
1. Introduction
The Eocene Epoch is a 22 Myr long geologic time slice that is chiefly characterized by a long-term cooling 
trend, ultimately leading up to the transition from the greenhouse to the icehouse Cenozoic climate state. 
The Eocene starts with the Paleocene-Eocene Thermal Maximum (PETM, ∼56 Ma), a rapid carbon cycle 
perturbation that resulted in a ∼5°C global average temperature rise (Norris & Röhl, 1999; Tripati & Elder-
field, 2005; Zeebe & Lourens, 2019). The PETM is followed by a series of similarly short-lived hyperther-
mals, albeit of smaller amplitude. Around 40 Ma, the Middle Eocene Climate Optimum (MECO, ∼40 Ma) 
unfolded as a somewhat longer hyperthermal with a ∼4°C increase in surface and ocean temperatures (Bo-
haty & Zachos, 2003; Bohaty et al., 2009; Boscolo Galazzo et al., 2014; Edgar et al., 2010; Sluijs et al., 2013; 
Westerhold & Röhl, 2013). Finally, the Eocene-Oligocene transition (EOT, ∼34 Ma) constitutes a climatic 
shift characterized by global cooling, decreasing atmospheric CO2, oceanographic reorganization and the 
appearance of substantial ice sheets on Antarctica (Coxall & Pearson, 2007; Hren et al., 2013; Westerhold 
et al., 2014; Zachos et al., 2001, 2008).

The scarcity of continental ice throughout the Eocene caused ice-related positive feedback mechanisms 
to be subdued during this Epoch. Nevertheless, several studies found a distinct Eocene climate response 
to astronomical Milankovitch forcing (Boulila et al., 2018; Jovane et al., 2010; Vahlenkamp et al., 2020a). 
The insignificance of ice-related climate feedback mechanisms makes that the Eocene climate state was 
characterized by a fundamentally different response to astronomical insolation forcing compared to the 
much-studied Pleistocene glacial-interglacial cycles. A mechanistic understanding of this state-specific cli-
mate response to astronomical forcing is still a scientific frontier in paleoclimatology (Keery et al., 2018; 
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Lunt et al., 2020). The astronomical Milankovitch cycles induce oscillations 
in the insolation distribution across latitudes and seasons on 104–106 year 
timescales. This insolation variability has an important impact on climate, 
and these astronomically forced climate oscillations can in turn be docu-
mented in climate-sensitive sedimentary archives (Hinnov, 2013; Hinnov 
& Hilgen, 2012; Strasser et al., 2006). The combination of such climate cy-
cles in sedimentary sequences with biostratigraphy, radio-isotopic dating or 
magnetostratigraphy, has the potential to yield high-resolution astronom-
ically constraint age-depth models (so-called astrochronologies). For the 
Neogene, this technique enabled the construction of a fully astronomically 
tuned Geological Time Scale (GTS) (GTS2012, Gradstein et al., 2012). As-
tronomical tuning has been a popular method for Eocene sedimentary se-
quences as well and considerable progress has been made in the construc-
tion of an Astronomical Time Scale (ATS) for the Eocene Epoch (Boulila 
et  al.,  2018; Dinarès-Turell et  al.,  2018; Francescone et  al.,  2019; Jovane 
et al., 2010; Kodama et al., 2010; Lourens et al., 2005; Pälike et al., 2001; 
Vahlenkamp et  al.,  2020a; Westerhold & Röhl  2009, 2013; Westerhold 
et al., 2007, 2014, 2015). However, the occurrence of hiatuses, the scarcity 
of Eocene carbonate-rich marine successions, and different interpretations 

among authors hampers the construction of an unambiguous astronomically constrainted Eocene GTS. This, 
in turn, complicates a comprehensive and process-level understanding of Eocene climate and ocean dynamics.

Reconstructing global sea-level changes (GSLC) for the Cenozoic is another challenging issue. Two methods 
are primarily used for reconstructing GSLC. The most elemental method is sequence stratigraphy, which uses 
the identification of sequence boundaries to reconstruct GSLC. Vail et al. (1977) proposed that Phanerozoic 
GSLC could be reconstructed by synthesizing the relative sea level changes from different sites. However, the 
original materials used to reconstruct GSLC are often not disclosed, which makes it difficult for other schol-
ars to evaluate the reliability of GSLC obtained by this method (Catuneanu et al., 2009). Another method to 
reconstruct GSLC relies on foraminiferal calcite oxygen isotopes (δ18O) (Miller et al., 2005). Miller et al. (2020) 
combined “backstripping” methods and Pacific benthic foraminiferal δ18O and Mg/Ca records to reconstruct 
a high-resolution GSLC for the entire Cenozoic. Recently, a third method called sedimentary noise modeling 
has been proposed for GSLC reconstructions. This technique analyses the dynamics of the nonorbital signal 
component of climate indicator data (a so-called climate proxy) to reconstruct GSLC from continental margin 
sequences (Li et al., 2018). The principle of this techniques relies on the assumption that the sedimentary 
noise level in continental margin sections decreases when sea level rises, and vice versa.

To date, sedimentary noise modeling has not yet been attempted at deep-ocean basinal sites. In this study, 
we will apply this technique to a deep ocean-drilling archive from the Mentelle Basin (3,850 m water depth) 
and advocate that bottom-water current intensity rather than sea-level change determines sedimentary noise 
at this abyssal depth. In fact, we present a latitudinal transect of two ocean-drilling Eocene sequences from 
the Eastern Indian Ocean. Ocean Drilling Program (ODP) Hole 762C on the Exmouth Plateau (1,360 m wa-
ter depth) constitutes the northern end-member in this study. The Eocene sequences of International Ocean 
Discovery Program (IODP) Site U1514 in the Mentelle Basin (3,850 m water depth) are located in the south-
eastern Indian Ocean (Figure 1). The goals of this study are (1) to combine an astrochronologic approach 
based on downhole logging records from Hole 762C with existing bio and magnetostratigraphies to obtain 
a high-resolution and accurate age-depth model; (2) to construct a regional high-resolution Eocene ATS for 
the Eastern Indian Ocean, integrating the Hole 762C chronology with the existing astrochronology for Site 
U1514; and (3) to apply the sedimentary noise modeling technique to both sites and to compare their results 
to the recent GSLC reconstruction by Miller et al. (2020).

