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ABSTRACT

Astronomical solutions provide insight into the Solar System’s dynamical evolution and are indispensable
tools in cyclostratigraphy and astrochronology. Constructing an absolute, fully calibrated astronomical
time scale (ATS) has hitherto been hindered beyond ~50 Ma because orbital calculations disagree
before that age due to solar system chaos. We have recently developed a new approach that allows
extending the fully calibrated astronomical time scale to ~58 Ma. Here, we present geologic data and
new astronomical solutions, extending our approach across the Paleocene epoch (~66 to ~56 Ma). New
astronomical solutions were generated using numerical solar system integrations following our earlier
work, which now provides geologically constrained astronomical solutions for the Cenozoic era (66-0
Ma). The orbital solutions are available to 300 Ma — we caution, however, that the time interval 300-
66 Ma is unconstrained due to dynamical chaos in the solar system. We have tested the sensitivity of our
new solutions to various parameters, including numerical stepsize, solar quadrupole moment, number
of asteroids included, initial positions, and tidal dissipation. We demonstrate that our new solutions
yield improved agreement with the geologic record across the Paleocene epoch, compared to previously
available astronomical solutions for that period. Furthermore, we discuss implications of our results for
solar system chaos and resonance transitions. We have also obtained K/T boundary (KTB) ages based
on our new solutions, which suggest slightly younger KTB ages than those inferred from most recent
40Ar/39Ar radiometric dating.

end Cretaceous

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

“To place all the scattered pages of earth history in their proper
chronological order is by no means an easy task” (Arthur Holmes,
father of the geologic time scale, see Holmes (1965); Gradstein et
al. (2012)). Nonetheless, significant progress has been made over
the past few decades in ordering these scattered pages through
deep-sea drilling and astronomical calculations for Earth’s orbital
parameters to calibrate critical intervals of the geologic time scale,
particularly in the early and mid-Cenozoic (e.g., Hilgen et al., 2015;
Hinnov, 2000; Laskar et al., 2011a; Lauretano et al., 2018; Liebrand
et al,, 2016; Li et al, 2018; Lourens et al., 2005; Meyers, 2015;
Westerhold et al., 2008; Zeebe, 2017; Zeebe and Lourens, 2019).

Development of an astronomical time scale (ATS) based on
astronomical solutions (calculated planetary orbital parameters)
has transformed the dating of geologic archives and today rep-
resents the backbone of cyclostratigraphy and astrochronology,
widely used in geology, geophysics, paleoclimatology, and more.

* Corresponding author.
E-mail addresses: zeebe@soest.hawaii.edu (R.E. Zeebe), L.J.Lourens@uu.nl
(LJ. Lourens).
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Importantly, the utility of absolute geologic ages and chronologies
reaches far beyond mere archiving and cataloging of Earth’s his-
tory. For example, accurate absolute ages of past climate-carbon
cycle events relative to the timing of forcings such as volcan-
ism, impacts, orbital forcing, etc. are critical to understand drivers
and triggers of environmental changes and catastrophes (e.g.,
Cramwinckel et al., 2018; Gradstein et al, 2012; Lantink et al.,
2019). Moreover, the relative timing of events (detailed chronol-
ogy) is essential to understanding both past changes in long-term
climate and rapid climate events. The chronology of the early
Eocene hyperthermals (extreme global warming events) in rela-
tion to orbital forcing represents just one example (e.g., Lauretano
et al,, 2016, 2018; Lourens et al., 2005; Zeebe and Lourens, 2019).
Hyperthermals are considered the best paleo-analogs for massive
carbon release and the climate response to anthropogenic carbon
release (e.g., Zachos et al., 2005; Zeebe et al., 2016). However, un-
derstanding and projecting future climate change (informed by pa-
leoclimate studies) requires accurate dating of past forcing events
to identify similarities and differences to present and future forc-
ings.

