 55.81 Ma,
whose extinction is a recognised marker of the Paleocene-Eocene boundary, is recorded in Sample 369-
U1514C-11R (Huber et al., 2019). The lowermost Paleocene is recorded in Core 23R, with assemblages of
Biantholithus sparsus, Cyclagelosphaera reinhardtii, Neocrepidolithus cruciatus, and Thoracosphaera spp.,
together with reworked Upper Cretaceous taxa. At ~395.6 m WMSF, NGR values peak ~2 m below the K-Pg
boundary, within Chron C30n, while U concentrations exceed 10 ppm (~20 times the mean for the hole),

marking the characteristic geochemical signature of the K-Pg clay.
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5 THE MILANKOVITCH CYCLES
5.1 THE CLIMATIC SPECTRUM

Earth's climate emerges from the interaction of multiple subsystems, oceans, cryosphere, biosphere,
and atmosphere, that operate across vastly different timescales, generating variations of diverse amplitude and
frequency (Berger ef al., 1992). This set of variations, spanning periods from minutes to billions of years, can
be represented by a climatic power spectrum, whose features express both the internal variability of the system
and the external influences acting upon it (Mitchell, 1976; Von der Heydt ef al., 2021). Sedimentary geological
records constitute the primary repository of long-term climate changes, preserving signals of factors such as
atmospheric carbon dioxide concentration, solar radiation intensity, and plate tectonic dynamics (Weedon,
2003; Meyers, 2019).

According to Ruddiman (2001), the fundamental climate forcings can be organised into three main
temporal domains: (i) tectonic processes, operating on timescales of millions of years, which reshape the
distribution of continents and ocean basins and modulate atmospheric and oceanic circulation over the long
term; (ii) variations in Earth's orbital parameters, with periodicities between 10* and 10° years, which control
the distribution of solar energy received by the planet; and (iii) fluctuations in solar luminosity, with impacts
over short to medium timescales. These mechanisms interact non-linearly, producing the complex structure
observed in the climatic spectrum.

Within the climate system itself, quasi-periodic phenomena of internal origin contribute energy at
specific spectral frequencies. Among these, the El Nino-Southern Oscillation modulates sea surface
temperatures across the equatorial Pacific with an average recurrence of 3 to 7 years (Philander, 1990), while
the Quasi-Biennial Oscillation of the tropical stratosphere exhibits a mean period of approximately 28 months
(Newman et al., 2016). At decadal to multidecadal scales, the Pacific Decadal Oscillation adds variability in
intervals of 15-25 and 50-70 years (Mantua and Hare, 2002). At the low-frequency end of the spectrum lie the
long-scale astronomical forcings, the Milankovitch cycles, classified among the external deterministic sources
acting on the climate system (Crucifix et al., 2006).

An updated representation of this spectrum, proposed by Von der Heydt et al. (2021), illustrates how
periodic (orbital) and episodic (volcanism, impacts, solar variability) forcings act on different climatic
subsystems, whose internal responses amplify or attenuate the signals according to the dynamic properties of
each component. In the context of cyclostratigraphy, it is particularly relevant to recognise that Milankovitch
orbital cycles occupy a privileged position in this spectrum by combining high amplitude, well-defined
periodicities, and stability across geological time, properties that underpin their widespread use as the primary

framework for astrochronological calibration.

5.2 ORBITAL CYCLES AND CLIMATE FORCING

The astronomical theory of palaeoclimates, systematised in 1941 by the Serbian mathematician

Milutin Milankovitch (1879-1958), postulates that long-term variations in Earth's orbital parameters constitute
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the primary forcing of the climatic oscillations recognised in the geological record. According to this theory,
changes in the geometry of Earth's orbit and in the orientation of its rotational axis produce variations in the
amount and latitudinal distribution of received solar radiation, the so-called insolation variations, which in turn
modulate the global climate system over characteristic timescales of between 10* and 10° years (Hilgen ef al.,
2004; Strasser et al., 2006; Hinnov, 2013). These processes are governed by three orbital parameters: (i)
eccentricity (e); (ii) obliquity (€); and (iii) longitude of perihelion relative to the moving equinox (e sin )
(Hinnov and Hilgen, 2012; see Figure 6).

Eccentricity describes the degree of ellipticity of Earth's orbit around the Sun, that is, the variation
between more nearly circular and more elongated trajectories, and is quantified by the relation presented in
Equation . The characteristic periods of this parameter are approximately 405 kyr and ~100 kyr (with
components at ~95, ~99, ~125 and ~131 kyr), in addition to a very long-period modulation of ~2.4 Myr
(Hinnov and Hilgen, 2012; Hinnov, 2018). Eccentricity does not alter the total insolation received over the

course of a year, but modifies its seasonal distribution, amplifying or attenuating the contrast between seasons.

(az _ b2)1/2
e =—-
a

Equation 1

where a and b correspond to the semi-major and semi-minor axes of the Earth’s orbital ellipse, respectively.

Obliquity (€) refers to the tilt of Earth's rotational axis relative to the plane of its orbit, varying
cyclically according to the Equation 2. Its current mean period is approximately 41 kyr, with additional
components near 54, 40, and 29 kyr (Hinnov and Hilgen, 2012; Kodama and Hinnov, 2014). By controlling
the tilt of Earth's rotational axis, obliquity governs the latitudinal contrast in solar insolation and the intensity

of the seasons, exerting a particularly pronounced influence at high latitudes.

€= €+ YA cos(fit + 6;) Equation 2

where €* is the mean value; A; are the amplitudes; f; are the orbital eccentricity frequencies —
combinations of the secular frequencies g; where subscript “i” are the planets (e.g., Laskar 2020); §; is the
fundamental phase.

Precession results from the combination of two motions: axial precession, the conical rotation of
Earth's rotational axis, analogous to the wobble of a spinning top, and apsidal precession, the rotation of the
orbital plane itself. The precession index (e sin 1) represents the combined effects of these two motions on the
Earth-Sun distance throughout the year, with principal periods of ~23, ~22, ~19, and ~18 kyr (Berger and
Loutre, 1994; Hinnov and Hilgen, 2012). Precession controls which hemisphere experiences summer at the

orbital position of closest approach to the Sun (perihelion), thereby modulating hemispheric seasonality.
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Milankovitch orbital cycles — geometry, equations and temporal signal

Orbital amplitudes exaggerated for clarity
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Figure 6 — Schematic representation of the three Milankovitch orbital parameters and their characteristic temporal signals
over a 1 Myr window. A. 405 kyr Long eccentricity and B. ~100 kyr Short eccentricity: a single parameter expressed
across two frequency bands, the long eccentricity (Esos, ~405 kyr), driven by the Jupiter-Venus gravitational interaction
and stable for > 250 Myr, and the short eccentricity (Eioo, ~95-131 kyr), whose amplitude is modulated by the Eaos
envelope. C. Obliquity (g): cyclic variation in the tilt of Earth's rotational axis relative to its orbital plane (~41 kyr; range
22.1°-24.5°), governing latitudinal insolation contrasts. D. Precession index (e sin y): combined effect of axial and apsidal
precession (~21 kyr mean period), controlling which hemisphere experiences summer at perihelion and affecting all
latitudes. Orbital geometries are exaggerated for clarity. Period values correspond to present-day orbital modelling
(La2004 solution; Laskar et al., 2004).

A fundamental caveat for the practical application of these cycles is that the periodicities of orbital
parameters have not remained constant throughout geological time. Factors such as tidal energy dissipation in
the Earth-Moon system, responsible for the gradual recession of the Moon, variations in Earth's dynamic
ellipticity, and the chaotic behaviour of the Solar System introduce secular perturbations into orbital
frequencies (Berger et al., 1989, 1992; Hinnov and Hilgen, 2012; Farhat et al., 2022; Wu ef al., 2024). As a
consequence of mainly tidal dissipation, the rate of precession has progressively decelerated in time toward
the present, which is reflected in slightly different values for the obliquity-precession cycles relative to their

present-day equivalents. However, since the percentage variation of obliquity and precession periodicities is
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relatively small over intervals of ~100 Myr, these periods can be treated as practically constant in studies
operating within temporal windows of this order (Weedon, 2003).

In contrast to the instability of the short eccentricity cycle (~100 kyr), whose frequencies are strongly
influenced by the chaotic behaviour of the Solar System, the long eccentricity cycle of ~405 kyr exhibits
remarkable stability for at least ~250 Myr into the geological past (Laskar et al., 2004, 2011; Hinnov and
Hilgen, 2012; Zeebe and Lantink, 2024). This stability arises primarily from the gravitational interaction
between Jupiter and Venus, specifically from the displacement of their orbital perihelions, whose effects are
maintained by the large Jovian mass. Owing to this exceptional property, the E405 cycle has become the
preferred astronomical metronome in cyclostratigraphic studies, particularly for Mesozoic and older intervals
where high-precision astronomical solutions are no longer directly applicable (Laskar et al, 2004, 2011;
Hinnov and Hilgen, 2012; Kent et al., 2018). Indeed, the stability of E405 is the principal justification for its

use as the primary tuning reference throughout the present study.
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6 METHODS AND PROCEDURES
6.1 GAMMA RAY WELL LOGGING: NGR, U, TH AND K

Natural Gamma Radiation (NGR) logging is a widely used, non-destructive technique in
sedimentological studies for detecting lithological variations (Goldberg, 1997). The technique measures
gamma-ray emissions from naturally occurring radioactive isotopes in sediments, primarily potassium (*°K),
uranium (*%U), and thorium (***Th) and their decay products. In marine sediments, these elements are primarily
associated with clay minerals, detrital heavy minerals, and, in the case of uranium, organic matter adsorption
under reducing conditions (e.g., Myers and Wignall, 1987; Osmond and Ivanovich, 1992; Li et al., 2019).

Potassium (*°K) is commonly hosted in illite, micas, and K-feldspar, generally serving as a proxy for
detrital input from continental crust. Thorium (**2Th) is found mainly in heavy minerals such as zircon,
monazite, and xenotime; it is relatively immobile during weathering and diagenesis and is thus considered a
stable indicator of detrital input. Uranium (*2U) is distinct from K and Th in that it is redox-sensitive and can
be enriched in sediments under reducing conditions through adsorption onto organic matter or precipitation as
uraninite. Variations in U content may therefore reflect not only changes in sediment source but also
palacoceanographic factors such as oxygenation and productivity, making it a less reliable proxy for purely
orbital detrital flux signals.

During logging operations in both expeditions, IODP used the Hostile Environment Natural Gamma
Ray Sonde (HNGS) to record natural gamma radiation along the borehole. This instrument is equipped with
two bismuth germanate scintillation detectors and applies a five-window energy spectroscopy system, enabling
separate estimates of potassium concentration (wt%), and thorium and uranium contents (ppm). Data
interpretation is performed via least-squares fitting, decomposing the measured spectrum into the specific
contributions of each radioactive element. The tool also filters out radiations below 500 keV, minimising
interference from drilling fluid additives such as bentonite and potassium chloride (KCI). The results include
the estimated K, Th, and U contents as well as integrated parameters: the total gamma radiation (HSGR) and
the uranium-free gamma radiation (HCGR), both expressed in standardised API units (gAPI). Raw data are

corrected based on caliper readings to ensure greater reliability of the profiles.

6.2 DATA BASE AND CROSS-CORRELATION

The data used in this study were obtained from the Lamont-Doherty Earth Observatory (LDEO) Log
Database, = which  stores the logging data  generated during IODP  expeditions
(https://mlp.ldeo.columbia.edu/logdb/scientific ocean drilling/result/files). Specifically, datasets were
retrieved from IODP Expedition 369, Hole U1514C (Mentelle Basin, southeast Indian Ocean) and IODP
Expedition 392, Hole U1579D (Agulhas Plateau, southwest Indian Ocean). The available downhole logs
include continuous measurements of magnetic susceptibility and natural gamma radiation (NGR), acquired

with wireline tools during drilling operations.
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To investigate the degree of correlation between geochemical proxies and their cyclostratigraphic
expression across different time series, a script was developed in R language to automatically perform cross-
correlation analysis (Cross-Correlation Function, CCF). Previous examples of the use of the CCF in
cyclostratigraphic studies can be found in Preto et al. (2004) and Mitchell et al. (2008). The CCF quantifies
the similarity between two series as a function of their relative displacement: one series is progressively shifted
relative to the other, and at each lag position the corresponding values are multiplied and summed, yielding a
correlation coefficient (r) that reflects the degree of co-variation at that displacement (Davis, 1986; Telford et
al., 1990). Where the two series share strong structural similarity, the products tend to be predominantly
positive, resulting in high r values; conversely, where the relationship is weak or absent, positive and negative
products partially cancel, driving r toward zero (Davis, 1986).

The R routine implemented here displaces one series relative to the other in lag units corresponding to
the sampling interval (0.1524 m), using lag.max = 100 and therefore testing displacements of up to £15.24 m.
The resulting coefficient varies between —1 and +1, with positive values indicating co-directional variation,
negative values indicating an inverse relationship, and a lag of zero indicating optimal synchrony between the
two series without any relative shift. The CCF is mathematically analogous to the Pearson correlation
coefficient, extended to account for the dependence structure between lagged observations (Kulhanek, 2012;

Davis, 1986).

6.3 CYCLOSTRATIGRAPHY

The cyclostratigraphic analysis was performed using the software Acycle (Li et al., 2019a), while
following the methodology described by Li et al. (2019). After selecting the proxies with the CCF function,
the raw data were sectioned to the interval related to the investigation and interpolated to the value equivalent
to the sampling rate (0.1524 m). The data then underwent trend removal using the High-Pass Butterworth filter
with a cutoff frequency of 0.1 cycles/m for both holes, aiming to remove large-scale changes in the depositional
system and million-year-scale modulations while preserving orbital signals of interest. Under linear
detrending, spectral energy of the million-year-scale signals apparently overshadows the E405 band in the
EHA, making orbital identification unreliable without prior high-pass filtering.

After this pre-processing stage, spectral analyses of the fast Fourier transform (FFT) type were
performed using the multi-taper method (MTM; Mann and Lees, 1996) and evolutionary harmonic analysis
(EHA) to define spectral bands for the possible orbital periods identified. These spectral analyses were
supplemented by the application of F-tests, used to test for the presence of spectral peaks related to regular
cyclic components with constant phase located within a frequency band (Thomson, 1990). The E405-kyr bands
were then filtered using a Gaussian filter. Statistical analyses of the Correlation Coefficient (COCO) and
Evolutionary Correlation Coefficient (¢COCO) were performed in parallel to verify the possible sediment

accumulation rates (SAR) associated with the orbital cycles in effect for the period studied. The TimeOpt
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method (Meyers, 2015, 2019) was additionally applied to provide independent SAR optimisation using both
spectral power concentration and eccentricity amplitude modulation as simultaneous fit criteria.

Once both the top and base of the studied interval are constrained by biostratigraphy (top at ~56 Ma
and base at ~66 Ma), an average age value of 61 Ma was estimated for the deposition interval. Using the
astronomical solution of Laskar (2004) and additional known periodicities, the values of the Milankovitch

cycles were calculated according to this estimated period, as detailed in Table 1 of the manuscript.

6.4 ASTRONOMICAL TIME SCALE

The Astronomical Time Scale (ATS) has come to represent one of the most robust approaches time-
calibrating geological records, relying on the predictable variations in Earth's orbital parameters. The
construction of the ATS requires astronomical solutions that numerically model the long-term evolution of
Earth's orbital parameters. This study employs the La2004 solution (Laskar et al., 2004), which extends back
250 Myr and provides a reliable framework for the Cenozoic interval. It is worth noting that, for the purposes
of this study, the use of La2004 rather than more recent and, arguably, more precise solutions does not affect
the duration estimates for the Palacocene Epoch. The ZB18a solution (Zeebe and Lourens, 2019) is additionally
referenced for constraints on the PETM age. A key aspect of these models is the representation of amplitude
modulation of orbital parameters, particularly the long eccentricity cycle (~405 kyr), which provides a stable
metronome for astronomical tuning deep into the past.

In this work, the ATS was constructed by anchoring cycle counting to the K-Pg boundary, assuming
Sprain et al. (2019) dating of 66.052 Ma, and calibrating the time series using top and bottom biostratigraphic
datum positions. This approach avoids the distortions inherent in full "floating" tuning (where internal cycle-
by-cycle fitting to an astronomical target can introduce circular reasoning) and instead uses biostratigraphic

constraints to check and correct the cycle-counting-derived age model.

6.5 SAR TESTING

Sediment Accumulation Rate (SAR) testing is a fundamental step in cyclostratigraphic analysis,
providing the quantitative basis for evaluating the preservation of orbital signals in sedimentary sequences.
Accurate determination of SAR is essential for distinguishing between primary climatic forcing and potential
distortions introduced by depositional or diagenetic processes. In this study, SAR was evaluated through three
complementary methods — COCO, eCOCO, and TimeOpt — applied to the High-Pass 0.1-filtered HTHO
series of both holes, enabling cross-validation of the estimated accumulation rates and assessment of their

lateral stability along the studied intervals.