2. Materials and Methods
2.1. Ocean-Drilling Archives

Hole 762C (19°53.23ˊS, 112°15.24ˊE) is located on the western part of the central Exmouth Plateau (north-
ern Carnarvon Basin) at a present-day water depth of 1,360 m (Figure 1) (Haq et al., 1990). The Cenozoic  
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Figure 1. Location of Hole 762C and Site U1514 used for timescale 
reconstruction in the Eocene. Simplified deep water mass circulation in 
the Southern Ocean during early to middle Eocene in this study (after 
Huck et al., 2017). Dark blue arrow represents deep water formation 
around Antarctica flowing to the Indian Ocean. Light blue arrow 
represents deep water formation in the Atlantic sector of the Southern 
Ocean flowing to the Indian Ocean. (paleogeographic map, www.odsn.de).
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sedimentary environment corresponds to an open-ocean setting that has been tectonically quiescent since 
the mid-Cretaceous (Haq et al., 1992). A detailed cyclostratigraphic age-depth model has been recently 
constructed for the Plio-Pleistocene (Auer et al., 2020; Stuut et al, 2019). The Eocene portion of Hole 762C 
consists of 242-m-thick (180–422 m below sea floor [mbsf]) carbonate sediments that were deposition 
above the carbonate compensation depth (CCD) (Shamrock & Watkins,  2012). This interval has been 
divided into three lithologic subunits: the ∼180–265 mbsf interval consists of white nannofossil chalk; 
the ∼265–398 mbsf interval consists of light green-gray and white nannofossil chalk with foraminifera; 
the ∼398–422 mbsf interval consists of light green nannofossil chalk with foraminifera (Haq et al., 1992). 
Shamrock et al. (2012) identified four major hiatuses in Hole 762C Eocene interval based on the strati-
graphic cross-correlation of planktonic foraminiferal and calcareous nannofossil biostratigraphy, magne-
tostratigraphic reversals, as well as bulk stable isotope excursions. Hiatuses are reported at 289.75, 321.13, 
332.18, and 412.78 mbsf and represent between ∼0.9 and 2.2 Myr of missing time. These authors attribute 
the hiatuses to nondeposition rather than to erosion, but are not more specific as to which mechanism 
is ultimately responsible for the reported disconformities. While additional minor hiatuses cannot be 
fully excluded, the integrated approach adopted in Shamrock et al. (2012) provides a robust stratigraphic 
framework on which we build in this study. Since there are no lithological or stratigraphic indications 
for additional gaps, we assume continuous sedimentation in-between the reported hiatuses and our cy-
clostratigraphic analysis is organized according.

Site U1514 (33°7.2443ˊS, 113°5.4799ˊE) is located in the northernmost Mentelle Basin at 3,850 m waterdepth 
(Figure 1) (Huber et al., 2019). Its great paleodepth and high paleolatitude (∼60°S in at 50 Ma) make Site 
U1514 an interesting site to study changes in climate and deep ocean circulation, during the final phase 
of breakup of the Gondwana continents. The lower to middle Eocene interval section consists of lighter 
greenish gray clayey nannofossil chalk and darker nannofossil-rich claystone (Huber et al., 2019). In this 
study, we adopt the U1514 lower to middle Eocene astronomical time scale as constructed by Vahlenkamp 
et al. (2020a).

2.2. Th/K Ratio Quantified from Wireline-Logging Natural Gamma Radiation Spectra

Downhole wireline logging with a natural gamma radiation (NGR) spectrometer provides elemental data 
of potassium (K), thorium (Th) and Uranium (U). The K component of the signal is mainly associated with 
feldspar, micas, clays, and salts. The host minerals for Th are typically clays, feldspars, heavy minerals, 
and phosphates (Schnyder et al.,  2006). A Miocene study that involved IODP Site U1459 in the eastern 
Indian Ocean (Groeneveld et al., 2017) advocates Th/K as a proxy for humid versus dry conditions. An 
increase in K would indicate an enhanced siliciclastic sediment flux in response to more humid conditions 
in southwestern Australia. Thorium, on the other hand, mainly resides in heavy minerals that are mainly 
wind-transported (Kuhnt et al., 2015). A Pliocene study by De Vleeschouwer et al. (2019) associates minima 
in K/Al at Site U1459 with more arid intervals and more eolian transport. These authors thus adopt a proxy 
interpretation that is congruent with Groeneveld et al. (2017) in terms of the potassium proxy response to 
hydroclimate change. In this Eocene study, we comply with these earlier proxy interpretations at nearby 
Site U1459, as we associate high Th/K with dry conditions in southwest Australia, and low Th/K with wetter 
conditions.

There are two reasons why Th/K can be a good recorder of astronomically forced climate signals. First, 
astronomical insolation forcing can directly influence the hydrological cycle over western Australia and 
thus cause oscillations between more arid and more humid conditions paced by the rhythms of eccentric-
ity-modulated precession or obliquity. High eccentricity increases the amplitude of the precessional cycle, 
which means that seasonal extremes could be intensified. Enhanced seasonality would in turn have an 
influence on the summer precipitation. More riverine input and higher amounts of rainfall would result 
in high K values and thus low Th/K values, and vice versa. Second, sea-level changes would affect relative 
influxes of clays and carbonate. We thus conclude that Th/K could be used as a paleoclimate proxy in the 
Eastern Indian Ocean. We note, however, that some authors raised concerns about Th/K as a paleoclimate 
proxy in carbonate-rich marine successions (Ghasemi-Nejad et al., 2015; Li, Huang, et al., 2019). Yet, their 
conclusions are specific to the hinterland in the studied areas. The highly sensitive hydrological cycle in 
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southwest Australia combined with the successful use of the Th/K proxy in previous studies, lead us to con-
clude that Th/K is well-suited for the analysis of orbital frequencies possibly imprinted in the sedimentary 
archives studied here.

2.3. Biostratigraphy and Magnetostratigraphy

The calcareous nannofossil biostratigraphy of Hole 762C was initially constructed by Siesser and Bralow-
er (1992), and later revised by Shamrock and Watkins (2012). The latter authors analyzed 187 samples at 
0.75  m intervals to significantly increase the precision of key biostratigraphic markers (Figure  2d). The 
Eocene magnetostratigraphy of Hole 762C was provided by ODP 122 Scientific Results (Galbrun, 1992) 
(Figure 2a). However, poor core recovery in some intervals led to ambiguous interpretations. The original 
age-depth model was based on magnetostratigraphic results which referred to the calcareous nannofossil 
biostratigraphy (Berggren et al., 1995). Later, several issues with the original age-depth model were high-
lighted as Shamrock et al. (2012) identified four hiatuses based on refined biostratigraphic markers. Based 
on this new information, these authors revised the magnetostratigraphic interpretations (Figure 2a).
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Figure 2. (a) Magnetostratigraphy of Galbrun (1992) and Shamrock et al. (2012), white = reversed, black = normal, hatchmarks = no core recovery. (b) 
Lithologic column for Site 762C. (c) Lithologic unit and hiatuses. Unit IC = the ∼180–265 mbsf interval consists of white nannofossil chalk; Unit II = ∼265–398 
mbsf interval consists of light green-gray and white nannofossil chalk with foraminifera; Unit III = ∼398–422 mbsf interval consists of light green nannofossil 
chalk with foraminifera (Haq et al., 1992). Hiatuses are reported at 289.75 mbsf (a), 321.13 mbsf (b), 332.18 mbsf (c) and 412.78 mbsf (d) by red thick line 
(Shamrock et al., 2012).(d) Biostratigraphic events (Shamrock et al., 2012). (e) Th/K of Hole 762C. (f)–(g) Bulk sediment carbon and oxygen isotope data of 
Hole 762C. (h) Magnetostratigraphic interpretation for Site U1514 (white = reversed, black = normal, gray = undetermined) (Vahlenkamp et al., 2020a). (i) 
Lithologic column for Site U1514. (j) Lithologic unit. Unit II = lighter greenish gray clayey nannofossil chalk and darker nannofossil-rich claystone (Huber 
et al., 2019). (k) Biostratigraphic events (Huber et al., 2019). (L) Ca/Fe from U1514. (M–N) Bulk sediment carbon and oxygen isotope data of U1514.