We have recently provided a fully calibrated ATS to ~58 Ma
and a revised age for the Paleocene-Eocene boundary with a small
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Fig. 1. New astronomical solutions ZB20a, ZB20b, ZB20c, and ZB20d (this study) and ZB18a (Zeebe and Lourens, 2019) across the Paleocene (Earth’s orbital eccentricity
vs. age). Solutions ZB20x are plotted with an arbitrary negative offset. P/E = Paleocene/Eocene boundary, PCIM = Paleocene Carbon Isotope Maximum, ELPE = Early Late
Paleocene Event, P26r = Peak Chron 26r (middle), LDE = Latest Danian Event, MC27r = Middle Chron 27r event, P28rn = Peak near C28r/C28n boundary (Site 1209), K/T
= K/T boundary (informal use, see ICS, 2005). Circled numbers 1-25 indicate long eccentricity (405 kyr) cycles counted from the K/T boundary upwards. Solution cycles
highlighted in bold correspond to very long eccentricity nodes (VLNs) with reduced ~100-kyr amplitude. (For interpretation of the colors in the figure(s), the reader is

referred to the web version of this article.)

margin of error (Zeebe and Lourens, 2019). However, an equiv-
alent, detailed chronology for events across the full Paleocene
based on specific astronomical solutions is still missing. As a re-
sult, Paleocene records have been interpreted differently regard-
ing the number of 405-kyr cycles contained therein (Hilgen et
al,, 2010, 2015; Westerhold et al., 2008); although progress has
been made for the early Paleocene (e.g., Dinarés-Turell et al., 2014;
Hilgen et al, 2015). Because of uncertainties in radiometric dat-
ing calibrations, the disagreement has led to different proposed
ages for the K/T boundary (T = Tertiary is used informally here,
not as a formal division, see ICS (2005)). Furthermore, due to the
lack of a specific astronomical solution (constrained by Paleocene
data records), the solar system’s chaotic evolution is hitherto un-
known for this interval. Fundamental to resolving the challenges
above is development of an absolute, fully calibrated ATS be-
yond ~58 Ma based on specific astronomical solutions, which has
hitherto been hampered because orbital calculations disagree be-
fore ~50 Ma due to solar system chaos. Here we provide new
astronomical solutions and a fully calibrated ATS including the
Paleocene (~66-56 Ma), which, combined with our recent work
(~58-0 Ma, Zeebe and Lourens (2019)), spans the entire Ceno-
Z0iC.

In the following, we first introduce our new astronomical so-
lutions (Section 2, numerical methods are summarized in Ap-
pendix A). Next, we present a simplified, initial approach to cal-
ibrating the Paleocene ATS (Section 3), followed by a detailed
age model based on cyclostratigraphy from Ocean Drilling Pro-
gram (ODP) Sites 1262/1209, and Zumaia, Spain (Section 4). Addi-
tional information about the detailed age model (which is based
on eccentricity), depth/age windows, etc. can be found in Ap-
pendix B; the lack of suitable Paleocene obliquity records is dis-
cussed in Appendix C. Our K/T boundary ages based on the new
astronomical solutions are presented in Section 5. Finally, we dis-
cuss solar system chaos and resonance transitions in relation to
our astronomical solutions in Section 6. Below, the terms short
eccentricity (es) and long eccentricity (e;) cycle refer to cycles
related to the 100- and 405-kyr periodicity in Earth’s orbital ec-
centricity, respectively. The term very long eccentricity node (VLN)
refers to intervals of reduced ~100-kyr amplitude (highlighted in
Fig. 1).