6.5.1 COCO /eCOCO

The COCO method tests different sedimentation rates to search for a value that maximises the

correlation between the data and theoretical astronomical models, using Pearson's coefficient for quantifying
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correlation strength and the Monte Carlo method for statistical significance testing. COCO returns the SAR
values with the highest Pearson correlation against the astronomical target. eCOCO (Evolutionary COCO)
allows for temporal variation in SAR, expressing a more geologically realistic behaviour of sedimentation
rates throughout the data. This method does not assume SAR to be constant when windowing the data and
applying COCO to each window, yielding a possibly more appropriate adjustment of SAR to the prevailing
astronomical cycles (see Li et al., 2018a). For each hole, the Ho rejection level (p < 0.05) defines the range of
statistically supported SARs, while the rho maximum within that range identifies the optimal SAR estimate.
The eCOCO analysis is used to assess the lateral stability of the supported SAR range along the stratigraphic

section, providing information on possible depth-dependent variations in accumulation rate.

6.5.2 TimeOpt / eTimeOpt

To better gauge the uncertainties involved between Milankovitch cycle recognition and geological
observations, Meyers (2015) proposed TimeOpt, a statistical optimization method that evaluates time scale
uncertainty and identifies optimal models for climate and depositional systems response to astronomical
forcing. The current study employs the TimeOpt solution available in the software Acycle. TimeOpt evaluates
the time scale uncertainty by using the concept of “triangulation” for recognition of multiple attributes of the
astronomical hypotheses that can be used to increase astrochronological testing. A probabilistic regression
model framework evaluates both concentration of spectral power at predicted astronomical frequencies and
modulation amplitude of astronomical periods. This methodology is detailed in Meyers (2015).

For time series that present secular variations in SAR, similarly to eCOCO, the Evolutionary Statistical
Optimization Method (eTimeOpt) is proposed as a windowed analysis to sequentially evaluate the behaviour

of shifted accumulation rates throughout the stratigraphic record.

6.5.3 A multi-method approach to evaluate SAR

Employment of this approach, however, is not advised for series that present larger variations in SAR;
for such scenarios the Astrochron function “timeOptTemplate” is advised. The 2 opt metric returned by
TimeOpt quantifies the goodness-of-fit of each tested SAR against the astronomical target, with the peak 2 opt
value identifying the optimal accumulation rate. Where the TimeOpt peak and the COCO rho maximum differ,
comparison between the two estimates provides information on whether any depth interval carries
disproportionate spectral weight in the global optimisation. The combined multi-method SAR estimate,
integrating the COCO-supported range and the TimeOpt r>_opt peak, is used as the primary accumulation rate
estimate for each hole, in which the recognition of SAR compatible with the E405 cycles will serve as a
tiebreaker between COCO and TimeOpt. The frequency targets used for COCO are those from La04 model
for 61Ma. The frequency targets used for TimeOpt are those presented in Table 1 fitted to the short eccentricity

modulation.
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6.6 WAVELET TRANSFORM ANALY SIS

Wavelet transform analysis provides a time-frequency representation of the signal, allowing the
identification of changes in spectral content as a function of stratigraphic position (Torrence and Compo, 1998;
Weedon, 2003). Unlike the fixed time-frequency resolution of the standard Fourier transform, wavelets use a
variable window size that adapts to the frequency being analysed, providing good time resolution for high-
frequency components and good frequency resolution for low-frequency components. Whereas MTM provides
a single, globally averaged power spectrum for the entire depth series, wavelet analysis resolves how spectral
power at each frequency (or period) evolves along the stratigraphic depth axis, making it particularly sensitive
to non-stationary signals and gradual changes in sediment accumulation rate.

The continuous wavelet transform (CWT; Grossmann & Morlet, 1984) was computed using the Morlet
mother wavelet (wo = 6), which provides an optimal balance between depth and frequency localisation for
quasi-periodic geological signals (Torrence and Compo, 1998; Weedon, 2003). The angular frequency wo = 6
satisfies the admissibility condition and ensures adequate frequency resolution at the orbital periodicities
relevant to this study. The CWT was computed using the Acycle software (Li et al., 2019), with input series
interpolated to a uniform sampling interval of 0.1524 m prior to transformation. The 95% significance level
against a red-noise background was estimated following Torrence and Compo (1998), using an AR(1)
coefficient derived from each input series. Results are presented as period-domain and frequency-domain
wavelet power spectra, with the cone of influence (COI), within which edge effects reduce interpretability,
indicated in each panel.

In this study, extended wavelet analyses were performed on both the High-Pass 0.1-filtered and raw
HTHO series for both wells, enabling the tracking of E405 cycle thickness variation through the studied
interval and the identification of intervals of signal degradation or cycle amalgamation. The comparison
between filtered and raw wavelet spectra also provides a direct visual assessment of the contribution of long-
period myr-scale energy to the total spectral variance, corroborating the choice of the High-Pass 0.1 pre-
filtering step.

Two main limitations of the wavelet approach merit consideration. First, the cone of influence (COI)
reduces the interpretable depth range near the top and bottom of each series by a distance approximately equal
to one half-wavelength of the period of interest; for E405-scale signals (~6—8 m period), this corresponds to
an edge-affected zone of ~3—4 m at each end, which is negligible relative to the total series length. Second, the
wavelet power at any given depth position represents a spectral average over a window of approximately one
wavelength, so features shorter than one E405 cycle (~6—8 m) cannot be resolved as depth-specific events. The
INPEFA method (Section 6.7), which operates in depth space without spectral averaging, is therefore better

suited to identifying abrupt depositional events.
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6.7 INTEGRATED PREDICTION ERROR FILTERING ANALYSIS (INPEFA)

The Integrated Prediction Error Filter Analysis (INPEFA) is a geophysical technique widely used as
an auxiliary method for stratigraphic correlation between wells, highlighting depositional trends within a
stratigraphic framework (Zulivandama, 2018; Nainggolan, 2019; Liu et al., 2024). The INPEFA curve is
derived from the integration of the Prediction Error Filter Analysis (PEFA) curve, which is obtained through
an autoregressive (AR) model that compares observed values with values predicted from previous samples of
the series. Significant deviations between predicted and observed values represent statistically unpredictable
events, which may be interpreted as depositional discontinuities, often associated with stratigraphic hiatuses,
sequence boundaries, or related stratigraphic surfaces.

Within the framework of sequence stratigraphy, the cumulative prediction error analysis (INPEFA)
applied to logging data generates a curve that highlights depositional trends along the stratigraphic profile.
Upward trends in the curve, commonly associated with high NGR values and positive prediction errors,
indicate transgressive phases. Conversely, downward trends, typically related to lower NGR values,
correspond to regressive phases (Nio et al., 2005; De Jong, 2007; Liu et al., 2024). Transitions between these
trends are represented by inflection points in the INPEFA curve, which mark significant changes in
depositional patterns. In this work, the INPEFA results selected for comparison correspond to curves generated

using 35% LOWESS locally weighted scatterplot smoothing.
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7 MANUSCRIPT: CYCLOSTRATIGRAPHY OF AGULHAS PLATEAU AND MENTELLE
BASIN RECORDS (IODP EXPEDITIONS 392 AND 369): AN ORBITALLY-BASED
CHRONOSTRATIGRAPHY FROM THE K-PG BOUNDARY TO THE PETM

The results of this dissertation are presented in the form of a scientific article submitted for publication.
The study investigates the Paleocene cyclostratigraphy and astrochronology of two deep-marine IODP records
from the Southern Hemisphere, the Agulhas Plateau (Expedition 392, Hole U1579D) and the Mentelle Basin
(Expedition 369, Hole U1514C), through cyclostratigraphic analyses of downhole spectral gamma-ray thorium
logs. The research focuses on identifying orbital cycles, estimating sediment accumulation rates and
constructing astronomical time scales anchored to the K—Pg boundary. The resulting chronologies identify
approximately 25-25.5 long-eccentricity cycles between the K—Pg boundary and the PETM onset, constraining
the event to ~55.7-55.9 Ma. A positive thorium anomaly at ~58.15 Ma is interpreted as corresponding to a

ko

unnamed carbon isotope excursion. INPEFA trends further suggest depositional changes broadly
consistent with Paleocene sea-level variations. These results expand the Southern Hemisphere coverage of
Paleocene astronomical time scales and refine the chronostratigraphic framework of the Paleocene Indian

Ocean sector.

CYCLOSTRATIGRAPHY OF AGULHAS PLATEAU AND MENTELLE BASIN RECORDS (I0DP
EXPEDITIONS 392 AND 369): AN ORBITALLY-BASED CHRONOSTRATIGRAPHY FROM THE
K-PG BOUNDARY TO THE PETM
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ABSTRACT

The Paleocene Epoch (~66-56 Ma) represents a critical yet under-constrained interval in Earth's climate
history, bracketed by the Cretaceous-Paleogene (K-Pg) mass extinction and the Paleocene-Eocene Thermal

Maximum (PETM). Although the geological record of this interval is well-preserved in marine sedimentary
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archives, the astronomical calibration of Paleocene successions remains incomplete - and the absolute age of
the PETM onset in particular remains debated. Southern Hemisphere records are especially underrepresented
in existing cyclostratigraphic frameworks, limiting the global integration of Paleocene timescales. Here, we
present high-resolution cyclostratigraphic analyses of thorium wireline logs from two deep-marine Paleocene
sequences recovered by IODP expeditions: Expedition 392 - Hole U1579D, Agulhas Plateau (South Indian
Ocean) — and Expedition 369 - Hole U1514C, Mentelle Basin (Western Australia). Both astronomical
timescales anchored to the K-Pg boundary identify approximately 25-25.5 long-eccentricity cycles to the
PETM, constraining its onset to ~55.7-55.9 Ma. Sediment accumulation rates of ~1.1-2.1 cm/kyr at U1579D
and ~1.0-1.8 cm/kyr at U1514C are supported by COCO/eCOCO statistical tests. A prominent positive thorium
anomaly is constrained to ~58.15 Ma once is consistent with an unnamed carbon isotope excursion (“*” CIE)
marking the termination of the Paleocene Oxygen Isotope Maximum. Integrated Prediction Error Filter
Analysis curves evidenced trend reversals consistent with changes in the depositional regime, broadly
consistent with the Paleocene eustatic sea-level variations. These results expand the geographic coverage of
Paleocene astronomical timescales into the Southern Hemisphere and offer new chronostratigraphic

constraints on key Paleocene climate events.

Keywords: Paleocene astrochronology; Cyclostratigraphic analysis; K-Pg-PETM interval; Th channel

1 INTRODUCTION

Throughout Earth's history, extreme events have repeatedly disrupted the stability of the Earth system,
reshaping environmental conditions and influencing the evolution of life. These perturbations, operating across
a range of temporal and spatial scales, have significantly altered ocean circulation patterns and global
ecosystems. Mass extinctions represent the most extreme disruptions of the biosphere, opening ecological
spaces for new organisms across the last ~540 Myr (Barnosky et al., 2011; Burgess, 2019), and the K-Pg
boundary and PETM stand out as primary, globally recognised time markers offering unparalleled
opportunities for high-resolution chronostratigraphic analysis.

The Paleocene Epoch (~66-56 Ma; Gradstein et al., 2020) remains one of the least astronomically
constrained intervals of the Cenozoic, spanning from the K-Pg boundary to the PETM. The K-Pg boundary is
associated with the abrupt extinction of approximately 75% of Earth's species, primarily linked to a large
extraterrestrial impact and its cascading climatic and ecological consequences (Alvarez et al., 1980; Schulte et
al., 2010). The PETM, in turn, is characterised by a rapid global temperature increase of ~5-8°C over a few
thousand years, accompanied by ocean acidification, major disruptions to the carbon cycle, and large-scale
biotic migrations (Zachos et al., 2005; 2008; Mclnerney and Wing, 2011).

A key unresolved debate (e.g., Westerhold ef al., 2008; 2012; Hilgen et al., 2010; 2015; Dinarés-Turell
et al., 2014; Zeebe and Lourens, 2019; 2022) concerns whether 24 (9720 kyr) or 25 (10125 kyr) complete
E405 cycles separate the K-Pg boundary from the PETM — a question with direct implications for the absolute
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age of the PETM and its causal relationship with the North Atlantic Igneous Province (NAIP) volcanic record
(Westerhold et al., 2008; Hilgen et al., 2010; Dinarés-Turell et al., 2014). Beyond this cycle-count problem,
the precise timing and duration of short-lived hyperthermal and carbon-cycle perturbation events within the
Paleocene remain poorly resolved in many regions. This limitation is especially pronounced in the Southern
Hemisphere, where existing cyclostratigraphic frameworks are underrepresented, hampering the global
integration of Paleocene timescales.

To address these challenges, this study applies cyclostratigraphic analyses to HTHO wireline log data
from two deep-marine Paleocene sequences recovered by IODP expeditions: Hole U1579D, drilled on the
Agulhas Plateau (South Indian Ocean; Expedition 392), and Hole U1514C, drilled on the Mentelle Basin
(western Australian margin; Expedition 369). Thorium is a lithophile, diagenetically immobile element
concentrated in detrital heavy minerals that faithfully records orbital-scale detrital flux variations in pelagic
carbonate sequences and has been shown to outperform total natural gamma ray and uranium as a
cyclostratigraphic proxy in such settings (Adams and Weaver, 1958; Schnyder et al., 2006). The Agulhas
Plateau provides an ideal setting for this analysis: its Paleocene succession is characterised by a nearly
continuous, homogeneous nannofossil chalk with low detrital input and minimal evidence of reworking,
offering a low-noise substrate for orbital signal preservation. The Mentelle Basin hole provides a
complementary record from the eastern Indian Ocean margin, enabling assessment of inter-site consistency in
orbital signal detection and sediment accumulation rates across two geographically distinct Southern
Hemisphere localities.

By establishing orbitally calibrated timescales anchored to the K-Pg boundary across two under-
studied Southern Hemisphere sites, this work directly addresses the long-standing 24-versus-25-cycle debate
and provides new temporal constraints on the absolute age of the PETM. Furthermore, the co-temporal nature
of anomalous HTHO peaks at both holes enables identification and discussion of the carbon isotope excursion
"*" at ~58.15 Ma (Littler ef al., 2014; Barnet et al., 2019; Hollis et al., 2022), linking it to the termination of
the POIM and expanding our understanding of Paleocene carbon-cycle dynamics beyond the North Atlantic
and Pacific domains. At a time when the astronomical timescale of the Paleocene is being actively revised,
new orbital records from the Southern Hemisphere are not merely complementary, they are essential for testing

current astrochronological models in a global scope.

2 GEOLOGICAL SETTING
2.1 IODP EXPEDITION 392 - HOLE U1579D, AGULHAS PLATEAU

IODP Expedition 392, conducted between February and April 2022, targeted the southwest Indian
Ocean to investigate the long-term climate transition from the Cretaceous greenhouse to the late Paleogene
icehouse (Uenzelmann-Neben et al., 2023). The Agulhas Plateau was positioned at paleolatitudes of 53°-61°
S during the late Cretaceous (van Hinsbergen et al., 2015). The studied interval at Hole U1579D (~74% core
recovery; Fig. 1A-D) is entirely assigned to Lithostratigraphic Subunit IIb (149.40-556.31 m CSF-A), a ~407
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m thick sequence of white to light greenish-gray nannofossil chalk (CaCO:s values generally 65-95 wt%) which
provides a lithologically homogeneous and diagenetically stable substrate well-suited for cyclostratigraphic
analysis (Bohaty et al., 2023). The dominant lithology is calcareous nannofossil chalk with faint decimeter- to
meter-scale alternations in clay content; bioturbation is common throughout the U1579D stratigraphy.

The K-Pg boundary was inferred at 433.25 m CSF-A in Section 33R-6, 98.5 cm, marked by a sharp
colour change from reddish-brown clayey calcareous chalk to grayish-green calcareous chalk with clay, and
confirmed core catchers by calcareous nannofossil and foraminiferal datums (Bohaty et al., 2023). The
Paleocene-Eocene boundary and base of the PETM are absent from the recovered sequence: the Paleocene-
Eocene boundary falls within the unrecovered core gap between Cores 16R and 17R (~267-271 m CSF-A), as
evidenced by the presence of PETM markers (Rhomboaster bramlettei and Campylosphaera eodela) in Sample
16R-CC at 267.14 m CSF-A and their absence in Sample 17R-1 at 271.5 m CSF-A. The Paleocene succession
records a remarkably consistent average SAR of ~1.7 cm/kyr, constrained by 13 calcareous nannofossil
biohorizons and 6 palacomagnetic reversals (Chrons C26r through C29r), with inter-calibration between bio-
and magnetostratigraphy (Bohaty et al., 2023). Unlike Hole U1514C, only minor reworking is reported within
the Paleocene section at U1579D, consistent with the uninterrupted carbonate chalk facies, low detrital input,

and the greater lithological homogeneity of the Agulhas Plateau succession.
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IODP EXPEDITION 392 - AGULHAS PLATEAU
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Figure 1 — Regional map and seismic profiles showing the location of Hole U1579D at the Agulhas Plateau (IODP
Expedition 392). (A-B) Bathymetric map with expedition drill sites indicated; U1579 marked by red star. GPS
coordinates: U1579D at 41°24.92'S, 25°30.46'E. (C-D) Seismic profile AWI-20050201 showing Paleocene stratigraphy
with Site U1579 indicated. Map lines delineate study areas and do not necessarily depict accepted national boundaries
(Modified from Uenzelmann-Neben et al., 2023).