Paleoceanography and Paleoclimatology

2.4. Bulk Sediment Carbon and Oxygen Isotopes

The bulk sediment carbon and oxygen isotopes of Hole 762C (Figures 2f and 2g) with an average sampling 
interval of 3.4 m were provided by ODP 122 Scientific Results (Thomas et al., 1992). The bulk sediment 
carbon and oxygen isotopes of U1514 (Figures 2m and 2n) with an average sampling interval of 0.9 m were 
published in Vahlenkamp et al. (2020a, 2020b).

2.5. Time Series Analyses

The 762C downhole logging Th/K depth-series was first converted using a log10 transformation to at-
tenuate nonstationary features in the raw data (Weedon, 2003). The log10(Th/K) data contained a hand-
ful outliers (N = 16; with log10(Th/K) > 0.173 and <1.275 considered as outliers), which were removed 
prior to time series analysis (Figure 2e). For the analysis, we divided the log10(Th/K) series into four 
intervals: (1) 180–289.75 m, (2) 289.75–321.13 m, (3) 321.13–332.18 m, and (4) 332.18–412.78 m with 
breaks corresponding to the hiatuses identified by Shamrock et  al.  (2012). The third depth interval 
contains ∼11 m of sediment, and considering that Shamrock et al. (2012) report average sedimentation 
rate estimates for the interval between ∼1 and ∼2 cm/kyr, we considered this interval too short to be 
analyzed with confidence.

To remove low-frequency long-term trends and highlight astronomical signals for each interval, the 
log10(Th/K) series were detrended by subtracting corresponding weighted averages using the LOWESS 
method (Cleveland, 1979). We then used a sliding-window evolutionary Fast Fourier transform (FFT) 
spectrogram approach to identify the changing frequencies of the log10(Th/K) series due to variable 
sedimentation rate in an evolutive power spectrum (Kodama & Hinnov, 2014). The log10(Th/K) series 
were analyzed by 2π multitaper method (MTM) spectral estimator (Thomson, 1982), estimated spectra 
in MTM were compared to robust red noise models (Mann & Lees, 1996). Gaussian bandpass filtering 
was performed to extract the eccentricity cycles in the log10(Th/K) series. We used 405-kyr long-ec-
centricity cycles for astronomical calibration as this eccentricity component is the most stable orbital 
parameter throughout the Phanerozoic (Hinnov & Hilgen,  2012; Laskar et  al.,  2004). Moreover, the 
405-kyr eccentricity metronome can be used for astronomical tuning in the Eocene. Hence, in a last 
step, we tuned the 405-kyr component in the log10(Th/K) series to the La2010c astronomical solution 
(Laskar et al., 2011). The La2010c eccentricity solution is used in this study, as it is the solution with 
the lowest Root Mean Square Deviation with respect to Eocene cyclostratigraphic results by Westerhold 
et al. (2017) and Vahlenkamp et al. (2020a), while the ZB18a solution turned out to provide an even 
beter fit in Zeebe and Lourens (2019). The choice of eccentricity solution becomes relevant when going 
back in time beyond 50 Ma, as eccentricity solutions start to disagree on the phasing and amplitude of 
the 100-kyr rhythm. All above steps were done using Acycle v2.1 software (Li, Hinnov, & Kump, 2019) 
and are documented in the Supporting Information (Supporting Text S1–S4, Supporting Figures S1–
S14, Supporting Table S1).

2.6. Sedimentary Noise Modeling

Li et al. (2018) introduced a sedimentary noise model for astronomically forced marginal marine succes-
sions as a means to reconstruct and evaluate sea-level changes. There are multiple sources for noise in 
the sedimentary climate signals. Noise sources that relate to climate and sea-level variability include wa-
ter-depth related noise such as storms, tides and bioturbation. However, sedimentary noise can also be 
introduced by proxy sensitivity, measurement errors, nonlinear climate responses, and other factors such 
as dating errors, unstable depositional rates, tectonics, volcanism and diagenesis (Hinnov,  2013; Wee-
don, 2003). Among these noise sources, variations in the water-depth related noise at a fixed position in 
marginal marine successions have the potential to provide insights in relative sea-level changes. When sea 
level rises, water-depth related noise is assumed to decrease in response to a more stationary sedimentary 
environment, and vice versa. This model has been tested and applied to reconstruct Quaternary and Triassic 
sea-level changes in marine successions (Li et al., 2018). Whether it can be applied to Eocene ocean-drilling 
records from the Eastern Indian Ocean will be evaluated here.
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The sedimentary noise model involves complementary approaches: dynamic noise after orbital tuning 
analysis (DYNOT), and lag-1 autocorrelation coefficient (ρ1) analysis (Li et al., 2018). The DYNOT model 
was originally formulated to detect sea level variations in tuned marine cyclostratigraphy deposited at 
ocean depths near storm wave base. DYNOT sums the spectral power in frequency bands defined for the 
eccentricity, obliquity and precession index, and divides this sum by the total spectral power summed 
across all frequencies of the input time series. Subtracting this ratio from 1 gives the R, the proportion of 
power due to nonorbital, uncorrelated noise. When R is relatively high, sea level is relatively low (with a 
lower storm wave base more likely to disturb sedimentation), and vice versa. Thus, it can be used to meas-
ure noise in climate and sea-level proxies. The ρ1 model is tested as a second, independent noise indicator 
for relative sea-level change (Li et al., 2018). The details of the calculation algorithm are presented in Li 
et al. (2018). When the algorithm estimates a low noise level, it will produce a low DYNOT value and a 
high ρ1 value, which in turn is thought to be indicative of sea level high-stands, and vice versa. This model 
has been developed for slope and basin environments at water depths ranging from few meters to several 
hundred meters, which are near or just below storm-wave base. The two ocean drilling sites of this study 
correspond to very different paleo-water depths, including a submarine plateau (762C) and a deep-sea 
basinal environment (U1514). This manuscript thus constitutes the first case study in which the sedi-
mentary noise model is applied to a sequence of contemporary sections with greater paleo-water-depths. 
The results of the sedimentary noise modeling are thus carefully evaluated and interpreted in light of the 
depositional environment.

3. Results
3.1. ODP Hole 762C

The log10(Th/K) depth-series displays rhythmical meter-scale variability, which we subject to cyclostrati-
graphic analysis. A low-resolution oxygen isotope (δ18O) depth-series is available (Figure 2f). Despite the 
fact that this δ18O data have been measured on bulk sediments and not on species-specific foraminifera, it 
reflects the multimillion-year cooling trend from the early Eocene into the late Eocene through the gradual 
increase in δ18O.

3.1.1. Age Control and Astronomical Solution

The Shamrock et al. (2012) age-depth model for Hole 762C combines improved biostratigraphy with magne-
tostratigraphy, yet the poor core recovery and the four identified hiatuses hamper the development of an un-
equivocal chronostratigraphic framework. At the same time, the Shamrock et al. (2012) age model referred 
to the 2008 geomagnetic polarity timescale (GPTS 2008) that has time-offsets for Eocene chron-boundaries 
of up to ∼1 Myr in comparison to GTS2012.

Our aim is to further improve the Hole 762C chronostratigraphic framework by adding cyclostratigraphic 
time constraints for distinct depth-intervals that are uninterrupted by major hiatuses. In each of the three 
studied depth-intervals, we anchor the floating cyclostratigraphy (relative time constraints only, therefore 
floating in absolute time) at the magnetochron boundary that is considered most reliable, and as far away 
as possible from an unconformity.