2. New astronomical solutions

New astronomical solutions were generated using solar sys-
tem integrations following our earlier work (Zeebe, 2015a,b, 2017;
Zeebe and Lourens, 2019, 2022); for numerical methods, see Ap-
pendix A. The primary objective of the simulations was to find
solutions for the Paleocene that are very close to the solution
ZB18a from ~58 Ma to 0 Ma but differ from ZB18a for ages prior
to ~58 Ma. ZB18a shows exceptional agreement with geologic data
from ~58 to 53 Ma (Zeebe and Lourens, 2019). Our approach
hence provides a variety of solutions (in addition to ZB18a) for
testing against the geologic record before ~58 Ma. We used the
difference in Earth’s orbital eccentricity (Ae) to track the differ-
ence between two solutions, considered to diverge at time T when
max|Ae| irreversibly crosses ~10% of mean e (~ 0.028 x 0.1), go-
ing backwards in time (see Zeebe, 2017). For most integrations, the
same initial conditions for positions and velocities were used as for
ZB18a (JPL ephemeris DE431, see Appendix A). We also tested the
latest JPL ephemeris DE441 (Park et al., 2021), which has a small
effect on the results, i.e, the divergence time relative to ZB18a
(based on DE431) is T >~ 66 Ma. For consistency with ZB18a, we
used DE431 for our new solutions (ZB20x) presented below. In
one set of simulations (N = 40), we used initial conditions from
the ephemeris INPOP08a for which 7’s turned out to be =54 Ma.
Note that solutions based on INPOPO8a (Laskar et al., 2011a) fit
the geologic record better than those based on more recent INPOP
versions, despite INPOP08a being considered less accurate (see also
Appendix A.1 and Supplement of Zeebe and Lourens, 2019).

To obtain a variety of solutions, we varied several parameters
within reasonable uncertainty bounds (if applicable), including the
integration timestep At, the solar quadrupole moment J, (for a
discussion of J, values, see Section A.1), the number of asteroids
N,g¢ included in the simulation, Earth’s initial position (radial dis-
tance Arg), and the tidal dissipation in the Earth-Moon system Ty
(see Table 1). In total, more than 1,700 solar system integrations
over the past 100 Myr were performed for the current project.
Note that we provide most of our solutions over the time inter-
val from 100-0 Ma (ZB18a and ZB20x over 300-0 Ma). However, as
we only provide an analysis for the Paleocene/Cenozoic here, we
caution that the interval prior to 66 Ma is unconstrained due to
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Table 1

Parameter variations for astronomical solutions.
Parameter Symbol Unit Std. ZB18a Range T

(Ma)

Timestep® At days 2.0 2.0-3.21875 >70
Solar quadrupole moment® 12 x107 1.305 1.15-1.64 253
Number of asteroids Nast — 10 10-50 =55
A Initial position? Arg m 0 ~0-900 266
Tidal dissipation® T4 - 0 0-1 260

In increments of 27> d = 0.03125 d.

For discussion of J, values, see Section A.1.
Radial distance.

Fraction of modern value (see text).

o e n T

solar system chaos. The divergence times (t’s) for our variations
in At and Arg are older than ~66 Ma (see Table 1). That is, from
~66-0 Ma the solutions are very close to ZB18a and hence provide
no new information for the astronomical calibration of geologic
time across the Paleocene. Extending the maximum Arg for Earth
beyond the values tested here appeared unrealistic as ~900 m al-
ready exceeds the uncertainty limits for the orbits of the terrestrial
planets of a few hundred meters (Fienga et al., 2014; Folkner et al.,
2014; Viswanathan et al., 2017).