2.2 I0DP EXPEDITION 369 - HOLE U1514C, MENTELLE BASIN

IODP Expedition 369 (September - November 2017; Huber et al., 2019) targeted the western
Australian margin to investigate the Cretaceous and Cenozoic tectonic and palacoceanographic evolution of
the Mentelle Basin (MB), adjacent to the Naturaliste Plateau. The MB formed along the western Australian
margin during the detachment from the Indian subcontinent (Bradshaw, 2003), and the Naturaliste plateau
(~60° S paleolatitude during the early Cretaceous) is interpreted as a volcanic margin coeval with the onshore

Bunbury Basalt (137-130 Ma; Direen et al., 2017).
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Site U1514 (Fig. 2A-D) recovered an expanded Pleistocene-Eocene sequence penetrating into upper
Albian strata. At Hole U1514C, the studied interval corresponds predominantly to lithological Unit II,
comprising clayey nannofossil chalk and nannofossil chalk. The K-Pg boundary is identified at ~393.5 m CSF-
A, marked by a dark greenish-gray claystone package (Cores 22R-23R). The PETM interval is located near
~280 m CSF-A based on natural gamma-ray uranium enrichment, colour changes, and diagnostic core catchers
nannofossil assemblages (Huber et al., 2019).

The sedimentary record exhibits a nearly continuous SAR of ~1.4 cm/kyr from the late Maastrichtian
through the early Oligocene (Huber et al., 2019). Core recovery in Hole U1514C is approximately 65%, and
significant reworking is documented in the lower Eocene section (Cores 9R-11R): sample 10R-CC contains
reworked middle Paleocene nannofossil taxa (Heliolithus kleinpellii, Fasciculithus tympaniformis) within an
early Eocene CP9a assemblage, indicating mixing of Paleocene material into the lowermost Eocene. A
uranium enrichment spike recorded at 279 m CSF-A in the gamma-ray well-log was associated with the
Paleocene-Eocene boundary by the expedition science team (Huber ef al., 2019). Poor core recovery in several
Paleocene cores (Cores 18R, 25R) further limits stratigraphic resolution. Magnetic polarity zones were
tentatively correlated with Chrons C23n.1n through C34n, with biostratigraphy and micropaleontology serving

as the primary age constraints.
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Figure 2 — Regional map and seismic profiles showing the location of Site U1514 at the Mentelle Basin (IODP Expedition
369). (A-B) Bathymetric map with expedition drill sites indicated; U1514 indicated by red star. GPS coordinates: U1514C
at 33°46.96'S, 112°22.37'E. (C-D) Uninterpreted two-way traveltime seismic profile showing the Paleocene stratigraphy,
the location of Hole U1514C, and the approximate position of the studied interval. Map lines delineate study areas and
do not necessarily depict accepted national boundaries (Modified from Huber et al., 2019).

3 METHODS
3.1 WIRELINE LOG DATA

Publicly available IODP data were obtained from the Lamont-Doherty Earth Observatory (LDEO)

Log Database (available at https:/mlp.ldeo.columbia.edu/logdb/scientific_ocean_drilling/result/files/) for
Holes U1579D (Expedition 392) and U1514C (Expedition 369) (Fig. S1; Supplementary Material). Both

expeditions employed the Hostile Environment Natural Gamma Ray Sonde (HNGS), that enables separate
estimates of “K (HFK, wt%), #*Th (HTHO, ppm), and #*U (HURA, ppm), with the total spectral gamma
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radiation (HSGR, gAPI) as the integrated parameter. The HNGS applies a five-window energy spectroscopy
system and spectral deconvolution to separate elemental contributions (De Vleeschouwer et al., 2017; Huber
et al., 2019; Bohaty et al., 2023). The wireline depth scale (WMSF) was used throughout. For Hole U1579D,
the offset between CSF-A and WMSF is approximately -1.8 m. The sampling rate for the data used from both

boreholes is 15.24 cm.

3.2 PROXY SELECTION

The analysed stratigraphic intervals were defined by two stratigraphic tie points, according to the
established by the shipboard scientific teams of Expeditions IODP 392 and 369 for Holes U1579D and U1514C
(Uenzelmann-Neben et al., 2023; Huber et al., 2019), respectively: (i) the K-Pg boundary; and (ii) the
estimated position of the PETM — hence yielding the following stratigraphic intervals: ~255—440 m WMSF at
U1579D and ~265—410 m WMSF at U1514C. The suitability of HTHO as the primary proxy was assessed
through cross-correlation function (CCF) analysis of all pairwise combinations of the four NGR spectral
components (HSGR, HFK, HTHO, HURA; see Fig. S1 and S2 in the Supplementary Material). CCF analysis
demonstrates a clear zero-lag correlation of HTHO with both HSGR (Jr| = 0.78 for U1579D, and |r| = 0.92 for
U1514C) and HFK (|r| = 0.54 for U1579D, and || = 0.92 for U1514C), reflecting the geochemical immobility
of thorium in terrigenous clay minerals under normal seawater and diagenetic conditions. HURA exhibits a
systematic positive phase lag of 2.44 m for U1579D and 3.96 m for U1514C relative to HTHO, indicating
possible post-depositional uranium remobilisation under variable redox conditions and disqualifying it as a
cyclostratigraphic proxy (Fig. S2). HTHO was therefore selected as the primary proxy for all cyclostratigraphic
analyses. The robustness of this selection was further supported by comparison of the filtered HTHO series
with the HTHO/HFK ratio (Fig. 3A and 4A), which demonstrates broad coherence of orbital-scale cyclicity
across independent geochemical channels at both holes, supporting the reliability of thorium as a
cyclostratigraphic proxy independently of potassium co-variation. This comparison and full details of the CCF

methodology and results are provided in the Text S1 (Supplementary Material).

3.3 CYCLOSTRATIGRAPHY

Time series analysis was performed using the open-source software Acycle version 2.8 (Li et al.,
2019a). Raw HTHO data were trimmed to include the K-Pg—PETM interval, resampled at a uniform spacing
of 0.152 m using linear interpolation prior to detrending by applying a high-pass butterworth filter with a cutoff
of 0.1 cycles/m (for more information on the detrending tests, see Texts S3 and S4 at the Supplementary
Material).

Spectral analyses were conducted using the multi-taper spectral estimator (MTM; Thomson, 1982;
Mann and Lees, 1996) with two 2= tapers to identify significant frequencies above the 90% confidence levels
relative to a robust first-order autoregressive red-noise background model. Evolutive harmonic analysis (EHA)

performed using a sliding-window Fast Fourier method (eFFT) was used to track variations in the expression
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of orbital frequencies throughout stratigraphic succession. Continuous wavelet transform was applied in order
to provide an independent evaluation of the dominant periodicities identified by MTM and EHA. Expected
orbital spectral peak ratios were calculated assuming a mean sedimentary age of ~61 Ma based on the La2004
astronomical solution (Laskar et al., 2004), yielding the following period ratios for the dominant Milankovitch
cycles: 405:125:95:39:23:18.7 = 21.6:6.7:5.1:2.1:1.2:1 (Table 1). Definition of orbital frequency bands was
conducted by considering the spectral peak ratios and the MTM/EHA analyses.

The optimal SAR and the null hypothesis of no orbital forcing (Ho) were evaluated using the correlation
coefficient (COCO) and evolutionary correlation coefficient (¢COCO) methods (Li et al., 2018). Both analyses
were run with 5000 Monte Carlo simulations, with SAR ranging from 0.5 to 5 cm/kyr. The TimeOpt method
(Meyers, 2015) —which provides SAR estimates by fitting the stratigraphic power spectrum to predicted orbital
periodicities — was applied to provide an independent estimate of the optimal SAR. For more detail, see

Supplementary Material.

3.4 ASTRONOMICAL TIME SCALE

Astronomical time scales (ATS) were constructed by anchoring the Gaussian-filtered E405 signal to
the K-Pg boundary at 66.052 + 0.008/0.043 Ma (Sprain et al., 2019) and counting successive E405 cycles
upward toward the PETM. The La2004 astronomical solution (Laskar et al., 2004) provides a stable and well-
validated eccentricity model widely adopted as the reference framework for Paleocene astrochronology
(Westerhold et al., 2008; 2020; Barnet et al., 2019). Anchoring to the K-Pg boundary, rather than employing
a fully floating tuning approach, avoids the circular reasoning inherent in cycle-by-cycle fitting to an
astronomical target, in which internal tuning distortions can accumulate undetected; instead, it provides an
independent, radiometrically-constrained reference point that fixes the base of the E405 cycle count and allows
deviations from the astronomical model to serve as genuine diagnostic information (Dinarés-Turell ef al., 2014;
Clyde et al., 2016; Sprain et al., 2019).

In our work, both ATS were constructed taking into account the top/bottom biostratigraphic datum
positions - the base (B, first occurrence) and top (T, last occurrence) of calcareous nannofossil taxa extracted
by core catchers from the expedition proceedings for each hole — following the Paleocene nannofossil zonation
of Martini (1971) and the integrated bio-magnetochronology of Agnini et al. (2014), with foraminiferal datums
following Wade et al. (2011). Datums exhibiting poor stratigraphic reliability or low biochronological
diagnostic value, and those inconsistent with the cyclostratigraphic framework based on implausible cycle

spacings, were excluded from the final tuning (Table 2).

3.5 INTEGRATED PREDICTION ERROR FILTER ANALYSIS (INPEFA)

INPEFA is a geophysical method which has been increasingly applied in well-log analysis for the
identification of depositional trends and stratigraphic correlation within a sequence-stratigraphic framework

(e.g., Nio et al., 2005; De Jong et al., 2007). In this study, INPEFA was applied to the raw HTHO series of
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both holes prior to high-pass filtering. To reduce sensitivity to high-frequency noise while preserving third-
order depositional trends, the HTHO series was pre-processed using locally weighted scatterplot smoothing
(LOWESS; Cleveland, 1981) at a smoothing window of 35% prior to PEFA computation. The resulting
INPEFA curves are presented alongside the primary cyclostratigraphic panels (Figs. 3B and 4B) to assist in
the identification of depositional regime changes. Full details of the INPEFA procedure are provided in Text
S2 (Supplementary Material).

4 RESULTS
4.1 SPECTRAL ANALYSIS AND ORBITAL FREQUENCY IDENTIFICATION

MTM spectral analysis of the high-pass 0.1-detrended HTHO logs identifies a dominant peak in ~5-7
m at both holes, corresponding to the 405-kyr long-eccentricity cycle (E405), with band limits of 4.55-8.40 m
at U1579D and 4.24-7.19 m at U1514C, both exceeding the 99% confidence level (Figs. 3F and 4F; Table 1).
Short eccentricity cycles are indicated by spectral power above the AR(1) noise background in both the MTM
spectra and EHA, with band limits of 1.07-2.72 m at U1579D and 0.99-2.33 m at U1514C; however, their
expression are not continuously resolved across the full depth interval. The obliquity signal is estimated for
U1579D at ~0.7 m (Fig. 3F-G, deep purple slab), and is absent for U1514C (Fig. 4F-G). It was not possible to
identify the precession imprint since the frequencies are probably below the Nyquist frequency: the depth-
domain precession frequencies are expected between 1/48 - 1/21 ecm™ and 1/41 - 1/20 cm™ (U1579D and
U1514C, respectively) — hence falling at, or below, the effective Nyquist limit regarding the ~15.24 cm logging
resolution (fiyq ~ 1/30.48 cm™).
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Figure 3 — Primary cyclostratigraphic analysis for Agulhas Plateau Hole U1579D (High-Pass 0.1). (A) HTHO/HFK ratio;
(B) INPEFA with LOWESS 35%; (C) Gaussian-filtered ~E100-kyr signal; (D) Gaussian-filtered E405-kyr signal; (E)
High-Pass detrended HTHO; (F) MTM spectral analysis with confidence levels and F-test results; (G) EHA with dashed
white E405 reference (central wavelength ratio ~6.67 m); (H) COCO null hypothesis; (I) COCO p and number of
contributing orbital parameters; (J) eCOCO with band-defined SAR obtained by constructing the age model based on the
output of the E405 Gaussian filter.
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Figure 4 — Primary cyclostratigraphic analysis for Mentelle Basin Hole U1514C (High-Pass 0.1). Panels as in Fig. 3.
Note the greater variability in the HTHO/HFK ratio (panel A) relative to Fig. 3A, consistent with the more lithologically
heterogeneous Clayey Nannofossil Chalk facies at the Mentelle Basin.

EHA suggests persistence of the E405 signal across both records (Figs. 3G and 4G). At U1579D, a
continuous frequency band centered at ~6-7 m tracks consistently from ~260 to ~430 m WMSF. An observed
intermittent frequency at 0.362-0.934 cycles/m (Fig. 3C) and 0.423-1.000 cycles/m (Fig. 4C), interpreted as
the expression of the short-eccentricity signal, is also present through parts of the section. At UI1514C, the
E405 band is persistent but exhibits slightly greater lateral variation, consistent with modest changes in
sediment accumulation rate across the section. Extended wavelet analysis of the high-pass 0.1-filtered HTHO
record independently confirms the dominance of E405 signal in the power spectra, with relatively uniform

E405 wavelength of ~4-7 m throughout most of the section (Figs. S9 and S10; Supplementary Material).

Table 1. Orbital periodicities predicted by the La2004 astronomical solution (Laskar ef al., 2004) for a mean age of 61
Ma, with corresponding expected wavelengths at the primary sediment accumulation rate estimates for each hole.
Observed band limits (from MTM and EHA analyses) are given in the rightmost columns. E = long eccentricity; e = short
eccentricity; O = obliquity; P = precession; M = million-year-scale band. n.r. = not resolved above 95% confidence
threshold.

Cyte Perod  Speetrml L LS wavlengtha 13 Opiervedband - Observed band
cm/kyr (m) cm/kyr (m)
E405 405 21.66 6.08 5.27 8.40-4.55 7.19-4.24
el31 131 7.01 2.00 1.73 2.72-1.47 2.33-1.37
el25 125 6.68 1.88 1.63 2.59-1.40 2.22-1.31
€99 99 5.29 1.49 1.29 2.05-1.11 1.76-1.04
€95 95 5.08 1.43 1.24 1.97-1.07 1.69-0.99
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039 39 2.09 0.59 0.51 ~0.71 (tentative) n.r.

P23 23 1.23 0.35 0.30 n.r. n.r.
P21.8 21.8 1.17 0.33 0.28 n.r. nr.
P18.7 18.7 1.00 0.28 0.24 n.r. n.r.

Myr-

Scale 2400 - 64.17 - 36.00 - 18.00 31.20 - 15.60 50 - 13 m (raw) 43 - 13 m (raw)
Band 1200 ~128.34

* Spectral ratio calculated with respect to the 18.7 kyr-precession signal.

4.2 CYCLOSTRATIGRAPHIC CONSTRAINTS ON SEDIMENT ACCUMULATION RATES

The COCO results for U1579D stratigraphy indicates Ho rejection at p < 0.05 for SARs ranging
between approximately 1.1 and 1.9 cm/kyr (Fig. 3H-J; Supplementary Text S5, Fig. S7). eCOCO analysis
yields a consistent pattern, with statistically significant correlation coefficients clustering within the same SAR
range throughout most of the section. TimeOpt (Text S5; Supplementary Material) broadly corroborates these
estimates, although > opt reaches its global maximum at ~2.12 cm/kyr — a value falling outside the COCO
supported range — a secondary peak at ~1.7 cm/kyr lies within the COCO interval and is therefore considered
the more reliable estimate, given its consistency across methods. The combined multi-method SAR estimate
for U1579D is ~1.1-2.1 cm/kyr, with an optimal fit SAR of ~1.5—-1.9 cm/kyr.

At U1514C, null hypothesis is rejected at p < 0.05 for SARs between ~1.0 and 1.8 cm/kyr (Fig. 4H-J;
Supplementary Text S5, Fig. S8). eCOCO results are consistent with this range across most of the stratigraphic
succession. TimeOpt peaks at ~1.62 cm/kyr (Text S5; Supplementary Material), falling within the COCO-
supported interval and reinforcing the multi-method estimate. The combined SAR estimate for U1514C is
~1.0-1.8 cm/kyr, with a SAR given by the optimal fit of ~1.62 cm/kyr.

Taken together, the SAR estimates at both holes are broadly consistent, ranging between ~1.0 and 2.1
cm/kyr, and are in good agreement with the shipboard SAR of ~1.4 cm/kyr reported for U1514C and ~1.7
cm/kyr for U1579D (Huber et al., 2019; Bohaty et al., 2023), providing independent cyclostratigraphic

validation of the expedition-derived accumulation rates.