3.1.2. Astronomical Tuning of 762C

3.1.2.1. 180–289.75 m Interval

In the middle to upper Eocene interval of 762C, the evolutionary FFT spectrogram of the log10(Th/K) 
depth-series exhibits a frequency-band with elevated power around 0.16 m−1 (6.25 m wavelength) that is 
persistent throughout the interval with a local shift to slightly higher frequencies around 200 m (Figure 3c). 
The stability of this sedimentary rhythm confirms the indications from bio and magnetostratigraphy that 
sediment accumulation rate is relatively steady between 180 and 289.75 mbsf. The power spectrum of the 
log10(Th/K) depth-series (Figure  3d) substantiates a prominent ∼6.23  m (0.1604 cycles/m) sedimentary  
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cycle, while also exhibiting spectral peaks at frequencies of 0.5 cycles/m (2  m) and 0.705 cycles/m 
(1.43 m), both exceeding the 99% confidence level. Shamrock et al. (2012) report average sedimentation 
rate estimates for this interval between ∼1.1 and ∼1.6  cm/kyr. Hence, in our working-hypothesis, we 
assigned the ∼6.23  m cycles to the 405-kyr eccentricity cycle. These 405-kyr eccentricity cycles were 
bandpass filtered from the log10(Th/K) depth series (Gaussian bandpass filter between 0.128 and 0.212 cy-
cles/m, equivalent to 4.72–7.81 m periodicities). The filtered signal yields 18 cycles. In a like manner, we 
bandpass filtered the 100-kyr eccentricity cycles from the log10(Th/K) depth-series (Gaussian bandpass 
filter between 0.525 and 0.875 cycles/m, equivalent to 1.14–1.9 m periodicities) and we obtain 77 cycles 
in the studied interval (Figure 3b).

We selected the C17r/C18n.1n chron boundary (249.41 mbsf, 38.615 Ma in GTS2012) as the anchor point for 
the floating cyclostratigraphy for this interval. Working from this age-depth anchor, we adopted a 405-kyr 
eccentricity tuning method to obtain an ATS for this interval. The power spectrum of the tuned log10(Th/K) 
time-series (Figure 3i) exhibits prominent peaks at periodicities of 405 kyr, 129, 125, and 92 kyr. In other 
words, our minimal 405-kyr tuning approach leads to elevated power at ∼100-kyr eccentricity frequencies. 
This 100-kyr power has not been imposed by the tuning approach and is therefore a supporting argument 
for the assumptions made during ATS construction. In the evolutionary power spectrum (Figure 3h) one 
can observe persistent power in the 405-kyr band, yet this power was inflicted by our tuning-strategy. Our 
cyclostratigraphy suggests a duration for this interval of 7.47 Myr.
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Figure 3. Cyclostratigraphic interpretation of 762C of 180–289.75 mbsf interval. (a) log10(Th/K) and detrended log10(Th/K) (after detrending by subtracting 
a 5.5% weighted average, 6.03 m) in the depth domain. (b) ∼100-kyr filter (∼1.43 m, passband is 0.7 ± 0.175 m-1) and ∼405-kyr filter (∼5.88 m, passband is 
0.17 ± 0.042 m-1) of the detrended log10(Th/K) depth-series. (c) evolutionary FFT spectrogram of the log10(Th/K) depth-series (sliding window is 10 m with a 
step of 0.1524 m). (d) 2π MTM power spectrum of the log10(Th/K) depth-series. (e) tuned log10(Th/K) time-series. (f) ∼100-kyr filter and ∼405-kyr filter of the 
tuned log10(Th/K) time-series. (g) The La2010c eccentricity solution and its 405-kyr filters, the numbers on the eccentricity cycles indicate the position of the 
2.4-Myr eccentricity nodes. (h) evolutionary FFT spectrogram of the log10(Th/K) time-series (sliding window is 500 kyr with a step of 10 kyr). (i) 2π MTM power 
spectrum of the log10(Th/K) time-series. The purple solid line represents the magnetostratrigraphic anchor point (C17r/C18n chron boundary, 249.41 mbsf, 
38.615 Ma in GTS2012). FFT, Fast Fourier transform; MTM, multitaper method.
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3.1.2.2. 289.75–321.13 m Interval

The evolutionary FFT spectrogram (Figure 4c) of the log10(Th/K) depth-series exhibits persistent high power 
at frequencies around 0.13 m-1 (7.69 m). The log10(Th/K) MTM spectrogram in the depth-series (Figure 4d) 
exhibits significant spectral peaks at wavelengths of ∼8.72–5.8  m, 2.01  m, and 1.3  m (>99% confidence 
level). Bio and magnetostratigraphic constraints suggest an average sedimentation rate for this interval of 
∼1.1 cm/kyr (Shamrock et al., 2012), which implies that the observed 7.69 m cycle is too thick to be assigned 
to 405-kyr eccentricity. Despite this mismatch, we explore the working hypothesis that a ∼7.69 m cycle 
represents a 405-kyr cycle. Under that assumption, to extract 405-kyr cycles from the log10(Th/K) depth-se-
ries, we adopted bandpass filtering between 0.0975 and 0.1625 cycles/m (equivalent to 6.15–10.25 m peri-
odicities), yielding four cycles. Analogously, the assumed 100-kyr cycles were bandpass filtered (0.35–0.59 
cycles/m passband, equivalent to 1.69–2.86 m periodicities), resulting in 15 cycles (Figure 4b).

We adopted the C21n/C21r chron boundary (320.25 mbsf, 47.575 ± 0.018 Ma in Westerhold et al., 2015) 
as the anchor point for this interval, as it was the only choice. The MTM power spectrum of the tuned 
log10(Th/K) time series (Figure 4i) obviously exhibits a spectral peak at 0.002469 cycles/kyr, as this peak was 
introduced by the cyclostratigraphic calibration process. The evolutionary FFT spectrogram (Figure  4h) 
indicates that the interpreted 405 and 100-kyr eccentricity are important components of the analyzed signal 
throughout. The stability of these frequencies within the time-domain, as well as the occurrence of ∼100-
kyr spectral peaks that are not induced by the tuning strategy, provide important arguments for the adopted 
working hypothesis and tuning assumptions. After tuning to the 405-kyr target curve, the interval under 
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Figure 4. Cyclostratigraphic interpretation of 762C of 289.75–321.13 mbsf interval. (a) log10(Th/K) and detrended log10(Th/K) (after detrending by subtracting 
a 40% weighted average, 12.5 m) in the depth domain. (b) ∼100-kyr filter (∼2.12 m, passband is 0.47 ± 0.12 m-1) and ∼405-kyr filter (∼7.69 m, passband is 
0.13 ± 0.0325 m-1) of the detrended log10(Th/K) depth-series. (c) evolutionary FFT spectrogram of the log10(Th/K) depth-series (sliding window is 12 m with 
a step of 0.1524 m). (d) 2π MTM power spectrum of the log10(Th/K) depth-series. (e) tuned log10(Th/K) time-series. (f) ∼100 and ∼405-kyr filter of the tuned 
log10(Th/K) time-series. (g) The La2010c eccentricity solution and its 405-kyr filter. (h) evolutionary FFT spectrogram of the log10(Th/K) time-series (sliding 
window is 500 kyr with a step of 5 kyr). (i) 2π MTM power spectrum of the log10(Th/K) time-series. The purple solid line represents the magnetostratrigraphic 
anchor point (C21n/C21r chron boundary, 320.25 mbsf, 47.575 ± 0.018 Ma in Westerhold et al., 2015). FFT, Fast Fourier transform; MTM, multitaper method.
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investigation spans 1.52 Myr. In other words, we deduced an average sedimentation rate of ∼1.9 cm/kyr for 
this interval, rather than ∼1.1 cm/kyr as suggested by Shamrock et al. (2012). Possible reasons for the large 
discrepancy between both estimates reside with the multiple hiatuses, complicating the determination of 
reliable bio and magnetostratigraphic datums, as well as with the relatively short duration of this interval.