We also ran a large number of simulations in which we var-
ied Arg for Earth and Jupiter simultaneously. While some of
those solutions showed good agreement with the geologic data,
i.e,, small RMSDs (root mean square deviations) across certain
depth/age windows (see Appendix B), their short eccentricity (es)
cycle amplitude at events such as P28rn was unacceptably weak
(see Fig. 1, Appendix B). Variations in the tidal dissipation parame-
ter of the Earth-Moon system (T) led to discernible differences for
T 260 Ma. Tidal dissipation causes slow changes in the lunar or-
bit and hence in the gravitational interaction with (and ultimately
the orbits of) other solar system bodies, including the orbit of the
Earth (or the Earth-Moon barycenter). This applies to solar system
integrations in which the Moon is included as a separate object or
the Earth-Moon system is modeled as a gravitational quadrupole.
The parameter Ty used here is nondimensional and measures the
tidal dissipation relative to the modern value at t =0, i.e, Ty =
Q¢/Qo, where Qg = (dn; /dt)g/no = —4.6 x 10718 s~ and n; is
the lunar mean motion (Quinn et al., 1991; Zeebe and Lourens,
2022). Note that T4 is critical for Earth’s precession and obliquity
for much younger ages, but has a smaller effect on Earth’s orbital
eccentricity. For variations in Tg4, several solutions also showed
small RMSDs across depth/age Window 4 but either their es cycle
amplitude at P28rn was weak and/or the RMSDs across Window 5
were larger than for, e.g., ZB20a and ZB20b (see Appendix B).

These results essentially left us with variations in J, and Nag
to search for viable solutions (see Table 1, for a discussion of
Jo values, see Section A.1). Around the standard values of ZB18a
(J2=1.305x 1077 and Nas = 10), we varied J, between 1.15 and
1.64x1077 at Nast = 10 and Nage= 10-50 at J = 1.305 x 1077,
and some combinations of the two. Out of the resulting ensem-
bles of solutions, we identified four solutions (Table 2, representing
a certain class of solutions to ~58 Ma, see Section A.1), which
showed small RMSDs and were most consistent with our selection
criteria (Table 4, Fig. 1). At this stage, no preference is given to
any particular solution among ZB20a, ZB20b, and ZB18a. The so-
lutions ZB20c and ZB20d might be less preferable, given a lower
Jo and a timestep of 6 days, respectively, and a larger RMSD
across Window 1 (ZB20d), 4 (ZB20c), and 5 (Table 4). Earth’s or-
bital eccentricity for the ZB20x solutions (x = a, b, c, d), are avail-
able at www?2.hawaii.edu/~zeebe/Astro.html and www.ncei.noaa.
gov/access/paleo-search/study/36415. Solar system chaos and res-
onance transitions in relation to our astronomical solutions are
discussed in Section 6.

Divergence time relative to run with standard (Std.) values for all other parameters (i.e., values for ZB18a).

Table 2
Properties of astronomical solutions.?
At J2" x107 Nast Niwp
(days)
ZB18a 2 1.3050 10 0
ZB20a 2 1.4700 50 40
ZB20b 2 1.3310 10 0
ZB20c 2 1.1708 10 0
ZB20d 6 1.3050 33 33

a4 At = timestep, Jo= solar quadrupole moment, Nyse= N2 of asteroids, Nywp =
N2 of lightweight particles (see Appendix A).
b For discussion of J2 values, see Section A.1.

3. Astronomical time scale: a simplified, initial approach

In this section, we first take a simplified approach to illustrate
the construction of an ATS for the Paleocene and provide an ini-
tial evaluation of our new astronomical solutions. Based on our
detailed age model (see Section 4), we concur with recent stud-
ies that the Paleocene encompasses 25 long eccentricity (405 kyr)
cycles (Dinarés-Turell et al., 2014; Hilgen et al., 2010, 2015). We
illustrate our simplified approach using the demeaned and de-
trended a*/b* color reflectance record at ODP Site 1262 across the
Paleocene (see Fig. 2). It turned out that a*/b* provided a better
representation of the cyclic variations in the Paleocene, compared
to, e.g., a*, which we used in the late Paleocene and early Eocene
(Zeebe and Lourens, 2019). Dividing the 1262 Paleocene section
into four intervals and filtering the a*/b* record using Gaussian
filters (0.42, 0.33, 0.40, and 0.22 cycle m~', bandwidth +50%)
yielded 25 tie points for the long eccentricity cycle maxima, sim-
ilar to those of Hilgen et al. (2010) (red diamonds, Fig. 2a). The
four intervals are ~218-201 m, ~201-183 m, ~183-170 m, and
~170-139 m. A floating time scale based on the 405-kyr cycle is
hence easily constructed. Anchoring the floating time scale at the
P/E boundary with an age of 56.01 Ma (Zeebe and Lourens, 2019)
then provides absolute ages for the a*/b* record (Fig. 2b). Next, we
applied 100-kyr and 405-kyr filters to the a*/b* record in the time
domain (Gaussian, bandwidth: 40.0016 and +0.0004 kyr~') and
summed the two filter results. The filter sum allows direct com-
parison with Earth’s orbital eccentricity, provided by astronomical
solutions (Fig. 2c¢).