4.3 INPEFA

At Hole U1579D, the INPEFA curve undergoes a sharp inflection toward positive values at the K—Pg
boundary (~430 m WMSF), followed by a gradual decreasing trend that reaches a minimum at ~330 m WMSF.
An abrupt shift at ~325 m WMSF marks the transition to a plateau-like interval that persists upward to ~260
m WMSF. Within this interval, a secondary abrupt positive inflection occurs at ~300 m WMSF (Fig. 3B).

At Hole U1514C, the INPEFA curve exhibits a decreasing trend from the K—Pg boundary at ~395 m
WMSF to ~340 m WMSEF, after which the trend reverses into a gentle upward trajectory, culminating in an
abrupt positive inflection at ~313 m WMSF (Fig. 4B). Above this inflection, the curve resumes a decreasing
trend toward ~280 m WMSF, where a secondary positive inflection marks a renewed reversal toward the top

of the studied interval.
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4.4 ASTRONOMICAL TIME SCALE

4.4.1 Hole U1579D

Anchoring to the K-Pg boundary at ~431 m WMSF (T Cretaceous nannoflora, 66.04 Ma; Agnini et
al., 2014; Uenzelmann-Neben et al., 2023), approximately 25.5 E405 cycles are identified between the K-Pg
boundary and the PETM interval, with the full studied section yielding 31 cycles to ~265 m WMSF (~12.55
Myr; Fig. 5). Nine calcareous nannofossil biostratigraphic datums were incorporated into the ATS calibration
(Table 2); eight datums from the Expedition 392 proceedings were excluded on the basis of low diagnostic

value, taxonomic uncertainty, or internal inconsistency with the cyclostratigraphic framework.
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Figure 5 — Astronomical time scale for Hole U1579D based on the La2004 solution. (A) Detrended HTHO (blue) with
Gaussian E405 filter (black) and E405 cycle numbering from the K-Pg boundary (the E405 kyr cycle boundary positions,
in m along the core, are provided in Table S1); the PETM is provisionally placed at ~cycle 25.5 based on HTHO and
HTHO/HFK peaks coinciding with the Barnet et al. (2019) PETM band; the prominent anomaly at ~325 m WMSF
(asterisk "*" symbol) is constrained to ~58.15 Ma. (B) La2004 astronomical model (E405 red; e~100 grey). (C) HTHO
tuned using top/bottom biostratigraphic datum positions; green markers indicate datums used; red markers indicate
datums excluded due to internal cyclostratigraphic inconsistencies. (D) HTHO/HFK ratio tuned using top/bottom
positions. (E) Barystatic sea-level curve of Miller et al. (2024). Grey vertical bands from Barnet et al. (2019). The "*"
label denotes the unnamed carbon isotope excursion event of Littler ef al. (2014) and Barnet ef al. (2019) at ~58.15 Ma.

Elevated HTHO and HTHO/HFK values between ~290 and ~300 m WMSF, coinciding with the
Barnet et al. (2019) PETM event band in the tuned ATS, provisionally locate the PETM within ~E405 cycles
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25 and 26, corresponding to ~57.0-55.9 Ma, broadly consistent with the Zeebe and Lourens (2019) PETM age
of 56.01 + 0.05 Ma. A prominent positive HTHO anomaly at ~325 m WMSF is constrained to ~58.15 Ma,
tightly bracketed by B Discoaster mohleri (~58.97 Ma) immediately above, which provides a firm upper
biostratigraphic bound.

Table 2 Biostratigraphic datums used and excluded from ATS calibration at Holes U1579D and U1514C. B = base (first
occurrence); T = top (last occurrence); Be = consistent occurrence base.

Hole U1579D - Agulhas Plateau (Expedition 392)

Age Depth (m

Taxon Event (Ma) WMSF) Status Justification
Cruciplacolithus g 6577 43142 Used -
primus
Chiasmolithus B 6453 42025 Used ;
danicus
Prinsius martinii B 63.66 413.19 Used -
Sphenolithus B 6210 36809 Used ;
moriformis
Fasciculithus B 6127 37358 Used ;
tympaniformis
Heliolithus B 5936 35137 Used ;
kleinpellii
Discoaster mohleri B 58.97 337.43 Used -
Discoaster B 5732 31804 Used ;
multiradiatus
Tribrachiatus B 5430 26534 Used ;
orthostylus

Used as K-Pg positional anchor only; not a calibration datum

I Cretaceous T 66.04 431.42 Anchor  sensu stricto. Reworked Cretaceous taxa above the boundary

nannoflora used as sediment-mixing indicators.
Transitional morphologies of the C. primus-C. intermedius
Cruciplacolithus lineage complicate datum placement; inclusion did not improve

intermedius B 65.45 43046 Omitted correspondence with the La2004 target relative to the retained B

C. primus datum.

Frequent taxonomic overlap with related species and inconsistent

Toweius pertusus Be 63.66 413.19 Omitted identification at this hole produced a mismatch with surrounding
datums.

Heliolithus Was not used for ATS calibration at Hole U1579D, as this datum

cantabriae B 59.6 351.37 Omitted was also absent from the Expedition 392 proceedings

biostratigraphic framework.

Age in proceedings (~58.8 Ma) corresponds to the top of the
Heliolithus . range, not the FO; calibrated B H. kleinpellii at ODP Site 1262
kleinpellii T >8.80 301.95 Omitted is ~59.36-59.5 Ma. Applying the incorrect age would introduce

a systematic bias.

Size-threshold criterion (>9 um) introduces operator-dependent

Ericsonia robusta T 57.11 286.36 Omitted variability that limits reproducibility.

FO falls within the lowermost Eocene; taxon not recovered in the
studied section (P/E boundary absent in the 16R-17R gap).

Rhomboasterspp. B 36.00 26970 Omitted . o of R bramiettei in sample 16R-CC (267.14 m CSE-A)
confirms FO at or above the PETM level.

Campviosphaera Limited biostratigraphic utility: small size and simple

o dell)c)z} P B 56.00 269.70 Omitted morphology yield inconsistent identification and unreliable

correlation near the PETM.
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Hole U1514C — Mentelle Basin (Expedition 369)

Age Depth (m

Taxon Event (Ma) WMSF) Status Justification
Pseudoguembelina g 6730 40622 Used -
hariaensis
Biantholithus B 6606 39390  Used .
sparsus
Early Danian B 6600 39375  Used .
species
Fasciculithus B 6151 36347 Used -
tympaniformis
Globanomalina B 6073 349381 Used -
pseudomenardii
Heliolithus B 5960 34021 Used .
cantabriae
Discoaster mohleri B 58.97 325.08 Used -
Discoaster B 5721 30475 Used -
multiradiatus
Fasciculithus spp. T 55.64 280.38 Used -
Tribrachiatus B 5437 26426 Used -
orthostylus
Chiasmolithus Placement produces an implausible compression of ~1 Myr into
danicus B 64.81 392.17 Omitted less than 2 m of section, inconsistent with the otherwise uniform

sedimentation style at this depth.

Depth position implies ~1.2 Myr for an interval biostratigraphy
assigns only ~300 kyr; most parsimoniously explained by
misidentification or reworking in a section with 65% core
recovery.

Discoaster nobilis B 57.5 314.25 Omitted

Warm-water, oligotrophic discoaster; occurrence strongly

D.iscoaster B 5495 280,38 Omitted influenced by pa!aeolatltl}de, preservgtlon, and .ecologllcal
diastypus factors, compromising stratigraphic consistency at mid- to high-

latitude sites.

4.4.2 Hole U1514C

Anchoring to the K-Pg boundary at ~393.9 m WMSF (B Biantholithus sparsus, 66.06 Ma — Huber et
al., 2019), approximately 25 E405 cycles are identified between the K-Pg boundary and the PETM interval,
with the full studied section yielding a total of 29 E405 cycles (~11.745 Myr; Fig. 6). Ten calcareous
nannofossil and foraminiferal biostratigraphic datums were incorporated into the ATS calibration via
top/bottom tuning (Table 2); three additional datums from the Expedition 369 proceedings were excluded
based on low biochronological diagnostic value or internal inconsistency with the cyclostratigraphic
framework (Table 2).

The tuned ATS places the PETM at ~E405 cycle 25 (~285 m WMSF), broadly consistent with Huber
et al. (2019) assignment at ~278-283 m WMSF. A prominent positive HTHO anomaly at ~313 m WMSF is
constrained to ~58.15 Ma in the U1514C ATS.
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Figure 6 — Astronomical time scale for Hole U1514C based on the La2004 solution, with panels as in Fig. 5. The ATS
places the prominent HTHO anomaly at ~313 m WMSF at ~58.15 Ma, co-temporal with the "*" CIE event at U1579D
(Fig. 5). The PETM is tentatively placed at ~cycle 25 (~285 m WMSF), broadly consistent with the expedition
proceedings assignment at ~278-283 m WMSF. Biostratigraphic datums applied in ATS calibration are shown as green
markers; excluded datums as red markers. The "*" label marks the interpreted position of the unnamed ~58.15 Ma carbon
isotope excursion event.

5 DISCUSSION
5.1 SAR CONVERGENCE, ORBITAL RESOLUTION, AND IMPLICATIONS FOR PETM AGE

The multi-method SAR evaluation indicates a convergence (COCO/eCOCO, TimeOpt) on ~1.1-2.1
cm/kyr for U1579D and ~1.0-1.8 cm/kyr for U1514C, which is consistent with typical open-ocean pelagic
carbonate accumulation rates for the Paleocene-Eocene and agrees with expedition proceedings estimates (~1.7
cm/kyr for U1579D; ~1.4 cm/kyr for U1514C; Bohaty et al., 2023; Huber et al., 2019). As previously
discussed, the dominance of the 405-kyr eccentricity cycle over shorter orbital cycles is primarily a
consequence of sampling resolution. A straightforward explanation for the absence of precession imprint
relative to the much better resolved 405-kyr eccentricity component lies in the Nyquist limit (1/30.48 cm™)
imposed by the logging resolution, which implies that precession-scale variability falls at or below the
theoretical resolution threshold, thereby preventing its robust spectral detection. Although not overtly evident,

the obliquity detection at U1579D is consistent with the subdued 39-kyr expression in warm Paleocene
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greenhouse conditions (Laskar et al., 2004; Littler ef al., 2014; Barnet et al., 2019); its absence at U1514C
may reflect the higher background noise level at that hole.

The E405 cycle count of ~25.5 at U1579D, and ~25 at U1514C is consistent with the 25-cycle
interpretation now favoured by most recent studies (Hilgen et a/., 2010; Dinares-Turell et al., 2014), supporting
a PETM age close to 56.01 + 0.05 Ma (Zeebe and Lourens, 2019) rather than the ~55.93 Ma implied by a 24-
cycle count (Westerhold et al., 2008). The findings regarding-cycle placement at both holes, compatible with
the 25-cycle framework given the current age uncertainties, adds new Southern Hemisphere orbital constraints

to this framework.

5.2 INPEFA AND DEPOSITIONAL TRENDS

The INPEFA curve at U1579D defines two contrasting phases: a gradually decreasing trend from the
K-Pg to ~330 m WMSF, and an abrupt shift at ~325 m WMSF to a more heterogenecous plateau-like shape.
This two-phase structure mirrors the late Paleocene progressive warming and carbon-cycle destabilisation
documented globally from ~59 Ma onward (Zachos et al., 2001, 2008; Westerhold et al., 2020) and broadly
coincides with the ELPE (~59.2 Ma) and the "*” CIE event (~58.15 Ma) interval in the Barnet et al. (2019)
orbital framework. Comparison with the Miller et al. (2024) barystatic sea-level record shows broadly
consistent first-order trends, suggesting that eustatic forcing may be indirectly reflected in the INPEFA signal
through its influence on terrigenous clay delivery and carbonate accumulation at this deep-marine site.

At U1514C, the INPEFA curve shows broadly similar first-order trends, a decreasing phase from the
K-Pg followed by a trend reversal, but with greater noise and a less intuitive inflection structure, consistent
with the lithological heterogeneity and intermittent reworking at this hole. The abrupt positive inflection at
~313 m WMSF at U1514C is co-temporal with the prominent HTHO anomaly at ~325 m WMSF at U1579D,
both constrained to ~58.15 Ma in the ATS. This co-temporal INPEFA inflection across two geographically
separated sites is consistent with a globally coherent depositional signal associated with the "*" CIE event and
the broader late Paleocene carbon-cycle transition.

It is important to highlight that the INPEFA method was originally developed for shallow-water
siliciclastic settings (Nio et al., 2005; de Jong et al., 2007), where gamma-ray variations reflect grain-size
changes controlled by relative sea level. Caution is therefore advised when applying it to deep-water pelagic
carbonate sequences such as U1579D, where HTHO variability primarily reflects orbital-scale terrigenous clay
flux and carbonate dilution rather than direct grain-size changes linked to sea-level oscillations. In this context,
INPEFA trends are interpreted here as proxies for long-term shifts in the balance between clay input and

carbonate production, rather than as direct sea-level indicators.
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5.3 SPECTRAL RESOLUTION AND LITHOLOGICAL EFFECTS ON LONG-ECCENTRICITY
BAND DEFINITION

A noticeable difference between the cyclostratigraphic analyses performed for Holes U1579D and
U1514C emerges from the comparison of their MTM and EHA patterns. Whereas the U1579D results show
greater lateral stability of the eCOCO-supported SAR range and lower distortion of the tuned ATS curves, the
EHA spectrogram for U1514C suggests that two distinct frequency components partially overlap within the
Paleocene interval studied here. This may reflect an apparent transient coalescence between low-frequency
spectral power and the E405 component, partially obscuring the precise definition of the long-eccentricity
frequency band. Such behavior provides a plausible explanation for stratigraphic intervals in which million-
year-scale variability, finite depth—frequency resolution, and SAR changes may interact (Martinez et al., 2016).

Some differences in lithological aspects are relevant among both records — which may reflect in the
distinctive depth-frequency patterns (see Figs 5 and 6). U1579D is entirely within homogeneous nannofossil
chalk (Subunit IIb) - a ~407 m succession with only faint decimeter-scale clay variations and no significant
reworking within the Paleocene section (Bohaty et al., 2023) - providing a low-noise substrate for orbital signal
preservation. U1514C, by contrast, spans both clayey nannofossil ooze/chalk and nannofossil chalk, with the

clay-rich facies possibly introducing non-orbital sedimentological variability.

5.4 THANETIAN ANOMALY AT ~58.15 MA: THE "*" CIE AND ITS PALAEOCLIMATIC
CONTEXT

The prominent positive HTHO anomalies at ~325 m WMSF (U1579D) and ~313 m WMSF (U1514C)
are independently constrained to ~58.15 Ma at both holes. Their simultaneous expression at the Agulhas
Plateau and the Naturaliste Plateau argues for a globally coherent sedimentary event rather than a local
depositional artefact. The age of ~58.15 Ma corresponds to the unnamed "*" carbon isotope excursion
originally identified by Littler ef a/. (2014) in high-resolution benthic stable isotope records from ODP Sites
1209 (equatorial Pacific) and 1262 (Walvis Ridge, South Atlantic), and retained in the orbital framework of
Barnet et al. (2019). This excursion falls within the Paleocene Carbon Isotope Maximum (PCIM, 59.3-57.4
Ma), approximately 1.0—1.1 Myr after the ELPE (~59.2 Ma), and marks the termination of the POIM (59.7—
58.1 Ma; Hollis et al., 2022).

Hollis et al. (2022) note that the "*" CIE event coincides with a minimum in eccentricity forcing within
a ~1 Myr decline that begins at the ELPE eccentricity maximum, an orbital context that contrasts with that of
classical hyperthermals, which typically occur during eccentricity maxima (Barnet et al., 2019). This orbital
positioning, combined with the absence of robust evidence for deep-water warming in benthic 8'*0 records at
this time, led Hollis ef al. (2022) to suggest that the "*" CIE is not a hyperthermal sensu stricto, but rather
represents a significant carbon-cycle transition: the end of the decoupling interval between 6'*C and %0 that
begins with the ELPE, and the transition from the cooler middle Paleocene to the warming late Paleocene. The

sedimentary expression of the "*" CIE event as a positive HTHO anomaly at U1579D is consistent with a brief
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episode of enhanced clay flux or carbonate dilution. The FO of Discoaster mohleri (~58.97 Ma) is recorded
just above the anomaly at both holes, providing an independent biostratigraphic upper bound consistent with
a ~58.15 Ma age at each location. Furthermore, comparing the ATS of both holes, the chronostratigraphic
position of this event appears to differ by one E405 cycle between sites, which may reflect discrepancies
between the shipboard biostratigraphic interpretations at Holes U1514C and U1579D. Confirmation of the

specific event identity requires paired 6'*C and 6'®0 data from these holes.

5.5 PETM REPOSITIONING

At U1579D, high amplitude spectral peaks in both HTHO and HTHO/HFK ratio curves between ~290
and ~300 m WMSF coincide with the Barnet ef al. (2019) PETM event band in the tuned ATS, provisionally
locating the PETM at ~E405 cycle 25.5 (~55.7-55.9 Ma), slightly deeper than the IODP Expedition 392
proceedings' assignment (~267-271 m CSF-A). This offset is most plausibly explained by poor core recovery
in the 16R-17R gap where the proceedings note that the Paleocene/Eocene boundary is missing; cycle 25.5
falls within Core 19R, below this gap. The HTHO/HFK ratio divergence near ~280-290 m WMSF at U1579D
provides an independent wireline-based sedimentological fingerprint of the PETM carbonate dissolution
horizon, corroborating the cyclostratigraphic placement.