3.1.2.3. 332.18–412.78 m Interval

The evolutionary power spectra of the log10(Th/K) depth-series (Figure 5c) exhibits a dominant frequency 
around 0.164 m-1 (6.1 m). The log10(Th/K) MTM spectrogram in the depth series (Figure 5d) reveals note-
worthy sedimentary cycles with wavelengths of ∼6.5–5.5 m, ∼2.44–2 m, and 1.27 m (>99% confidence lev-
el). The average sedimentation rates observed for this interval is ∼2 cm/kyr (Shamrock et al., 2012). Hence, 
we associated the ∼6.25 m cycles with the 405-kyr eccentricity cycle. We applied a bandpass filter (∼6.25 m) 
between 0.12 and 0.2 cycles/m (equivalent to 5–8.3 m periodicities) bandpass to extract the 405-kyr cycles 
from the depth-series, yielding 13 cycles. To extract 100-kyr cycles from the depth-series, we adopted band-
pass filtering (∼1.43 m) between 0.525 and 0.875 cycles/m (equivalent to 1.14–1.9 m periodicities), resulting 
in 57 cycles (Figure 5b).

The C23r/C24n.1n chron boundary (368.31 mbsf, 52.628 ± 0.053 Ma, Westerhold et al., 2017) constitutes the 
anchor point for this interval. After 405-kyr minimal tuning, the power spectrum of the tuned log10(Th/K) 
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Figure 5. Cyclostratigraphic interpretation of 762C of 332.18–412.78 mbsf interval. (a) log10(Th/K) and detrended log10(Th/K) (subtraction of an 8 % weighted 
average, 6.44 m) in the depth domain. (b) ∼100-kyr filters (∼1.43 m, passband is 0.7 ± 0.175 m-1) and ∼405-kyr filters (∼6.25 m, passband is 0.16 ± 0.04 m-1) of 
the detrended log10(Th/K) depth-series. (c) evolutionary FFT spectrogram of the log10(Th/K) depth-series (sliding window is 10 m with a step of 0.1524 m). (d) 
2π MTM power spectrum of the log10(Th/K) depth-series. (e) tuned log10(Th/K) time-series. (f) ∼100 and ∼405-kyr filters of the tuned log10(Th/K) time-series. 
(g) The La2010c eccentricity solution and its 405-kyr filters. (h) evolutionary FFT spectrogram of the log10(Th/K) time-series (sliding window is 500 kyr with 
a step of 10 kyr). (i) 2π MTM power spectrum of the log10(Th/K) time-series. The purple solid line represents the magnetostratrigraphic anchor point (C23r/
C24n.1n chron boundary, 368.31 mbsf, 52.628 ± 0.053 Ma in Westerhold et al., 2017), and the purple dashed line represents the scrutinized point (C23n.2n/
C23r chron boundary, 352.22 mbsf, 51.737 ± 0.123 Ma in Westerhold et al., 2017). FFT, Fast Fourier transform; MTM, multitaper method.
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time series (Figure 5i) indicates spectral peaks at periodicities of 405 kyr (the tuned period), 134.8, 126.5, 
101.3, and 91.2 kyr. In the evolutionary FFT spectrogram (Figure 5h), one can observe persistent power in 
the 405-kyr band. After tuning to the 405-kyr target curve, the interval under investigation spans 5.28 Myr. 
In this interval, there is a second unambiguously identified chron boundary that can be used for further 
scrutinization of our cyclostratigraphy: In our tuning, the C23n.2n/C23r chron boundary (352.22 mbsf) 
was assigned an age of 51.626 Ma, which is consistent with the age estimates of Westerhold et al. (2017, 
51.737 ± 0.123 Ma) and Francescone et al. (2019, 51.724 Ma). Thus, our ATS withstands this robustness test.

3.2. IODP Site U1514

Vahlenkamp et al. (2020a) split the Ca/Fe depth-series of U1514 into two intervals for analysis. The younger 
interval corresponds to the middle Eocene and ranges between ∼142 and 203 mcd, the older interval is of 
early Eocene age and contains sediments between ∼203 and 284 mcd. Both intervals are characterized by 
lithological alternations between light greenish gray chalk, and darker-colored chalk that is rich in clay (Hu-
ber et al., 2019). The lithological variability is thus accentuated by variations in color and CaCO3 content 
and occurs with a ∼1 m rhythmicity. These authors also observe sediment layers that are particularly clay-
rich and dark every 3–5 m. Average sedimentation rates throughout both intervals are about 0.95 cm/kyr, 
based on shipboard bio and magentostratigraphy. This first-order estimate suggests that the meter-scale lith-
ological cycle could correspond to the sedimentological expression of ∼100-kyr short eccentricity, while the 
occurrence of particularly dark layers (every ∼3–5 m) could represent the imprint of 405-kyr eccentricity. 
Vahlenkamp et al. (2020a) also observed even longer-period eccentricity expressions in their Ca/Fe series, as 
they employed so-called 2.4-Myr eccentricity nodes as pinpoints anchoring their floating cyclostratigraphic 
framework in absolute time.

These authors used a two-step tuning strategy to deal with the fact that different eccentricity solutions for 
the Eocene (La10a, La10b, La10c, La10d, La11) agree on the 405-kyr component, but demonstrate out-of-
phase behavior at the rhythm of ∼100-kyr short eccentricity. Hence, Vahlenkamp et al. (2020a) first car-
ried out a minimal tuning to the 405-kyr component of eccentricity. In a second step, Pearson correlation 
coefficients were calculated to quantify the match between the tuned U1514 Eocene Ca/Fe time-series and 
available eccentricity reconstructions. The most powerful correlation was obtained using the La10c full ec-
centricity solution. Hence, this particular solution was used by Vahlenkamp et al. (2020a) to further polish 
their astronomical tuning.

The duration of the whole interval studied by Vahlenkamp et al. (2020a) is 16 Myr. However, in this study, 
we focus on a single continuous interval (140–251.715 mcd, correspond to 39.31–52.15 Ma) that contains 
∼31,405-kyr eccentricity cycles in the Ca/Fe time-series (Figure 6).

3.3. Sedimentary Noise Modeling Result

We modeled sedimentary noise using a 400-kyr sliding analysis window for the 33.93–41.41 Ma interval 
(correspond to 180–289.75 m) and 50.23–55.51 Ma interval (correspond to 332.18–412.78 m) of Hole 762C, 
and for the 39.31–52.15 Ma interval (correspond to 140–251.715 m) of U1514. DYNOT, and ρ1 modeling 
show mirrored patterns, with fluctuating noise throughout the entire Eocene intervals of both studied sites. 
To evaluate a possible relationship between the Eastern Indian Ocean DYNOT results and four GSLC esti-
mates (Haq et al., 1987; Kominz et al., 2008; Miller et al., 2005, 2020) (Figure 7), we calculated Pearson cor-
relation coefficients between each DYNOT series and all four GSLC, using the “surrogateCor” method that 
has been specifically designed for serially correlated stratigraphic series (Baddouh et al., 2016) (Table 1).