Furthermore, we took into account uncertainties in the inferred
position of the tie points (zs), by allowing each tie point to vary
by 4+25 cm (5-10% of the long eccentricity cycle) and optimized
Ztp by minimizing the root mean square deviation (RMSD) between
the normalized filter sum y; and the normalized astronomical so-
lution s§ at times t;, where i =1, ..., N¢:

1
1 5\ 2
RMSD = (E > - ) :
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Fig. 2. Record, filter sum, and astronomical solution across the Paleocene. (a) Normalized a*/b* record at ODP Site 1262 in depth domain; red diamonds and numbers 1-25
indicate tie points and long orbital eccentricity cycles counted from the K/T boundary upwards (informal use, see ICS, 2005). (b) Normalized a*/b* record and filter sum in
time domain (Gaussian, bandwidth: +£0.0016 and +0.0004 kyr~! for 100-kyr and 405-kyr filters). (c) Normalized filter sum and normalized astronomical solution. P/E =
Paleocene-Eocene boundary, PCIM = Paleocene Carbon Isotope Maximum, ELPE = Early Late Paleocene Event, P26r = Peak Chron 26r (middle), LDE = Latest Danian Event,

MQC27r =

The optimization was repeated for each astronomical solution in-
dividually (for details on our new solutions, see Section 2). Finally,
we evaluated the astronomical solutions using the fit (RMSD) be-
tween solution and geological record within five intervals across
the Paleocene and early Eocene: 53-58, 56-58.5, 58.5-61, 61-63.5,
and 63.5-66 Ma (Fig. 3). Note that the first interval (53-58 Ma)
includes part of the early Eocene and overlaps with the second in-
terval. However, including this interval as is, is important for two
reasons. First, it allows direct comparison with our previous assess-
ment of solutions (cf. Table 1 in Zeebe and Lourens, 2019). Second,
given our approach, a bad fit in a well-constrained younger interval
(here the early Eocene) disqualifies a solution for all older intervals
(here the Paleocene, for further discussion, see Section 4).

The results of our initial assessment of various astronomical
solutions show a few robust trends (see Fig. 3). For example, over-
all the ZBx solutions (x = 18a and 20abcd, this study and Zeebe
and Lourens (2019)) show generally better agreement with the
1262 records than the Lax solutions (x = 10abcd and 11) (Laskar
et al, 2011a,b). This result is not surprising, given the selection
of our new solutions (see Section 2). Importantly, while La10d, for
instance, provides a good match from 56-58.5 Ma, overall the solu-
tion is not a good fit because of the large RMSDs in other intervals.
Of the five Lax solutions, La10b and Lal0Oc provide the best fits
(consistent with earlier work, see Westerhold et al. (2017); Zeebe
and Lourens (2019)) but have larger RMSDs than the ZBx solutions
in most intervals.