At U1514C, the PETM is tentatively placed at ~E405 cycle 25 (~285 m WMSF), broadly consistent
with the IODP Expedition 369 proceedings' assignment at ~278-283 m WMSEF, and the Th/K excursion at
around this depth possibly provides a corresponding independent sedimentological fingerprint of the PETM at
this hole.

5.6 GLOBAL CORRELATION AND FORWARD PERSPECTIVES

The anomalies at ~325 m WMSF (U1579D) and ~313 m WMSF (U1514C), co-temporal at ~58.15
Ma, fall in the same orbital position as the "*" CIE event identified in the South Atlantic (Littler et al., 2014;
Barnet et al., 2019) and the southwest Pacific (Hollis et al., 2022), adding two new Southern Hemisphere
constraints from the Indian Ocean sector to the orbital chronology of this event and confirming that its
sedimentary expression extends from the South Atlantic to the southern and eastern Indian Ocean. The weak
obliquity expression at U1579D, and its apparent absence at U1514C, is consistent with the warm greenhouse
boundary conditions of the Paleocene, where obliquity power is negligible relative to eccentricity (Barnet et
al., 2019; Littler et al., 2014).

The E405 cycle count of ~25.5 at U1579D and ~25 at U1514C align with the now-favoured 25-cycle
interpretation of Hilgen et al. (2010), Dinares-Turell et al. (2014) and Zeebe and Lourens (2019), and is
consistent with the CENOGRID astronomical calibration of Westerhold et al. (2020). Future integration of
stable isotope stratigraphy from both holes with the present orbital framework would provide the most rigorous

1233

test of PETM positioning and hyperthermal pacing, and CIE identification, enabling direct confirmation

through paired 6'*C and §'#0 data.
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6 CONCLUSIONS

1. Indian Ocean IODP boreholes U1579D and U1514C preserve a dominant E405-kyr signal
(wavelenght band 4.55-8.40 m at U1579D; 7.19-4.24 m at U1514C). COCO, eCOCO, and TimeOpt analyses
converge on SAR estimates of ~1.1-2.1 cm/kyr for U1579D (mainly ~1.5-1.7 cm/kyr) and ~1.0-1.8 cin/kyr for
U1514C. Short eccentricity cycles are tentatively suggested but lack continuous EHA expression. Obliquity is
tentatively identified at U1579D; precession is unresolvable at the 15.2 cm sampling resolution.

2. ATS calibration using top/bottom biostratigraphic datum positions shows overall good
correspondence with the La2004 target in the middle Paleocene. Approximately 25.5 E405 cycles at U1579D
and 25 at U1514C are identified between the K-Pg and PETM, provisionally constraining the PETM to ~55.7—
55.9 Ma.

3. The prominent HTHO anomaly at ~325 m (U1579D) and ~313 m (U1514C) is co-temporal at
~58.15 Ma. This age is consistent with the unnamed "*" CIE, which marks the termination of the POIM and
the end of the 3*C- 8'80 decoupling interval that begins with the ELPE (~59.2 Ma). The CIE occurs close to
an eccentricity minimum and is understood as not being a classical hyperthermal; its expression as positive
HTHO anomaly is consistent with carbonate dilution or enhanced clay flux, paired with rapid increase in
sediment density, during this global carbon-cycle transition. The co-temporal expression at two geographically
separated Indian Ocean locations argues for a globally coherent sedimentary signal.

4. INPEFA modelling allowed us to identify trend reversals at both holes consistent with depositional
regime changes at the K-Pg boundary and near the ELPE/"*" CIE event interval, broadly consistent with the
Paleocene barystatic sea-level record of Miller et al. (2024). INPEFA curves are interpreted here as potential
indicators of variations in terrigenous clay flux rather than direct sea-level proxies and may therefore provide
a wireline-based perspective on Paleocene depositional dynamics in deep-water pelagic carbonate settings.

5. A comparison of the MTM and EHA patterns for Holes U1579D and U1514C reveals distinct depth—
frequency behavior. U1579D shows greater lateral stability of the eCOCO-supported SAR range and lower
distortion of the tuned ATS curves, whereas the EHA spectrogram for U1514C indicates partial overlap
between low-frequency spectral power and the E405 component, potentially affecting the definition of the
long-eccentricity band. These differences occur in contrasting lithological settings: U1579D consists of
relatively homogeneous nannofossil chalk, while U1514C spans clayey nannofossil ooze/chalk and

nannofossil chalk, with clay-rich facies potentially introducing non-orbital sedimentological variability.

Data availability

The wireline log data used in this study are publicly available from the LDEO Log Database
(https://mlp.ldeo.columbia.edu/). Processed data and R scripts are presented in the supplementary material and

available upon request.
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Text S1: Cross-Correlation Function (CCF) Routine: Description and Parameterisation

S1.1 Overview

A custom cross-correlation function (CCF) routine was developed in RStudio (v.2025.05.1+513) using
R (v.4.5.1; R Core Team, 2025) to quantify the degree of linear association and phase relationship between all
pairwise combinations of four spectral gamma-ray (NGR) proxies measured at both Holes U1579D (IODP
Expedition 392) and U1514C (IODP Expedition 369): total spectral gamma ray (HSGR), potassium (HFK),
thorium (HTHO), and uranium (HURA) (see Fig. S1; U1579D upper half; U1514C lower half). The routine
operates on depth-registered, regularly sampled wireline log series and returns, for each proxy pair, the
maximum absolute correlation coefficient (|r|) and the corresponding lag displacement at which that maximum
occurs. Results for each pair are exported as individual PNG figures (both in lag units and metres), which are
subsequently assembled into a 2x3 composite panel, panels per hole (Fig. S2; U1579D upper half; U1514C
lower half).

The CCF approach used here follows the standard definition of the cross-correlation function for two

zero-mean, stationary discrete series x and y of length N:

r xy(k) =% [x(n) - y(n+k)] / sqrt[s x(n)? - % y(n)?2]

where k is the lag displacement in sample units. The routine reports both the lag value in sample units and the
corresponding metric lag distance (metres), calculated as k x 0.1524 m (the wireline sampling interval used in

this study).

S1.2 Input data and file structure

Input files are tab-delimited .txt files, one per proxy per hole, with two columns (depth in metres
MWSF; proxy value). Files are named following the convention [expedition] [hole] [proxy] [chrons].txt,
which allows automatic detection of hole identity and proxy type via regular-expression parsing. No
smoothing, detrending, or normalisation is applied prior to the CCF analysis; the raw wireline values are used
directly. It is worth noting that the code was developed to work with one or more boreholes and can be adapted
accordingly. The depth window analysed for this study corresponds to the K-Pg to PETM interval at Hole
U1579D: 255-440 m WMSF, and at Hole U1514C: 265-410 m WMSF.

S1.3 Pair generation logic

The routine generates pairs in a structured order designed to prioritise geologically informative
comparisons. Three groups of pairs are constructed: (1) HSGR vs. each of the remaining proxies; (2) HTHO
vs. each of the remaining proxies; and (3) all combinations among the remaining proxies (HFK and HURA).
Within each pair, HSGR and HTHO are placed first where applicable, ensuring consistent axis orientation
across figures. Duplicate pairs are removed after sorting. This yields the six pairs for each Hole, shown in Fig.

S2: HSGR-HFK (A), HSGR-HTHO (B), HSGR-HURA (C), HTHO-HFK (D), HTHO-HURA (E), HFK-
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HURA (F). The CCF pair HTHO-HURA (panel E) specifically illustrates the positive lag of HURA relative
to HTHO, which constitutes the primary basis for disqualifying HURA as a primary cyclostratigraphic proxy.

S1.4 CCF computation and output
For each pair, the CCF is computed using the R base function:

ccf(ts(x), ts(y), lag.max = 100, type = "correlation", plot = FALSE)

The lag.max = 100 setting restricts the search to £100 sample units, corresponding to +15.24 m at the
0.1524 m sampling interval. The lag k* at which |r_xy(k)| is maximised is identified and converted to metres
(k* x 0.1524 m). Two figures are generated per pair: one with the x-axis in lag units and one in metres. Both
are saved as 300 dpi PNG files. A console summary reports, for each pair, the maximum [r| and the

corresponding lag in both units.

The significance of each maximum [r| value is assessed informally against the threshold for two-tailed
significance at p < 0.01, approximated as |r| = 0.06-0.07 for the dataset lengths used here (~1150-1500 data

points); all reported |r| values substantially exceed this threshold.

S1.5 Interpretation of lag values

A positive lag value (k* > 0) indicates that proxy y trails proxy x stratigraphically, interpreted as proxy
y responding to the same depositional process as proxy x but with a diagenetic or geochemical delay. A
negative lag (k* < 0) indicates that proxy y leads proxy x. A lag of zero indicates stratigraphic coincidence. At
U1579D, CCF analysis display zero-lag, high-|r| correlations of HTHO with both HSGR (|r] = 0.784) and HFK
(Ir] = 0.540), reflecting the geochemical immobility of thorium in terrigenous clay minerals under normal
seawater and diagenetic conditions. This result suggests a synchronous response to the same lithological driver
(terrigenous clay flux). HURA exhibits a systematic positive lag of 2.438 m relative to HTHO (Fig. S2, panel
E - upper half), suggesting post-depositional uranium remobilisation under variable redox conditions (Adams
and Weaver, 1958; Schnyder et al., 2006). At U1514C, HTHO shows even stronger zero-lag correlations with
HSGR (1] =0.917) and HFK (|r| = 0.923), while HURA exhibits a larger positive phase lag of 3.962 m relative
to HTHO (Fig. S2, panel E - lower half), consistent with more active uranium remobilisation in the clay-rich
sedimentary environment of the Mentelle Basin. Because such lag relationships introduce phase-shifted
variance into the total NGR signal that could be misinterpreted as orbital cycles, HURA is excluded as a
primary cyclostratigraphic proxy in this study. Therefore, the cross-correlation analysis demonstrates that

HTHO is the most suitable NGR spectral component for cyclostratigraphic analysis at both holes.

S1.6 Software, packages and reproducibility
All analyses were performed in R version 4.5.1. Packages: base R (ccf), ggplot2 v3.x (Wickham,
2016), dplyr vl.1.x (Wickham et al., 2023), patchwork (Pedersen, 2024), cowplot (Wilke, 2024), png

70



(Urbanek, 2022), grid (R Core Team, 2025). Processed data and R scripts are available upon request from the

corresponding author.

S1.8 Annotated R script (v2.3)

The full script is reproduced below for transparency and reproducibility. Path variables (setwd,
pasta_png) are specific to the authors' local environment and must be adapted by the user.

# CROSS-CORRELATION ANALYSIS (CCF)
# Author: Maffessoni, B. (ccf automatizado.R)

# Version: 2.3

# PART 1 — CCF COMPUTATION

library(ggplot2); library(dplyr)

setwd ("path/to/CCF/folder") # adapt to local environment
path <- getwd()

# Detect files, holes and proxies from filenames

arquivos_txt <- list.files(path, pattern = "\.txt$", full.names = FALSE)
pocos <= sub("~[* 1+ ([~ _1+) _.*s$", "\1", arquivos_ txt)

proxies <- sub ("~ ["_ 1+ [~ 1+ ([A-Za-z]+).*\.txt$", "\1", arquivos_ txt)

dados_arquivos <- data.frame(arquivo = arquivos_ txt, poco = pocos, Proxy =
proxies)

# Standard plot theme

tema ccf <- theme minimal () +
theme (axis.title = element text(size = 14),
axis.text = element text(size = 12),
plot.title = element text(size = 16),
panel.border = element rect(color = "black", fill = NA, linewidth

= 0.8))

# Main CCF function

analisar ccf <- function(dados_arquivos, path, pasta saida =
"CCF_Results") {

if (!dir.exists(pasta saida)) dir.create(pasta saida, recursive = TRUE)

resultados <- list ()

for (poco_atual in unique (dados_arquivos$poco)) {
dados poco <- dados_arquivos %>% filter (poco == poco_atual)
proxies <- unique (dados pocoSproxy)

if (length (proxies) < 2) next
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# Generate pairs: HSGR-first, HTHO-first, then remaining combinations

pares_hsgr <- lapply(setdiff (proxies, "HSGR"), function (x)
c ("HSGR", x))

pares_htho <- lapply(setdiff (proxies, "HTHO"), function (x)
c ("HTHO", x))

restantes <- setdiff (proxies, c("HSGR", "HTHO"))

pares_restantes <- if (length(restantes) >= 2) combn(restantes, 2,
simplify = FALSE) else list()

pares <- c(pares_hsgr, pares htho, pares restantes)
pares <- lapply(pares, function(x) {

ordem <- c("HSGR", "HTHO")

c(intersect (ordem, x), sort(setdiff(x, ordem))) })

pares <- pares|[!duplicated (pares) ]

for (par in pares) {
varl <- par[l]; var2 <- par[2]

dfl <- read.table(file.path (path,

dados _pocoSarquivo[dados pocoSproxy == varl][1l]),
header = TRUE, col.names = c("depth", "value"))
df2 <- read.table(file.path (path,
dados _pocoSarquivo[dados pocoSproxy == var2][1l]),
header = TRUE, col.names = c("depth", "value"))

ccf res <- ccf(ts(dflsvalue), ts(df2Svalue), lag.max = 100, plot =
FALSE)

ccf df <- data.frame (lag = as.numeric(ccf_res$lag),
correlation = as.numeric(ccf resSacf))

max cor <- max(abs(ccf_df$correlation))

lag max <- ccf df$lag[which.max (abs(ccf dfScorrelation))]

fator m <- 15.24 / 100

ccf df$lag m <- ccf df$lag * fator m

lag max m <- lag max * fator m

# Figure in lag units

p <- ggplot(ccf df, aes(x = lag, y = correlation)) +

(
geom line(color = "steelblue", linewidth = 0.6) +
geom area(fill = "steelblue", alpha = 0.4, color = "steelblue",
linewidth = 0.6) +
geom vline (xintercept = lag max, linetype = "dashed", color =
"red") +

scale x continuous (breaks = seq(-100, 100, by = 10)) +
labs(title = paste("CCF:", wvarl, "vs", var2),

subtitle = paste("Well:", poco_atual, "| Max |r| ="

4
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round (max cor, 3), "@ Lag =", lag max),
x = "Lag", y = "Correlation coefficient") + tema ccf
ggsave (file.path (pasta saida,
paste(O ("CCF_", poco atual, " ", varl, " ", varz, ".png")),

plot = p, width = 8, height = 5, dpi = 300)

# Figure in metres
p_m <- ggplot(ccf df, aes(x = lag m, y = correlation)) +
geom_line (color = "steelblue", linewidth = 0.6) +

geom area (fill = "steelblue", alpha = 0.4, color = "steelblue",
linewidth = 0.6) +

geom vline (xintercept = lag max m, linetype = "dashed", color =
"red") +
scale x continuous (breaks = seq(-15, 15, by = 2.5)) +
labs(title = paste("CCF (m):", varl, "vs", wvar2),
subtitle = paste("Well:", poco atual, "| Max |r| =",
round(max_cor, 3), "@ Lag =",
round(lag max m, 3), "m"),
x = "Lag (m)", y = "Correlation coefficient") + tema ccf

ggsave (file.path (pasta_ saida,

pasteO ("CCF m ", poco_atual, " ", varl, " ", var2, ".png")),
plot = p m, width = 8, height = 5, dpi = 300)
resultados|[ [paste (poco _atual, varl, var2, sep = " ")]] <- list(

dataframe = ccf df, max correlation = max cor,

lag max = lag max, lag max m = lag max m)

}

return (resultados)

resultados ccf <- analisar ccf (dados_arquivos, path)

# PART 2 — 2x3 COMPOSITE PANEL WITH PANEL LABELS
library (patchwork); library(png); library(grid); library(cowplot)

pasta png <- "path/to/CCF_Results/convertido/1579D" # adapt per hole

todos <- list.files(pasta png, pattern = "\.png$", full.names = TRUE)
nomes <- basename (todos)

poco <- sub(""CCF m ([”_1+4)_ .*$", "\1", nomes[grepl (""CCF m ",
nomes) ] [1])

# Helper: locate file by pair suffix
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pegar <- function (sufixo) {

match <- todos[grepl (paste0(""CCF m ", poco, " ", sufixo, "\.png$"),
nomes) ]
if (length (match) == 0) stop(paste("File not found:", sufixo))
match[1]
}
arquivos 6 <- c(pegar ("HSGR HFK"), pegar ("HSGR HTHO"), pegar ("HSGR HURA"),
pegar ("HTHO HFK"), pegar ("HTHO HURA"), pegar ("HFK HURA"))