For 33.93–41.41 Ma interval of Hole 762C, the DYNOT result has a strong negative correlation with Miller20 
GSLC (>99% confidence level). For the 50.23–55.51 Ma interval of Hole 762C, the DYNOT result does not 
correlate with any of the four GSLC. For the 39.31–52.15 Ma interval of U1514, the DYNOT result correlates 
best with the Miller20 and Kominz GSLC (99% confidence), albeit with a positive correlation coefficient.

Previous work has shown that Eocene GSLC was largely influenced by ∼1.2 Myr obliquity cycles (e.g., 
Boulila et al., 2011). Here, we test this proposed astronomical driver by means of spectral analysis of the 
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DYNOT and ρ1 results (Figure 8). All power spectra show a main cycle in sedimentary noise with a period 
of ∼1.2 Myr and with high F-test significance values at this frequency. We then calculated Pearson correla-
tion coefficients (again using surrogateCor) between the 1.2-Myr filter of Miller20 GSLC and the 1.2-Myr 
filter of the DYNOT reconstructions. As expected from the face-value correlation assessment for Site 762, 
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Figure 7. ρ1 and DYNOT models of tuned Th/K time-series of Hole 762C and tuned Ca/Fe time-series of U1514 
compared with Global sea levels of Haq et al. (1987), Miller et al.(2005), Kominz et al. (2008), and Miller et al. (2020). 
The gray columns identify co-occurring low values of ρ1 and high values of DYNOT. DYNOT, dynamic noise after 
orbital tuning analysis.

Figure 6. Comparison of different magnetostratigraphic interpretations of at Hole 762C and the magnetostratigraphy based on the age model of Westerhold 
et al. (2015, 2017). Astronomical time scale (ATS) for the composite Eocene succession (Hole 762C and U1514) in the Eastern Indian Ocean. The La2010c 
eccentricity solution during Eocene. Evolutionary FFT spectrogram of the Hole 762C, U1514, La2010c eccentricity time-series (sliding window is 500 kyr with 
a step of 10 kyr). White ovals in evolutionary FFT spectrogram represent the 2.4-Myr eccentricity nodes; the numbers on the eccentricity cycles indicate the 
position of the 2.4-Myr eccentricity nodes. The red stars represent the anchor point. A represent the timeseries of 762C of 180–289.75 mbsf interval, B represent 
the timeseries of 762C of 289.75–321.13 mbsf interval, D represent the timeseries of 762C of 332.18–412.78 mbsf interval. FFT, Fast Fourier transform.

Haq87 GSLC Miller05 GSLC Kominz GSLC Miller20 GSLC

33.93–41.41 Ma interval of Hole 762C r = 0.138 P value = 0.629 r = −0.114 P value = 0.656 r = −0.077 P value = 0.795 r = −0.592 P value < 0.01

50.23–55.51 Ma interval of Hole 762C r = 0.015 P value = 0.959 r = −0.027 P value = 0.897 r = −0.234 P value = 0.408 r = −0.107 P value = 0.601

39.31–52.15 Ma interval of U1514 r = −0.122 P value = 0.514 r = 0.29 P value = 0.448 r = 0.532 P value = 0.01 r = 0.534 P value = 0.01

Abbreviations: DYNOT, dynamic noise after orbital tuning analysis; GSLC, global sea-level change.
Note. Values in bold represent statistically significant correlation coefficients and are discussed in the main text

Table 1 
Correlation Coefficients Between the DYNOT Results in the Eastern Indian Ocean and Four GSLC
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Figure 8. Periodograms (black) and F-test significance values (blue) of detrended median output from DYNOT and ρ1 models. (a–b) Hole 762C of 180–289.75 
mbsf interval. (c–d) Hole 762C of 332.18–412.78 mbsf interval. (e–f) U1514 of 140–251.715 mcd interval. (g) Periodograms (black) and F-test significance values 
(blue) of the Miller2020 GSLC. (h–i) Periodograms (black) and F-test significance values (blue) of obliquity amplitude modulation (AM) in La2004 and La2010d 
astronomical models from 33.586 Ma to 56.056 Ma. DYNOT, dynamic noise after orbital tuning analysis.
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this correlation analysis with bandpass filtered signals also indicates an antiphased relationship, albeit with 
lower statistical significance (33.93–41.41 Ma: r = −0.462, P value = 0.011; 50.23–55.51 Ma: r = −0.38, P val-
ue = 0.506). For the 39.31–52.15 Ma interval of U1514, the 1.2-Myr filter of the DYNOT reconstruction does 
not exhibit a significant correlation with the 1.2-Myr filter of Miller20 GSLC (r = 0.091, P value = 0.718).

4. Discussion
4.1. An ATS for Eocene Formations in the Eastern Indian Ocean

Our work provides a detailed Eocene time-depth framework for ODP Hole 762C, building on the funda-
mental bio and magnetostratigraphic synthesis by Shamrock et al. (2012). Table 2 indicates the depths and 
tuned ages for different biostratigraphic markers observed in Hole 762C. This table demonstrates that our 
ATS matches reasonably well with the numerical ages of biostratigraphic events in GTS2012: Seven out 
of 11 biostratigraphic events agree within a 405-kyr eccentricity cycle offset, while the time-offsets of the 
remaining four biostratigraphic time-markers do not exceed 0.56 Myr.

Based on the Hole 762C ATS, we needed to adopt a minor revision of the magnetostratigraphic interpreta-
tion by Shamrock et al. (2012) (Figure 6). Our ATS suggests that the C15 Chron of Shamrock et al. (2012) 
is slightly older than previously thought and actually corresponds to Chron C16. The C18r/C19n chron 
boundary in Shamrock et al. (2012) is placed at 273.8 mbsf. However, this level in our cyclostratigraphic age 
model corresponds to 40.296 Ma and therewith occurs within chron C18r. We reinterpret the available pale-
omagnetic data and place the C18r/C19n chron boundary at 284.5 mbsf, which corresponds with a tuned 
age of 41.085 Ma. A similar revision is proposed for the C19n/C19r chron boundary, from 276.2 mbsf to 289 
mbsf, which results in a good match with the reversal age reported in Westerhold et al. (2015, 2017) (Table 3, 
Figure S15). The C20 and C21 chron boundaries remain uncertain in this study, as the raw paleomagnetic 
data is ambiguous in this interval.

Overall, our revised 762C magnetostratigraphy compares well with the magnetostratigraphy based on the 
age models of Westerhold et al. (2015, 2017). The most important offset occurs at C24n/C24r, with a time 
discrepancy of 0.585 Myr (Table 3). This reversal occurs in the 332.18–412.78 interval, where we opted for 
the C23r/C24n.1n chron boundary as the anchor point. The C24n/C24r and C23n.2n/C23r chron bound-
aries thus act as scrutinization points. While the tuned age of C23n.2n/C23r matches quite well with the 
reported ages of Westerhold et al. (2017), the C24n/C24r tuned age remains disparate (Table 3). At the same 
time, the tuned age for the Tribrachiatus orthostylus biomarker (394.25 msbf) is 54.45 Ma, which is quite 
close to the age estimate for this biomarker (54.37 Ma) in GTS2012. For these reasons, we consider our Hole 
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Biostratigraphy Samples Occurrence Depth (msbf) This study (Ma) GTS2012 (Ma) Difference (Myr)

Discoaster barbadiensis 762C-3-1-49 LO 184.49 34.25 34.76 0.51

Discoaster saipanensis 762C-3-1-49 LO 184.49 34.25 34.44 0.19

Reticulofenestra oamaruensis 762C-3-1-49 LO 184.49 34.25 33.97 −0.28

Chiasmolithus oamaruensis 762C-8-5-50 FO 233.5 37.72 38.09 0.37

Chiasmolithus solitus 762C-12-3-125 LO 270 39.95 40.4 0.45

Discoaster sublodoensis 762C-15-3-48 LO 296.98 46.41 46.21 −0.2

Sphenolithus radians 762C-25-4-125 FO 394.25 54.45 54.17 −0.28

Tribrachiatus orthostylus 762C-25-4-125 FO 394.25 54.45 54.37 −0.08

Tribrachiatus contortus 762C-26-1-49 LO 398.3 54.7 54.17 −0.53

Campylosphaera eodela 762C-28-1-59 FO 412.57 55.5 55.81 0.31

Discoaster diastypus 762C-28-1-59 FO 412.57 55.5 54.95 −0.55

Abbreviation: LO, last occurrence; FO, first occurrence.

Table 2 
Key Eocene Nanno fossil Biomarkers Identified in Hole 762C (Shamrock et al., 2012)
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762 astrochronology as robust in this interval despite the mismatch for C24n/C24r, and we suspect that the 
mismatch was caused by ambiguous paleomagnetic data.

Minima in the 2.4-Myr eccentricity cycle are often referred to as eccentricity nodes. Different eccentricity 
solutions are congruent in their timing, even before 50 Ma (Laskar et al, 2004, 2011; Zeebe, 2017). During 
eccentricity nodes, 405-kyr eccentricity cycles are particularly well-expressed with elevated amplitudes, 
while the ∼100-kyr short eccentricity amplitudes are diminished. These eccentricity nodes are imprinted 
in the log10(Th/K) time series of Hole 762C, and the Ca/Fe time series of U1514, expressed as long-lasting 
maxima over several hundreds of thousands of years. In the evolutionary FFT spectrograms of the tuned 
log10(Th/K) and Ca/Fe time series, eccentricity nodes can be recognized by looking for the simultaneous 
occurrence of high power in the 405-kyr eccentricity band and low power in the 100-kyr eccentricity band. 
White circles on Figure 6 indicate the points in time at which eccentricity nodes occur in the eccentricity 
solution, as well as in the studied proxy series. In this study, we identified the possible position of nodes in 
the ∼2.4 Myr eccentricity cycle before 50 Ma: ∼ecc88, ∼ecc95 and ∼ecc100 in log10(Th/K) time series of Hole 
762C, ∼ecc100, ∼ecc107, ∼ecc112 and ∼ecc119 in Ca/Fe time series of U1514 (Figure 6, white circles on the evo-
lutionary FFT spectrogram). Prior to 50 Ma, in 762C interval D, an eccentricity node at ∼ecc132 might be dis-
cerned by a reduction in 100-kyr eccentricity power. However, its expression is less clear as the nodes in the 
younger interval. In fact, similar more cryptic expressions can be noted for ∼ecc88 in the log10(Th/K) time 
series of Hole 762C and ∼ecc100 in Ca/Fe time series of U1514. Nevertheless, the other 2.4-Myr eccentricity 
nodes identified in this study are unambiguous. This in turn provides support for the Eocene chronology 
constructed in this work.

4.2. Evaluation of Sedimentary Noise Modeling

The 762C DYNOT results are antiphased with the Miller20 GSLC, including the embedded 1.2-Myr cy-
cles. The sedimentary noise in the Site 762 log10(Th/K) time-series is composed of sea-level-related noise, 
proxy-related noise, unstable sedimentation, short-term tectonic activity, volcanism and postdeposition-
al diagenesis (Li et al., 2018). The proxy-related noise includes proxy sensitivity, measurement error and 
dating error. We estimate that all three factors are relatively minor: (1) The astronomical imprint in the 
log10(Th/K) series is rather constant throughout the studied interval, suggesting continual proxy sensitivity; 
(2) the analyzed proxy series has been obtained by downhole wireline logging in a stable hole, providing 
good and consistent measurement conditions; (3) the ATS is robust as it abides by magneto- and biostrati-
graphic constraints and contains indications of eccentricity nodes at the expected timings. Therefore, we 
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Chron boundary Shamerock et al. (2012) base (mbsf) This study base (mbsf) This study (Ma) Reference age (Ma) Reference

C17r/C18n* 249.41 249.41 38.615 38.615 GTS2012

C18n.2n/C18r 271.6 271.6 40.078 40.076 ± 0.005 Westerhold et al. (2015)

C18r/C19n 273.8 284.5 41.085 41.061 ± 0.009 Westerhold et al. (2015)

C19n/C19r 276.2 289 41.366 41.261 ± 0.004 Westerhold et al. (2015)

C21n/C21r* 320.25 320.25 47.575 47.575 ± 0.018 Westerhold et al. (2015)

C22r/C23n 339.53 339.53 50.683 50.777 ± 0.01 Westerhold et al. (2017)

C23n/C23r 352.22 352.22 51.626 51.737 ± 0.123, 51.724 Westerhold et al. (2017); 
Francescone et al. (2019)

C23r/C24n* 368.31 368.31 52.628 52.628 ± 0.053 52.540 Westerhold et al. (2017); 
Francescone et al. (2019)

C24n/C24r 394.76 394.76 54.484 53.899 ± 0.041 Westerhold et al. (2017)

Notes. Three magnetostratigraphic reversals (indicated by *) have been used as time anchors in this study. These reversals have been assigned the reference 
reversal age of GTS2012, Westerhold et al. (2015, 2017), respectively. All other reversal ages reported in this study are the result of our cyclostratigraphic age-
depth model for Hole 762C.

Table 3 
Magnetochron Reversal Dates and Depths of This Study and the Reference Age According to Westerhold et al. (2015, 2017) and Francescone et al. (2019)
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assume that proxy sensitivity, measurement error and dating error exerted little influence on the total noise 
level. Unstable sedimentation, from short-term tectonic activity, may lead to elevated noise at all frequen-
cies (Li et al., 2018). However, the Exmouth Plateau has been relatively quiescent since the mid-Cretaceous. 
Also, there is no sedimentological evidence, nor published reports that suggest nearby volcanic activity 
during the Paleogene. Hence, the sedimentary noise model is assumed to be largely unaffected by unstable 
sedimentation and volcanism. Postdepositional clay mineral diagenesis could also be a source for noise-lev-
el variability, however, the clay mineralogy of Site 762 chiefly reflects humid-climate weathering products, 
only marginally affected by clay mineralogy diagenesis (Haq et al., 1990). By exclusion, the sedimentary 
noise modeling result is thus considered to be mainly influenced by sea-level.