# Overlay circled letter labels
png para ggplot <- function (caminho, rotulo = "") {
img <- readPNG (caminho)
raster <- rasterGrob (img, interpolate = TRUE)
p <- ggplot() +
annotation custom(raster, xmin=-Inf, xmax=Inf, ymin=-Inf, ymax=Inf) +
theme void()
ggdraw (p) +
draw_grob (circleGrob (x=0.055, y=0.94, r=0.035,
gp=gpar (fill="white", col="black", 1lwd=1.5))) +
draw_label (rotulo, x=0.055, y=0.94, hjust=0.5, vjust=0.5,

size=14, fontface="plain", color="black")
}
plots <- mapply (png para ggplot, caminho=arquivos 6,
rotulo=c ("A","B","C","D","E","F"), SIMPLIFY=FALSE)
figura final <- (plots[[1l]] | plots[[2]] | plots[[3]]) /
(plots[[4]1] | plots[[5]] | plots[[6]])

ggsave (file.path(pasta png, pasteO("painel 2x3 LETTERS ", poco, ".png")),
plot=figura final, width=18, height=10, dpi=300)
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Figure S1: Plot of the total gamma-ray time series and its component channels. Hole U1579D = Panels: (A) HSGR, (B) HURA, (C) HFK, (D) HTHO. Hole U1514C =
Panels: (E) HTHO, (F) HFK, (G) HURA, (H) HSGR. These were the time series to which the cross-correlation function was applied.
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Figure S2: Cross-correlation function (CCF) analyses for all NGR proxy pairs at both IODP holes, showing correlation coefficient versus lag (m). Hole U1579D = upper
panels: (A) HSGR-HFK, (B) HSGR-HTHO, (C) HSGR-HURA, (D) HTHO-HFK, (E) HTHO-HURA, (F) HFK-HURA. Hole U1514C = lower panels. Dashed red line

indicates the lag at maximum |r|. Zero-lag, high-|r| correlations for HTHO (panels B and D) and HFK (panels A and D) with HSGR confirm synchronous response to the
primary detrital clay-flux signal. For instance, the systematic positive lag of HURA relative to HTHO in panel E (2.438 m) and relative to HFK in panel F (—9.449 m) is
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interpreted as perhaps post-depositional uranium remobilisation under variable redox conditions.
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Text S2: INPEFA Methodology, Parameter Sensitivity and Annotated Python Script

S2.1 Methodological background
The Integrated Prediction Error Filter Analysis (INPEFA) is a wireline log processing technique
originally developed for stratigraphic correlation in the petroleum industry (Nio et al., 2005; de Jong et al.,

2007) and subsequently applied to cyclostratigraphic analysis of deep-sea sediment sequences (Zulivandama
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et al.,2018; Liu ef al., 2024). The method detects depositional trend changes by quantifying the departure of
an observed stratigraphic series from the behaviour predicted by an autoregressive (AR) model fitted to

previous samples.

S2.2 Mathematical formulation
S2.2.1 Prediction Error Filter Analysis (PEFA)

The prediction error e_n at stratigraphic position n is defined as:

en=yn-3(i=l top) Ci -y (n-1i)

where y_n is the observed proxy value at position n, C i are the autoregressive coefficients estimated
by the Burg method (forward-backward least-squares), and p is the prediction order (filter length). The term X
C_i-y_(n—i) is the value predicted by the AR model from the preceding p samples. Positive prediction errors
indicate that the observed value exceeds the model prediction, corresponding to upward increases in the proxy
(here HTHO); negative errors indicate that the observed value falls below the prediction, corresponding to

decreasing proxy values.

Prediction coefficients C i are estimated using the Burg algorithm, which optimises forward and
backward prediction simultaneously and is numerically stable for the short-to-moderate AR orders used here.
The prediction order p is set to a length approximately equivalent to 10 m, following the recommendation of
Nio et al. (2005) and de Jong et al. (2007); at the 0.1524 m sampling interval this corresponds to p = 66
coefficients. Sensitivity testing showed that varying p between 40 and 90 coefficients produced no qualitatively

significant change in the INPEFA curves at U1579D, confirming the robustness of the result within this range.

S2.2.2 INPEFA integration
The INPEFA curve is computed as the running sum (numerical integration) of the PEFA prediction

errors from the first sample to sample t:

INPEFA(t) = Z(i=1 to t) e i

This integration acts as a low-pass filter on the PEFA series, suppressing high-frequency noise and
revealing trends operating at stratigraphic scales longer than the prediction filter length. The INPEFA curve
increases (positive slope) when the proxy values consistently exceed their AR predictions, interpreted as a
transgressive phase in the context of sequence stratigraphy, and decreases (negative slope) when values
consistently fall below predictions, interpreted as a regressive phase. Inflection points in the INPEFA curve
mark transitions between depositional regimes and may correspond to sequence boundaries, maximum

flooding surfaces, or major palacoenvironmental events.
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S2.3 Detrending approach applied in this study

A single INPEFA product is presented for both Holes U1579D and U1514C. The HTHO series was
detrended using a locally weighted scatterplot smoothing (LOWESS) function with a 35% bandwidth prior to
PEFA computation. Subtraction of the LOWESS curve attenuates the bulk of the long-wavelength signal and
enhances fourth-order (E405-scale) cyclicity. This parameterisation was selected after testing multiple
methods that imply spectral attenuation (5%, 35%, linear detrend, demean detrend and original). The 35%
LOWESS provided the clearest correspondence between INPEFA oscillations and previously identified E405
cycle positions, while avoiding over-smoothing that would suppress genuine depositional cyclicity at both
holes. It should be noted that this selection criterion implies that the INPEFA curves are not fully independent
of the cyclostratigraphic analysis; they are therefore presented as complementary depositional trend indicators

consistent with the orbital framework, rather than as independent cross-checks.

S2.4 Interpretation framework

The INPEFA method was originally formulated for shallow-water siliciclastic settings (Nio et al.,
2005; de Jong et al., 2007). Its application to deep-water pelagic carbonates requires adaptation of the
interpretive framework: in this setting, HTHO variability primarily records orbital-scale terrigenous clay flux,
so INPEFA inflection points are interpreted as changes in the terrigenous-to-carbonate depositional balance

rather than as classical shallow-water sequence boundaries or maximum flooding surfaces sensu stricto.

Within a sequence stratigraphic framework, upward INPEFA trends in the HTHO series correspond
to intervals of increasing clay-mineral content (higher Th concentrations), broadly consistent with enhanced
terrigenous clay flux to the deep-water site (analogous to a transgressive-highstand phase in conventional
sequence stratigraphy). Downward INPEFA trends reflect decreased clay input, consistent with reduced clay
input and increased carbonate dilution (analogous to a lowstand or regressive phase). This interpretation is
consistent with the theoretical basis of the INPEFA method (Nio et al., 2005) and with the comparison between
the INPEFA curve and the Paleocene barystatic sea-level record of Miller et al. (2024).

The two-phase depositional structure identified at U1579D, a gradually decreasing INPEFA trend from
the K-Pg boundary to ~330 m WMSEF, followed by an abrupt shift at ~325 m WMSF into a heterogeneous
plateau, broadly tracks the transition from the cooler, more stable middle Paleocene to the progressively
warming and carbon-cycle-destabilised late Paleocene interval documented in global benthic isotope records
(Zachos et al., 2001; Barnet et al., 2019). The abrupt inflection at ~325 m WMSF coincides with the prominent
positive HTHO anomaly constrained to ~58.15 Ma ("*" event; Littler ef al., 2014; Hollis et al., 2022), and the
secondary positive inflection at ~300 m WMSF is broadly consistent with the Barnet et al. (2019) PETM event
band in the tuned ATS.

At U1514C, the INPEFA curve shows a general decreasing trend from the K-Pg boundary at ~395 m
WMSF to approximately ~340 m WMSF, reflecting an interval of relatively reduced terrigenous flux

consistent with the early Paleocene carbonate recovery phase. The trend then reverses to a gentle rise
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culminating in an abrupt positive inflection at approximately ~313 m WMSF, co-temporal with the anomaly
identified as the "*" event, followed by a decreasing trend toward ~280 m WMSF and a secondary inflection
consistent with the PETM event band. These trends broadly parallel those at U1579D, supporting a globally
coherent depositional response to the major Paleocene carbon-cycle transitions. However, the INPEFA signal
at UI514C is noisier and less clearly structured than at U1579D, consistent with the greater lithological

heterogeneity and intermittent reworking at the Mentelle Basin hole.

S2.5 Software, packages, and reproducibility

All INPEFA analyses were performed in Python 3 (v.3.13.x) using a Jupyter Notebook environment.
The implementation is adapted from the open-source PyNPEFA package
(https://github.com/daely/PyNPEFA), with minor modifications to input handling and detrending options. The
following packages are required: numpy (van der Walt et al., 2011), pandas (McKinney, 2010), scipy (Virtanen
et al., 2020), matplotlib (Hunter, 2007), statsmodels (Seabold and Perktold, 2010), spectrum (Cokelaer, 2017),
and cvxopt (Andersen et al., 2013). The full annotated notebook is available upon request from the

corresponding author.

S2.6 Annotated Python script

The complete script is reproduced below for transparency and reproducibility. Path wvariables
(diretorio, arquivo) are specific to the authors' local environment and must be adapted by the user. Well and
file identifiers are omitted from the reproduced script; the depth window used for Hole U1579D (IODP
Expedition 392) corresponds to approximately 265-440 m WMSF, while the depth window used for Hole
U1514C (IODP Expedition 369) corresponds to approximately 255-410 m WMSF.

#H#H4HH#H#4E LIBRARY IMPORTS #########44

$matplotlib inline

import matplotlib.pyplot as plt
import numpy as np

import pandas as pd

from scipy import signal as sig
from cvxopt import matrix

from spectrum.burg import arburg2

import statsmodels.api as sm

#H4H#H# #4444 INPUT PARAMETERS ##########4#

filtersize meter = 10 # Filter size in metres (prediction window) .
Default = 10
diretorio = "./" # Path to working directory — adapt to local
environment
arquivo = "[hole] HTHO [depth range] rsp0.1524.txt" # Input filename —

adapt to local environment
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dg = pd.read table(diretorio + arquivo, sep="\s+", header=None)

header profundidade = "DEPTH" # Depth column label
header GR = "HTHO" # Proxy column label
dg.columns = [header profundidade, header GR]

#H######4##4#4# FUNCTION DEFINITIONS ##########4

def INPEFA (df, ordem) :

# Reorganise data into matrix format required by _arburg?2

dg = pd.DataFrame ([np.array (df ["HTHO"])], columns=[df["MD"]])
y = dg.iloc[0]
y = matrix(y)

# Burg AR model: estimate prediction coefficients

bffy = arburg2(y, ordem) [0].real

# PEFA: convolve series with prediction coefficients

pffy = sig.convolve (y, np.reshape (bffy, (len(bffy), 1)), mode="same")

# INPEFA: cumulative sum of PEFA (integrated bottom-up)
iipfy = np.cumsum (pffy[::-1])[::-1]

# Normalise to [-1, 1]
ipfy = iipfy / max(abs (iipfy))

# Depth alignment: shift by half the filter order
ipfy = np.roll (ipfy, int (ordem / 2))

return ipfy

def filtersize sample(df, filtersize meter):
# Convert filter size from metres to number of samples
first row value = df["MD"].iloc[0]

df ["MD"].iloc[-1]

amostragem = (last row value - first row value) / (len(df) - 1)

last row value

ordem = int(filtersize meter / amostragem)

return ordem

# Prepare working DataFrame and compute filter size in samples
df = dg[[header profundidade, header GR]]

df = df.set axis(["MD", "HTHO"], axis=l)
filtersize = filtersize sample(df, filtersize meter)
x = np.array (df ["MD"]) # Depth array
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original = np.array (df ["HTHO"]) # Raw HTHO series

# INPEFA from raw (undetrended) series

inpefa original = INPEFA(df, filtersize)

$#4H##4##44# MEAN DETREND ##4###4##4##4

coefficients = np.polyfit(x, original, O0) # Fit constant (mean)
media model = np.polyld(coefficients)
media trend = media model (x)

media detrended = original - media trend

dk = pd.DataFrame (data=media detrended, columns=["HTHO"])
dk["MD"] = df["MD"]
inpefa dmedia = INPEFA(dk, filtersize)

#4444 444444 LINEAR DETREND ######4###4#

coefficients = np.polyfit(x, original, 1) # Fit linear trend
linear model = np.polyld(coefficients)

linear trend = linear model (x)

linear detrended = original - linear trend

dk = pd.DataFrame (data=linear detrended, columns=["HTHO"])
dk["MD"] = df["MD"]
inpefa dlinear = INPEFA(dk, filtersize)

FHEHFHHFHHHE LOWESS 35% DETREND (primary approach) ###########

lowess = sm.nonparametric.lowess

lowess trend = lowess (original, x, frac=0.35, it=0) # frac=0.35: 35%
bandwidth

lowess detrended = original - lowess trend[:, 1]

dl = pd.DataFrame (data=lowess detrended, columns=["HTHO"])
dl["MD"] = df["MD"]
inpefa dlowess 35pc = INPEFA(dl, filtersize)

#H##4###H 44 LOWESS 5% DETREND ######## 444

lowess = sm.nonparametric.lowess

lowess trend = lowess (original, x, frac=0.05, it=0) # frac=0.05: 5%
bandwidth

lowess detrended = original - lowess trend[:, 1]

dl = pd.DataFrame (data=lowess detrended, columns=["HTHO"])
dl["MD"] = df["MD"]
inpefa dlowess 5pc = INPEFA(dl, filtersize)
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HH4H##4H##4## COMPOSITE FIGURE — ALL INPEFA VARIANTS ##########4#

plt.figure(figsize=(10, 4.5), facecolor="w", edgecolor="k")

plt.subplot(161)

plt.plot (original, -x, label="original")
plt.grid(True); plt.minorticks on(); plt.legend()
plt.title ("HTHO original")

plt.subplot (162)

plt.plot (inpefa original, -x)
plt.grid(True); plt.minorticks on()
plt.title("IPF original")

plt.subplot (163)

plt.plot (inpefa dmedia, -x)
plt.grid(True); plt.minorticks on()
plt.title("IPF dmedia")

plt.subplot (164)

plt.plot (inpefa dlinear, -x)
plt.grid(True); plt.minorticks_on()
plt.title ("IPF dlinear")

plt.subplot (165)
plt.plot (inpefa dlowess 35pc, -x)
plt.grid(True); plt.minorticks on()
plt.title ("IPF dlowess 35%")

plt.subplot (166)
plt.plot (inpefa dlowess 5pc, -x)
plt.grid(True); plt.minorticks on()
plt.title ("IPF dlowess 5%")

plt.subplots adjust (wspace=0.5, hspace=0.5)

# Save figure — adapt filename to local environment

plt.savefig(diretorio + "[hole] HTHO [depth range] inpefa.pdf",
format="pdf")

# Export all INPEFA curves and raw series as text files
np.savetxt (diretorio + "HTHOR original.txt",

np.column stack((x, original)), fmt="%.6f")
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np.savetxt (diretorio + "IPF original.txt",

np.column stack((x, inpefa original)), fmt="%.6f")

np.savetxt (diretorio + "IPF dmedia.txt",

np.column stack((x, inpefa dmedia)), fmt="%.6f")

np.savetxt (diretorio + "IPF dlinear.txt",

np.column_stack((x, inpefa dlinear)), fmt="%.6f")

np.savetxt (diretorio + "IPF dlowess 35pc.txt",

np.column_stack((x, inpefa dlowess 35pc)), fmt="%.6f")

np.savetxt (diretorio + "IPF dlowess b5pc.txt",

np.column_stack((x, inpefa dlowess 5pc)), fmt="%.6f")

plt.show()
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Text S3. Detrending Method Evaluation: Comparison and Selection Rationale

S3.1 Overview

Five detrending approaches were evaluated for the HTHO log at both holes prior to cyclostratigraphic
analysis: (i) undetrended (raw) signal; (ii) linear detrend; (iii) LOESS 25%; (iv) High-Pass Butterworth at 0.05
cycles/m; and (v) High-Pass Butterworth at 0.1 cycles/m. Figure S3 presents all five detrended series (panels
A-E) for U1579D, and Figure S4 presents the corresponding series for U1514C, both superimposed on the raw
signal (shown in grey), to allow direct visual comparison of their morphological characteristics. Method
selection was based on a multi-criteria assessment comprising: (a) morphological evaluation of the detrended
series; (b) comparison of MTM power spectra; and (¢) COCO-derived SAR solutions. The primary analysis
(main text, Figs. 3 and 4) uses the High-Pass Butterworth filter at 0.1 cycles/m (panel E of Figs. S3 and S4) as
the preferred detrending method at both wells. The Butterworth high-pass filter was implemented with a cutoff
at 0.1 cycles/m. The lower edge of the E405 band (~8.40 m at U1579D, ~7.19 m at U1514C, corresponding to
~0.119 and ~0.139 cycles/m, respectively) falls close to this cutoff, implying a modest attenuation of the
lowest-frequency E405 energy; however, as shown in the EHA (Figs. 3G and 4G of the main text), the E405
band is robustly identified throughout both sections, and, in the case of Hole U1579D, clearly distinguishable
from the adjacent signal regarded as Myr-scale modulation (Fig. S5G). Therefore, is understood that this edge-
band attenuation should not affect the E405-kyr cycle count or the SAR estimates.
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S3.2 Rationale for High-Pass 0.1 selection

The raw HTHO series at U1579D exhibits dominant spectral energy at multi-decametre wavelengths
corresponding to million-year-scale eccentricity amplitude modulation. This long-period energy is clearly
visible as a broad, smooth oscillation in the undetrended signal (Fig. S3A) and persists as a dominant spectral
feature in both the linear detrend (Fig. S3B) and LOESS 25% (Fig. S3C) outputs. Under linear detrending, the
million-year-scale energy cannot be adequately removed, and its residual presence in the detrended series
contaminates the orbital band, generating spurious COCO SAR solutions of 4-18 cm/kyr through spectral
frequency overlap (see also Fig. S4 and the extended discussion in Text S4). Similarly, the LOESS 25% filter
does not suppress energy at periods substantially longer than the bandwidth window length, leaving residual

million-year variance that affects spectral interpretation.