Hole 762C is located on a submarine plateau at 1,360 m present-day water depth. Even though the Eocene 
paleo-water depth was several hundred meters shallower than it is now (Gradstein, 1992). Hence, it is 
likely that only the tsunami and the extreme storm-wave base reached the seafloor. Particularly in the 
youngest studied interval of Hole 762C, the correlation analysis suggests that sea-level change at Site 762 
can be reconstructed by means of sedimentary noise modeling, with the DYNOT parameter comparing 
well to the recent Miller et al. (2020)’s GSLC reconstruction. Moreover, both the Hole 762C and the Mill-
er curve carry the imprint of 1.2-Myr obliquity forcing. Li et al. (2018) hypothesized that this obliquity 
signature is generated through aquifer eustasy, whereby the hydrological cycle and the amount of conti-
nental water storage is significantly influenced by insolation variations. These authors advocate that this 
effect is sufficient to cause significant global sea-level variations during nonglacial periods. The 1.2-Myr 
obliquity minima are associated with reduced transport and continental storage of moisture, leading to 
high sea level, and vice versa. High values in the 1.2-Myr filter of Miller20 GSLC would thus correspond 
to long-term minima in obliquity. In the oldest studied interval of Hole 762C, the correlation between the 
762C DYNOT result and the Miller20 GSLC is no longer statistically significant. Yet, that doesn't imply 
that this eustatic mechanism was not operational at that time. Several reasons could be responsible for 
the lower statistical significance in this interval: (1) Most importantly, the variance of the 762C DYNOT 
result is low in this interval, hampering a good assessment of correlation. (2) Both records have very 
different temporal data resolutions, as DYNOT is quite smooth and the Miller2020 reconstruction is at 
104-year resolution. (3) Also, it can also not be fully excluded that age model discrepancies between the 
Miller2020 reconstruction and the Site 762 cyclostratigraphy compromise the accuracy of the correlation 
assessment.

For Site U1514, the relationship between the DYNOT result and the Miller GSLC is quite different: DY-
NOT results are positively correlated with the Miller20 GSLC. This means that sedimentary noise increas-
es during periods of high eustatic sea-level, contrary to what is expected for the DYNOT method when 
it is applied to shelf or slope sections. However, this site is located in a deep-sea basinal environment, at 
3,850 m present-day water depth. Therefore, variations in sea level and consequent variations in the ver-
tical position of the (extreme-)storm wave base are highly unlikely to affect these abyssal depths. Instead, 
we hypothesize that the sedimentary noise model may be affected by changes in bottom water current 
intensity.

During the Eocene, Site U1514 was probably bathed by Antarctic deep waters that were exported north-
ward that is, entering the basin from the south. This interpretation is primarily based on Eocene ne-
odymium isotope data (εNd) from Sites 264, 738, and 757, all within the Indian Ocean. The Eocene 
εNd values observed at those sites are comparable to εNd composition observed today in bottom waters 
that form along the margin of Antarctica, for example around the Wilkes Land-Adélie Coast (Lam-
belet et al., 2018; van de Flierdt et al., 2006). Huck et al.  (2017) hypothesized that intermediate and 
deep waters formed in the Ross Sea region during the Eocene, which were then entrained into the 
Indian Ocean by means of northward-flowing deep currents (Figure 1). This deep current could have 
flowed north along the eastern margin of the Kerguellen Plateau (e.g., Scher et  al.,  2014), affecting 
bottom-water conditions at Site U1514 in the Mentelle Basin. We hypothesize that during astronomi-
cally forced cool conditions deep water formation around Antarctica may increase. This hypothesis is 
inspired by the study of astronomical forcing in deep-water circulation in the western North Atlantic 
during the middle Eocene by Vahlenkamp, Niezgodzki, De Vleeschouwer, Bickert, et al. (2018b), who 
identified obliquity as the driver of middle Eocene Northern Component Water variability. Minima in 
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the obliquity of Earth’s rotational axis could play a key role in deep water formation and export. This 
is because low-obliquity astronomical configurations enhance winter cooling of surface waters. Under 
orbitally forced warm conditions (obliquity maxima), on the other hand, deep water formation around 
Antarctica would be reduced (Pak & Miller, 1992). The enhanced export of Antarctic deep waters into 
the Indian Ocean would have contributed to stronger bottom currents, and increased sedimentary 
noise at Site U1514 during Eocene cool spells. This hypothesis complies with the observables, which 
is that the U1514 DYNOT noise result positively correlates with sea level reconstructions, under the 
assumption that sea-level highs are more likely to occur under obliquity minima, when less moisture 
is transferred to the continent and the continental storage of water in groundwater and lakes is limited 
(Li et al., 2018). This hypothesis also complies with the observation that the Site U1514 noise levels 
exhibit a 1.2-Myr cycle that can be associated with obliquity forcing (Figure 9).

5. Conclusions
Hole 762C (Exmouth Plateau, eastern Indian Ocean) provides a robust Eocene paleoceanographic archive. 
To correctly read this archive, we constructed an ATS based on the existing bio and magnetostratigraphies, 
by tuning rhythmic patterns in Th/K to 405-kyr eccentricity cycles. Our new ATS for Hole 762C matches 
well with the ages of key Eocene nannofossil bioevents in GTS2012 and the magnetostratigraphic timescale 
proposed in Westerhold et al. (2015, 2017). By combining our astrochronology with the existing astrochro-
nology of Site U1514 from the Mentelle Basin, we constructed a regional high-resolution Eocene ATS for 
the Eastern Indian Ocean. The 2.4-Myr eccentricity nodes were identified in the composite Eocene record 
provide a robust verification of our astrochronology, and its anchoring in numerical time.

The DYNOT sedimentary noise model was applied to both sites, despite the large difference in paleo-water 
depth: Hole 762C represents a submarine plateau, whereas Site U1514 was deposited in a deep-sea basinal 
environment. Nevertheless, we find the imprint of 1.2 Myr obliquity forcing in both environments, albeit 
with opposite phase relationships. At Site 762, sedimentary noise is spurred when eustatic sea level is low. 
These sea-level low stands are hypothesized to correspond to obliquity maxima, when the hydrological cycle 
is enhanced and more water is stored in continental reservoirs. At Site U1514, sedimentary noise is instead 
thought to be associated with bottom current intensity. This would occur when the export of Antarctic deep 
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Figure 9. Visual illustration of the sedimentary noise hypothesis presented in this study. (a) During obliquity maxima, 
sea-level is hypothesized to be low because of enhanced continental water storage (Li et al., 2018). Hence, Hole 762C 
gets closer to the extreme-storm wavebase with an increase in sedimentary noise as a consequence. Low bottom current 
intensity because of reduced Antarctic deep water export generates low sedimentary noise at Site U1514. (b) During 
obliquity minima, sea-level is high and Hole 762C experiences a reduction in sedimentary noise. Antarctic deep water 
export increases and more intense bottom currents generate high noise levels at Site U1514. Figure made with the 
marmap R package (Pante & Simon-Bouhet, 2013) showcasing ETOPO1 bathymetry and topography database for the 
eastern Indian Ocean and Australia.
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water is maximum, for example during periods of enhanced winter cooling during obliquity minima. We 
thus conclude that both sites exhibit the imprint of the same astronomical parameter, however the mecha-
nistic chains between forcing and sedimentary response are radically different.

Data Availability Statement
Site U1514 XRF-derived data are available from PANGAEA https://doi.pangaea.de/10.1594/PAN-
GAEA.912002. Site 762 wireline NGR-derived data are available in the depth-domain from https://brg.ldeo.
columbia.edu/data/odp/leg122/762C/, and in the time-domain from Supporting Data Set S1 or Zenodo 
https://doi.org/10.5281/zenodo.4445673.
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