The High-Pass Butterworth filter at 0.05 cycles/m (Fig. S3D) removes more of this long-period energy,
but the relatively gentle spectral roll-off at this cutoff allows partial contamination from the Myr-scale cycles
to persist into the orbital band. The High-Pass Butterworth at 0.1 cycles/m (Fig. S3E) provides a steeper cutoff
that cleanly suppresses all energy below this frequency while preserving the E405 signal band (~0.12-0.24
cycles/m) and shorter orbital periodicities. Although High-Pass filtering is not the most conventional
detrending method in cyclostratigraphy, its use is justified by the demonstrated spectral characteristics of this
record, following the principle that pre-spectral removal of non-orbital variance improves orbital frequency

detection (Meyers, 2012; Hinnov, 2013, 2018; Li et al., 2019).

At U1514C, the case for High-Pass 0.1 filtering is even stronger than at U1579D. Under linear
detrending, the EHA at U1514C shows a continuous merger of the million-year energy with the E405 band
(Supplementary Fig. S6G), making E405 identification impossible without prior high-pass filtering. The High-
Pass 0.1-filtered EHA at U1514C (Fig. 4G of the main text) shows the E405 band more clearly defined and
persistent throughout the section, supporting the argument that the filter successfully isolates the orbital band
at this hole as well. The High-Pass 0.1 filter is therefore adopted as the primary detrending approach throughout
this study.
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Figure S3: Comparison of detrending methods applied to the HTHO log at Hole U1579D (IODP Expedition 392). (A) Raw (undetrended) signal. (B) Linear detrend. (C)
LOESS 25%. (D) High-Pass Butterworth at 0.05 cycles/m. (E) High-Pass Butterworth at 0.1 cycles/m. The raw signal is shown in grey for reference in panels B-E. The
High-Pass 0.1 detrend (panel E) is adopted as the primary approach in this study, as it cleanly suppresses the dominant million-year-scale eccentricity modulation energy
visible in panels A-C while preserving the E405 signal band and shorter orbital periodicities.
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Figure S4: Comparison of detrending methods applied to the HTHO log at Hole U1514C (IODP Expedition 369). Panels as in Fig. S3. Note the higher raw HTHO values
(~2-10 ppm) relative to U1579D (~0.5-4 ppm), reflecting the greater clay content of the Clayey Nannofossil Chalk facies at this well. The High-Pass 0.1 detrend (panel
E) effectively isolates the orbital band and is the primary detrending approach applied at U1514C throughout this study. The prominent positive HTHO spike at ~313 m
‘WMSE, visible in all detrended series, corresponds to the "*" event anomaly constrained to ~58.15 Ma.
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Text S4. Linear Detrend Cyclostratigraphic Analyses: Methodology and Interpretation

S4.1 Overview

Figure S5 and S6 present the full cyclostratigraphic analysis of the HTHO series from Holes U1579D
and U1514C, respectively, under linear detrending. This figures serves two purposes: (1) they document the
spectral and SAR characteristics of the raw minus linear-trend signal for reference and comparison; and (2)
they provide the primary methodological justification for the adoption of the High-Pass Butterworth filter as
the preferred detrending approach. The linear detrend results are not used for orbital identification or ATS

construction; they are retained as supplementary material to ensure methodological transparency.

S4.2 Linear detrending procedure

Linear detrending was performed by fitting a least-squares regression line to the full HTHO depth
series over the studied interval (K-Pg to PETM interval, ~265-440 m WMSF-U1579D and ~255-410 m
WMSF-U1514C) and subtracting the fitted trend from the observed values. This removes a first-order increase
or decrease in HTHO with depth but leaves all shorter-wavelength variability intact, including any multi-
decametre (million-year-scale) energy present in the signal. The detrended series was then analysed using the

same MTM, EHA, and COCO/eCOCO procedures applied to the High-Pass 0.1-filtered series.

S4.3 Figure organisation

Figure S5 shows the results of the cyclostratigraphic analysis carried out on the HTHO data from
U1579D using linear detrending; Figure S6 shows the corresponding analysis for U1514C. It follows the same
panel layout as that used in the main analysis, with the exception of Panel C (Fig. 3 of the main text), with
panels organised as follows: (A) HTHO/HFK ratio; (B) INPEFA with LOWESS 35% detrend applied to the
RAW HTHO data; (C) Gaussian-filtered million-year modulation bands, isolating the long-period energy that
dominates this detrend; (D) Gaussian-filtered E405-kyr signal; (E) linearly detrended HTHO; (F) MTM

spectral analysis with confidence levels and F-test results; (G) EHA showing the spectral energy distribution
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along the depth axis; (H) COCO null hypothesis; (I) COCO correlation coefficient and number of contributing

orbital parameters; (J) Ecoco.

S4.4 Interpretation: U1579D

Under linear detrending at U1579D, the MTM power spectrum (Fig. S5F) is dominated by spectral
peaks at multi-decametre wavelengths (~49-13 m), exceeding the 99% confidence level. These correspond to
what was interpreted as Myr-scale eccentricity amplitude modulation cycles, whose filtered expression is
shown in panel C. The Gaussian-filtered signal in panel C shows a smooth, long-wavelength oscillation with
amplitude ~1-2 frequency units that tracks the bulk variation in HTHO along the section, demonstrating

visually the energy that must be suppressed before orbital analysis.

In the EHA (Fig. S5G), the E405 band is visible but its energy merges at lower frequencies with the
million-year signals, creating an ambiguous spectral landscape in which COCO identifies spurious SAR
solutions of 4-18 cm/kyr (Fig. S5H-J). These artefacts arise because the COCO algorithm achieves high
correlations with the La2004 orbital target by identifying the million-year energy as E405 and reinterpreting
the true E405 signal as a shorter-period cycle. Although this frequency overlaping problem is less severe at
U1579D than would be observed in more lithologically heterogeneous settings, the Myr-scale cycle envelope
still introduces enough low-frequency variance to render reliable E405 identification and COCO-based SAR
estimation impossible without prior High-Pass filtering. The High-Pass 0.1 filter mitigates this issue (see Text

S3 and Fig. S3).

S4.5 Interpretation: U1514C

Under linear detrending at U1514C, the MTM power spectrum (Fig. S6F) is dominated by spectral
peaks at multi-decametre wavelengths (~43-13 m), exceeding the 95% confidence level. These correspond to
the million-year-scale eccentricity amplitude modulation cycles, whose filtered Gaussian expression is shown
in panel C of Fig. S6. The key distinction from U1579D is that at U1514C, the EHA under linear detrending
(Fig. S6G) shows what was interpreted as an apparently continuous merger of the million-year spectral energy
into the E405 band, not merely a partial overlap as at U1579D, but a complete spectral continuum from ~0.02
to at least ~0.2 cycles/m that renders independent E405 identification impossible. This is the primary
methodological justification for the High-Pass 0.1 pre-processing at U1514C: the frequency overlap problem
is not a matter of degree but of observability. COCO analyses under linear detrending at U1514C accordingly
return spurious SAR solutions of 4-18 cm/kyr across the tested range (Fig. S6H-J), analogous to U1579D but
more severe. Following High-Pass 0.1 filtering, the E405 band is cleanly resolved and SAR solutions converge

on geologically consistent values of ~1.0-1.8 cm/kyr (see Text S5 and Fig. S8).
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Figure S5: Cyclostratigraphic analysis for Hole U1579D under linear detrending, illustrating the dominance of million-year-scale energy and its partial merger with the
E405 band in the EHA. (A) HTHO/HFK ratio; (B) INPEFA with LOWESS 35%; (C) Gaussian-filtered Myr-scale modulation bands, showing the long-period energy that
dominates the spectrum under linear detrending; (D) Gaussian-filtered E405-kyr signal; (E) linearly detrended HTHO; (F) MTM spectral analysis with confidence levels
and F-test results, note the dominance of low-frequency (multi-decametre) peaks; (G) EHA showing the partial merger of million-year and E405 energy at low
frequencies; (H) COCO null hypothesis; (I) COCO p and number of contributing orbital parameters, showing spurious high-SAR solutions generated by spectral
frequency overlap; (J) eCOCO. These artefacts constitute the primary methodological justification for the High-Pass 0.1 pre-processing approach adopted in this study
(see Text S3 and Fig. S3).
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Figure S6: Cyclostratigraphic analysis for Hole U1514C under linear detrending, showing the complete merger of million-year-scale energy with the E405 band in the
EHA (panel G). Panels as in Fig. S5. At U1514C, the merger of the myr-scale modulation energy (panel C) with the E405 band in the EHA is continuous and complete,
in contrast to the partial overlap at U1579D (Fig. S5G), making reliable E405 identification impossible without prior high-pass filtering. COCO analyses return spurious
SAR solutions of 4-18 cm/kyr (panels H-J), as at U1579D, but the spectral frequency overlap is more severe. These features constitute the primary justification for the
High-Pass 0.1 pre-processing at U1514C.
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Text S5: Expanded SAR Estimation: COCO, eCOCO, and TimeOpt Results

S5.1 Overview

Figures S7 and S8 present the expanded sediment accumulation rate (SAR) estimation results for Holes
U1579D and U1514C, respectively, using up to seven orbital parameters and three independent methods: the
Correlation Coefficient (COCO), the Evolutionary Correlation Coefficient (eCOCO), and TimeOpt. These
figures complement the primary cyclostratigraphic analysis (Figs. 3 and 4 of the main text) by showing the

full SAR range tested and the convergence of the three methods on a consistent, geologically plausible solution.

S5.2 Methods

S5.2.1 COCO and eCOCO

The COCO method (Li et al., 2019a) quantifies the correlation between the power spectrum of the
depth-domain proxy series and the power spectrum of the La2004 orbital solution (Laskar et al., 2004)
evaluated at a given SAR hypothesis. For each candidate SAR, the depth series is rescaled to time using that
SAR, and the resulting time-domain power spectrum is compared to the La2004 target. The SAR value that
maximises this correlation (rho) whilst rejecting the null hypothesis (HO) at p < 0.05 is reported as the COCO-
supported estimate. The eCOCO extension applies the same procedure within a sliding depth window to
resolve temporal changes in SAR along the section. Both analyses were performed with 5000 Monte Carlo
simulations, robust AR1 red-noise modelling, a maximum frequency of 1.5 cycles/kyr, and 4 slices for the
U1579D eCOCO and 5 slices for the U1514C. The La2004 solution was evaluated at 61 Ma, corresponding to

the mean age of the studied interval.

S5.2.2 TimeOpt

TimeOpt (Meyers, 2015) searches for the SAR that simultaneously optimises two criteria: (1) the fit
of the envelope of the bandpass-filtered signal to the La2004 E405 amplitude modulation envelope
(r*_envelope); and (2) the fit of the power spectrum to the full set of orbital periodicities (1> power). The
combined optimality criterion r*_opt =1>_envelope x r*_power is maximised at the best-fit SAR. TimeOpt was
applied using the La2004 solution at 61 Ma, with the E405 bandpass filter defined by the band limits identified
in the MTM analysis.

S5.3 Figure organisation
Figures S7 and S8 contain twelve panels: (A) TimeOpt r2_opt curve versus SAR, showing the peak at
the optimal SAR; (B) r* envelope versus r> power cross-plot; (C) reconstructed E405 envelope (from

TimeOpt) compared to the La2004 E405 amplitude model; (D-F) COCO results: null hypothesis significance
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level, rho, and number of contributing orbital parameters versus SAR, over the extended SAR range; (G-I)
same three COCO panels over the primary SAR range (0.5-5.0 cm/kyr); (J) eCOCO rho along the depth axis;
(K) eCOCO null hypothesis significance level; (L) number of contributing orbital parameters from eCOCO.

S5.4 Results: U1579D

At U1579D, TimeOpt identifies a primary > opt peak at ~2.12 c/kyr (Fig. S7A), with a secondary
shoulder near ~1.7 cm/kyr that falls within the COCO-supported range. COCO rejects HO at p < 0.05 for SARs
between approximately 1.1 and 1.9 cm/kyr (Figs. S7D-I), with the rho maximum concentrated at ~1.3-1.6
cm/kyr and around 5 contributing orbital parameters at the optimal SAR. The eCOCO (Figs. S7J-L) shows
that the COCO-supported SAR range is broadly stable along the section, with slight upward variation toward
the top of the Paleocene consistent with the progressive thinning of E405 cycles documented in the wavelet
analysis (Fig. S9). The combined multi-method estimate for U1579D is ~1.1-2.1 cm/kyr, with a primary
concentration at ~1.5-1.9 cm/kyr. The TimeOpt peak at ~2.12 cm/kyr likely reflects a locally higher SAR in

the upper Paleocene interval that carries more spectral weight in the global TimeOpt optimisation.

S5.5 Results: U1514C

At U1514C, TimeOpt identifies a primary r2_opt peak at ~1.62 cm/kyr (Fig. S8A), with a secondary
shoulder near ~1.3 ci/kyr that falls within the COCO-supported range. COCO rejects Ho at p < 0.05 for SARs
between approximately 1.0 and 1.8 cm/kyr (Figs. S8D-I), with the rho maximum concentrated at ~1.2-1.5
cm/kyr and up to 5 contributing orbital parameters at the optimal SAR. The eCOCO (Figs. S8J-L) shows
notable lateral variability in the supported SAR range along the U1514C section, consistent with the more
complex depositional history at this hole: the upper portion of the section (~265-360 m WMSF) shows a more
stable COCO-supported range, while the lower portion (~360-405 m WMSF) exhibits broader Ho rejection
boundaries, reflecting the possibly higher lithological heterogeneity and reduced E405 signal continuity in this
interval (see Supplementary Text S6 and Fig. S10). The combined multi-method estimate for U1514C is ~1.0-
1.8 cm/kyr, consistent with the expedition proceedings estimate of ~1.4 cm/kyr (Huber et al., 2019).
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Figure S7: Expanded SAR testing for Hole U1579D (IODP Expedition 392, Hole U1579D; High-Pass Butterworth 0.1 detrend), showing COCO, eCOCO, and TimeOpt
results over extended and primary SAR ranges. (A) TimeOpt optimal r? versus SAR, with primary peak at ~2.12 cm/kyr; (B) >_envelope vs. 1> power cross-plot; (C)
reconstructed E405 envelope (red) compared to La2004 model (black); (D-F) COCO null hypothesis, rho, and number of orbital parameters over extended SAR range (0-
20 cm/kyr); (G-I) same COCO panels over primary SAR range (0.5-5.0 cm/kyr), with Ho rejection range of ~1.1-1.9 em/kyr highlighted; (J) eCOCO rho along depth
axis; (K) eCOCO eHo significance level; (L) number of contributing orbital parameters from eCOCO. The convergence of the three methods on ~1.1-2.1 cm/kyr (primary
concentration ~1.5-1.9 cm/kyr) confirms the geological consistency of the SAR estimate at this hole.
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Figure S8: Expanded SAR testing for Hole U1514C (IODP Expedition 369, Hole U1514C; High-Pass Butterworth 0.1 detrend), showing COCO, eCOCO, and TimeOpt
results over extended and primary SAR ranges. Panels as in Fig. S7. (A) TimeOpt optimal r? versus SAR, with primary peak at ~1.62 cm/kyr; (B-C) fit panels; (D-F)
COCO null hypothesis, rho, and number of orbital parameters over extended SAR range (0-20 civ/kyr); (G-I) same COCO panels over primary SAR range (0.5-5.0
cm/kyr), with Ho rejection range of ~1.0-1.8 cm/kyr highlighted; (J) eCOCO rho along depth axis; (K) eCOCO eHo significance level; (L) number of contributing orbital
parameters from eCOCO. The eCOCO (panel J) shows greater lateral variability in the supported SAR range along the U1514C section compared to U1579D (Fig. S7J),
consistent with the more complex depositional history and lithological heterogeneity at the Mentelle Basin well.
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Text S6: Wavelet Transform Analysis: Methodology and Interpretation

S6.1 Methodological background

Extended wavelet analysis was applied to the High-Pass 0.1-filtered and raw HTHO series from both
Holes U1579D and U1514C to provide a time-frequency representation of spectral power that complements
the global MTM spectral analysis. Whereas MTM provides a single, globally averaged power spectrum for the
entire series, wavelet analysis resolves how spectral power at each frequency (or period) evolves along the
stratigraphic depth axis, making it particularly sensitive to non-stationary signals and gradual changes in

sedimentation rate.

S6.2 Wavelet transform implementation
The continuous wavelet transform (CWT) was computed using the Morlet mother wavelet, which
provides an optimal balance between time (depth) and frequency localisation for quasi-periodic geological

signals (Torrence and Compo, 1998; Weedon, 2003). The Morlet wavelet is defined as:

U(n) = o (-1/4) - exp(iwen) - exp(-n?/2)

where wo is the non-dimensional frequency (set to 6, the standard value for the Morlet wavelet, which
ensures at least one full oscillation within the wavelet envelope), and 1) is the non-dimensional time parameter.
The angular frequency wo = 6 satisfies the admissibility condition and provides good frequency resolution at

orbital periodicities relevant to this study.

The CWT was computed using the Acycle software (Li ef al., 2019), which implements the wavelet
algorithm of Torrence and Compo (1998) adapted for depth-domain stratigraphic series. The input series were
interpolated to a uniform sampling interval of 0.1524 m prior to transformation. The wavelet power spectrum

W(s, n) at scale s and depth position n is defined as:
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W(s, n) = |CWT(s, n)|?

where |-| denotes the modulus of the complex wavelet coefficient. The global wavelet power spectrum is
obtained by averaging W(s, n) over all depth positions n. The 95% significance level against a red-noise
background is estimated following the method of Torrence and Compo (1998), using an AR(1) coefficient

estimated from the input series.

S6.3 Outputs and figure organisation

Figures S9 and S10 present wavelet analyses of the High-Pass 0.1-filtered HTHO series (panels A-B)
and the raw HTHO series (panels C-D) for Holes U1579D and U1514C, respectively. Each panel pair contains:
(A/C) Period-domain wavelet power spectrum (colour-coded power as a function of depth and period in
metres, log scale); and (B/D) Frequency-domain wavelet power spectrum (same information but with the y-
axis expressed as frequency in cycles/m). For each, the 95% significance contour is overlain as a solid curve,

and the cone of influence (COI), within which edge effects reduce reliability, is shown as a shaded region.

S6.4 Interpretation of the wavelet results for U1579D

Fig S9A-B shows that the E405 signal (central period ~4-7 m; central frequency ~0.15-0.24 cycles/m)
is expressed as a near-continuous band of elevated wavelet power from ~260 m to ~430 m WMSF, exceeding
the 95% significance level throughout most of the section. The power in this band is broadly consistent with

the multi-method SAR estimates of ~1.1-2.1 cm/kyr.

In the lowermost interval (~385-433 m WMSF), the raw and lightly detrended records show three
broad high-amplitude packages spaced ~10-12 m apart. These are not individual E405 cycles; they represent
amplitude envelopes of the million-year-scale eccentricity modulation. The biostratigraphic constraints at this
depth (B Cruciplacolithus primus at 431.42 m / 65.77 Ma and B Chiasmolithus danicus at 420.25 m / 64.53
Ma) restrict the local SAR to ~0.9 c/kyr, which predicts E405 cycle thicknesses of ~3.6 m, incompatible with
a ~10-12 m E405 interpretation. After High-Pass 0.1 filtering, the million-year modulation envelope is
suppressed and the shorter internal E405 cycles of ~3-5 m become the dominant wavelet expression in this
interval. A secondary band of intermittent elevated power near ~1.4 cycles/m corresponds to the tentative

obliquity signal identified in the MTM analysis (main text).

In the raw (unfiltered) HTHO series (Fig S9C-D), U1579D exhibits dominant wavelet power at very
long periods (>8 m), corresponding to the myr-scale eccentricity modulation cycles identified in the MTM
analysis. This long-period energy is expressed as a broad, high-amplitude band occupying the lowest-
frequency portion of the wavelet spectrum, and is present throughout the full depth range. Its dominance in the
raw record, relative to the E405 band, demonstrates visually the necessity of the High-Pass 0.1 pre-filtering
step: without filtering, the million-year-scale energy would obscure the E405 signal in any spectral analysis.

At U1579D, the long-period energy and the E405 band remain visually separable in the raw wavelet, consistent
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with the observation that the frequency overlap problem, while present, is less severe here than in more

lithologically heterogeneous settings.

S6.5 Interpretation of the wavelet results for U1514C

At U1514C, the filtered wavelet spectrum shows the E405 signal expressed as an elevated power band
from ~265 to ~405 m WMSF, but with notably greater spatial variability than at U1579D (Fig. SI0A-B). In
the upper portion of the section (~265-360 m WMSF), more clearly defined cycles of ~4-6 m exceed the 95%
significance level intermittently, consistent with the multi-method SAR estimates of ~1.0-1.8 cm/kyr. A
gradual upward thinning of cycles toward ~4 m near the top of the section is consistent with a possible decrease
in sediment accumulation rate from the lower to upper Paleocene at this hole, possibly reflecting progressive
changes in carbonate preservation during Paleocene warming. In the lower portion (~360-405 m WMSF),
cycle thicknesses are irregular and the E405 band shows reduced and discontinuous power. This pattern reflects
the combined effects of higher lithological heterogeneity, lower signal-to-noise ratio, and residual
contamination from long-period myr-scale energy in this interval, and is not interpreted as a meaningful change

in the E405 cycle structure. Caution is therefore advised when interpreting the wavelet pattern in U1514C.

In the raw (unfiltered) HTHO series at U1514C, the wavelet spectrum is dominated by long-period
energy at >8 m, corresponding to the myr-scale eccentricity modulation cycles (Fig. SI0C-D). The raw HTHO
values at U1514C are substantially higher than at U1579D (~2-10 ppm versus ~0.5-4 ppm), reflecting the
greater clay content of the Clayey Nannofossil Chalk facies. The long-period energy in the raw wavelet
spectrum is both higher in absolute power and more spectrally diffuse at U1514C than at U1579D, consistent
with the greater non-orbital lithological variability at the Mentelle Basin hole. This diffuse long-period energy
is the primary source of the continuous EHA spectral merger observed under linear detrending (Supplementary
Fig. S6G) and further confirms the necessity of High-Pass 0.1 pre-filtering for reliable orbital analysis at
Ul514C.

S6.6 Limitations

The wavelet approach is subject to two main limitations in this context. First, the cone of influence
(COI) reduces the interpretable depth range near the top and bottom of each series by a distance approximately
equal to one half-wavelength of the period of interest (Torrence and Compo, 1998). For E405-scale signals
(~6-8 m period), this corresponds to an edge-affected zone of ~3-4 m at each end of the series, which is
negligible relative to the total series length (~165 m at U1579D). Second, the wavelet power at any given depth
position represents an average over a depth window of approximately one wavelength, so features shorter than
one E405 cycle (~6-8 m) cannot be resolved as depth-specific events. The INPEFA method, which operates in
depth space without spectral averaging, is therefore better suited to identifying abrupt depositional events such

as the anomaly at ~325 m WMSF.
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Figure S9: Extended wavelet analysis of HTHO at Hole U1579D (IODP Expedition 392). (A-B) High-Pass 0.1 filtered series: period-domain (A) and frequency-domain
(B) representations. (C-D) Raw (unfiltered) HTHO series: period-domain (C) and frequency-domain (D) representations. In the period-domain scalograms (A, C), colour
represents wavelet power on a logarithmic scale, with warm colours (red-brown) indicating high spectral power at a given period-depth combination and cool colours
(blue) indicating low power. In the frequency-domain panels (B, D), colour likewise represents spectral power as a function of frequency and depth. The 95%
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Figure S10: Extended wavelet analysis of HTHO at Hole U1514C (IODP Expedition 369). (A-B) High-Pass 0.1 filtered series: period-domain (A) and frequency-domain
(B) representations. (C-D) Raw (unfiltered) HTHO series: period-domain (C) and frequency-domain (D) representations. Panels as in Fig. S9. In the filtered record (A-B),
the E405 signal is intermittently expressed as an elevated power band from ~265 to ~405 m WMSF, with greater spatial variability than at U1579D (Fig. S9A-B), reflecting
the more heterogeneous lithological substrate and lower signal-to-noise ratio at the Mentelle Basin hole. The upper portion (~265-360 m WMSF) shows more clearly
defined cycles of ~4-6 m consistent with multi-method SAR estimates; the lower portion (~360-405 m WMSF) shows irregular cycle thicknesses and reduced E405 power.
In the raw record (C-D), dominant power at very long periods (>8 m) is both higher in absolute power and more spectrally diffuse than at U1579D, reflecting the greater
long-period non-orbital variance at U1514C and the necessity of High-Pass 0.1 pre-filtering for orbital analysis.
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Text S7: E405-kyr cycle positions for Holes U1579D and U1514C

The depth positions and thicknesses of individual E405 cycles identified in the HTHO records of Holes
U1579D (Agulhas Plateau) and U1514C (Mentelle Basin) are summarised in Table S1. Cycle boundaries were
placed at the minima of the bandpass-filtered HTHO series and define the lower and upper depth limits of each
cycle in the wireline depth scale. Cycle thicknesses range from 4.11 to 11.89 m at U1579D (mean ~5.9 m) and
from 3.50 to 7.62 m at U1514C (mean ~5.2 m), broadly consistent with the multi-method SAR estimates of
~1.1-2.1 cm/kyr and ~1.0-1.8 cm/kyr, respectively. Where successive cycles could not be individually
resolved in the EHA, owing to reduced signal continuity or locally elevated noise, they are listed as a merged
pair (e.g. cycles 8+9, 14+15). A total of 31 cycles are identified at U1579D and 29 at U1514C, spanning the

full investigated interval.

Table S1. E405-kyr cycle positions and thicknesses for Holes U1579D (Agulhas Plateau) and U1514C (Mentelle
Basin)

Hole U1579D - Agulhas Plateau (Expedition 392)

Cycle Number sznwgl\]/;isr;l;t ?&p%;?;t Thickness (m)

1 432.58 426.94 5.64

2 426.94 421.00 5.94

3 421.00 416.42 4.58

4 416.42 411.24 5.18

5 411.24 405.91 5.33

6 405.91 400.88 5.03

7 400.88 395.24 5.64

8+9 395.24 384.88 10.36
10 384.88 378.02 6.86
11 378.02 372.07 5.95
12 372.07 364.15 7.92
13 364.15 357.75 6.4
14+15 357.75 348.61 9.14
16 348.61 343.12 5.49
17 343.12 337.63 5.49
18+19 337.63 329.25 8.38
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20 329.25 32331 5.94

21 32331 318.13 5.18
22 318.13 313.25 4.88
23 313.25 307.00 6.25
24 307.00 300.90 6.1
25 300.90 294.96 5.94
26 294.96 290.85 4.11
27 290.85 285.97 4.88
28 285.97 280.33 5.64
29+30 280.33 268.44 11.89
31 268.44 263.26 5.18

Hole U1514C — Mentelle Basin (Expedition 369)

Lower Limit Upper Limit

Cycle Number (m WMSF) (m WMSF) Thickness (m)

1 393.76 388.27 5.49
2+3 388.27 381.57 6.7
4 381.57 377.76 3.81

5 377.76 373.03 4.73

6 373.03 368.46 4.57

7 368.46 364.80 3.66

8 364.80 360.08 4.72

9 360.08 354.74 5.34
10 354.74 349.56 5.18
11+12 349.56 342.40 7.16
13+14 342.40 334.78 7.62
15 334.78 329.29 5.49
16 329.29 323.81 5.48
17 323.81 318.93 4.88
18 318.93 314.51 4.42
19 314.51 309.63 4.88
20+21 309.63 302.32 7.31
22 302.32 296.68 5.64
23 296.68 291.65 5.03
24 291.65 288.15 3.5
25 288.15 283.42 4.73
26 283.42 278.54 4.88
27 278.54 274.73 3.81
28 274.73 270.01 4.72
29 270.01 265.13 4.88
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8 CONCLUDING REMARKS

In this work, we applied cyclostratigraphic methods to spectral gamma-ray thorium data from two
Paleocene deep-marine sequences recovered during IODP Expeditions 392 and 369, at Holes U1579D
(Agulhas Plateau, South Indian Ocean) and U1514C (Mentelle Basin, western Australia), respectively. The
studied intervals span the entire Paleocene, from the K-Pg boundary (~66 Ma) to the PETM (~56 Ma),
providing an approximately 10 million-year-long record of orbital cyclicity in the Indian Ocean sector.

The cross-correlation analysis (CCF) of the available spectral gamma-ray channels demonstrated that
thorium (HTHO) constitutes the most reliable proxy for orbital signal detection in both pelagic carbonate
sequences. The strong zero-lag correlation of HTHO with total NGR and potassium (HFK), combined with
the phase lags and weak coherence exhibited by uranium (HURA) - of 2.44 m at U1579D and 3.96 m at
U1514C, suggests that potential diagenetic remobilisation compromises the use of uranium as a
cyclostratigraphic proxy in these settings. This conclusion has practical implications for the selection of proxies
in future cyclostratigraphic investigations of similar depositional environments.

MTM spectral analysis and EHA of the detrended thorium series identify a dominant E405-kyr
periodicity at both holes, with band limits of 4.55-8.40 m at U1579D and 4.24-7.19 m at U1514C. COCO,
eCOCO, and TimeOpt analyses converge on sediment accumulation rate (SAR) estimates of ~1.1-2.1 cm/kyr
for U1579D and ~1.0-1.8 cm/kyr for U1514C, consistent with the average SARs reported by the respective
expedition proceedings (~1.7 cn/kyr for U1579D and ~1.4 cm/kyr for U1514C). Short eccentricity cycles are
indicated, but their expression is not continuously resolved across the full depth interval; obliquity is tentatively
identified at U1579D while absent at U1514C; precession is unresolvable once frequencies are probably below
the Nyquist frequency.

Approximately 25.5 and 25 E405 cycles are identified between the K-Pg boundary and the PETM at
the U1579D and U1514C records, respectively — therefore provisionally constraining the PETM to ~55.7-55.9
Ma. These counts are consistent with the 25-cycle Paleocene astrochronological framework now favoured by
most recent studies (Hilgen et al., 2010; Dinarés-Turell et al., 2014; Clyde et al., 2016), supporting a PETM
age close to 56.01 + 0.05 Ma (Zeebe and Lourens, 2019). Nevertheless, it is important to point out differences
on the MTM and EHA patterns that could be observed for cyclostratigraphic results from both sites. Although
both ATSs were quite compatible in terms of number of recorded E405 cycles, we noticed two distinct
frequency components partially overlap within the U1514C stratigraphic interval, which possibly caused an
apparent transient coalescence between low-frequency spectral power and the E405 component - therefore
revealing a more complex influence comprising million-year-scale variability, finite depth—frequency
resolution, and SAR changes.

A particularly important finding of this study is the identification of prominent positive HTHO
anomalies at ~325 m WMSF (U1579D) and ~313 m WMSF (U1514C) as co-temporal at ~58.15 Ma. Their
simultaneous expression at the Agulhas Plateau and the Mentelle Basin, two widely separated holes in the

Indian Ocean, argues for a globally coherent sedimentary event rather than a local depositional artefact. This
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age corresponds to the unnamed "*" CIE event originally identified by Littler e a/. (2014) and retained in the
orbital framework of Barnet et al. (2019), which marks the termination of the Paleocene Oxygen Isotope
Maximum (POIM, 59.7-58.1 Ma) and the end of the 6'*C-5'0 decoupling interval that begins with the ELPE
(~59.2 Ma). As characterised by Hollis ef al. (2022), the "*" CIE occurs close to an eccentricity minimum and
is understood as not being a classical hyperthermal; its positive HTHO expression at both holes is consistent
with enhanced clay flux or carbonate dilution during this global carbon-cycle transition. Confirmation of the
precise nature of this anomaly requires direct carbon and oxygen isotope data from these wells.

INPEFA modelling allowed for the identification of trend reversals at both holes that are consistent
with depositional regime changes at the K-Pg boundary and near the ELPE/"*" event interval, and also broadly
consistent with the Paleocene barystatic sea-level record of Miller et al. (2024). At U1579D, the INPEFA
modeled curve shows a major trend shift at ~325 m WMSEF, coinciding with the "*" event anomaly and possibly
reflecting the documented transition from the relatively stable early-mid Paleocene to the progressively
warming and carbon-cycle-destabilised late Paleocene.

These results contribute to the refinement of the Paleocene chronostratigraphic framework in the
Indian Ocean sector, expand the geographic coverage of orbital calibration beyond the classical Atlantic and
Pacific reference sections, and provide a new independent constraint on the timing and palaeoclimatic context
of the "*" event at ~58.15 Ma. Future work incorporating direct isotopic (6'*C, 830, 5''B) measurements from
these holes would be essential for fully characterising this event and further examination of our

cyclostratigraphic age model.
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