Our initial solution assessment (Fig. 3) illustrates another im-
portant point. Unfortunately, small RMSD differences between so-
lutions in a given time interval are not a robust criterion for solu-
tion selection. For instance, if we use the 1262-Fe record (Fig. 3c
and d) instead of a*/b* (Fig. 3a and b), the results are slightly
different. For example, in the two oldest intervals, the solution
ZB20b provides a better fit to the Fe record than to the a*/b*
record. Thus, concluding that ZB20b performs worse than, e.g.,
ZB20d solely based on a*/b* would be premature, as their rank-

Middle Chron 27r event, P28rn = Peak near C28r/C28n boundary (Site 1209), K/T = K/T boundary.

ing is reversed when considering the Fe record. As a result, while
the overall trends of our initial assessment are likely robust, the
details are not, and depend on a variety of factors, including the
proxy record used, filtering, tie point position, etc. Additional cri-
teria are therefore required for robust solution selection.

4. Astronomical time scale: ODP Sites 1262/1209 and Zumaia

In this section, we take a more detailed approach and de-
velop an age model based on cyclostratigraphy from ODP Sites
1262/1209 and Zumaia, in some instances considering features at
the resolution of the 100-kyr cycle (Dinarés-Turell et al., 2014;
Hilgen et al., 2010, 2015). Importantly, our general approach pre-
sented in Zeebe and Lourens (2019) and here extends the as-
tronomical time scale working backwards from younger to older
sections and hence requires suitable fits not only in a given, but
in all younger, intervals. Given that approach, a bad fit in a well-
constrained younger interval thus disqualifies a solution for all
older intervals, regardless of whether that solution may provide
a good fit to an older section of the record. Misfits in the oldest
interval may potentially be improved by further (smaller) param-
eter variations starting with a given solution, but not misfits in a
younger interval.

4.1. Depth/age windows

For our detailed age model, we used six separate windows in
which we applied filters to the 1262 and 1209 Fe records (see
Fig. 4, Table 3). For multi-million year records, multiple windows
are usually inevitable, for instance, because of changes in sedi-
mentation rates, condensed sections, large events that result in
filter distortion, and more (a single record very rarely shows a
homogeneous pattern, say, across ~10 Myr or so). For most of
the Paleocene, we used the proxy records at Site 1262, which
showed well-developed cyclic variations, superior to, e.g., those
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at Site 1209, which also has a lower average sedimentation rate
(~0.4 cmkyr~1) than Site 1262 (~0.8 cmkyr—!). However, efforts
to obtain a filtered Fe record at Site 1262 for the interval across
Windows 5 and 6 consistent with the Zumaia record and Site 1209
were unsuccessful (see Appendix B and Table 3). Hence we used
the Fe record at Site 1209 for Windows 5 and 6. As mentioned
above, our approach works backwards from younger to older sec-
tions, hence the window order is most recent first.

Window 1 covers the late Paleocene and early Eocene, corre-
sponding to the first interval of our simplified approach (see Sec-
tion 3), which was studied in detail by Zeebe and Lourens (2019).
Windows 2 and 3 are relatively short and unproblematic — accord-
ingly, our analysis yielded results in agreement with earlier work
(Dinarés-Turell et al., 2014; Hilgen et al., 2010, 2015; Westerhold et

al., 2008). The ELPE (Window 3) is treated separately because of its
large signal amplitude, which causes filter distortion. However, the
window is short and hence the mismatch between filter and as-
tronomical solution in terms of RMSD is not critical. Windows 4-6
cover sections that are more complex, the details of which are dis-
cussed in Appendix B. In our evaluation of solutions using RMSDs
for different windows, we will primarily give consideration to Win-
dows 1, 4, 5 and 6, rather than to Windows 2 and 3.

One important feature of the records to keep in mind at this
point is a reduced short eccentricity amplitude in Window 4 be-
tween P26r and the LDE, i.e., around 185-192 meters composite
depth (mcd) at Site 1262, roughly corresponding to an age of
~61 Ma (see Fig. 4). This feature is apparent in the Fe, benthic
813C, and a*/b* proxy records at Site 1262 (although more promi-
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Table 3

Depth/age windows.
Window Core Interval® Filter” Depth Aged

(cycle m™1) (mcd)© (Ma)

1 1262 [12,PCIM] 0.20, 0.80¢ 112.43-165.86 53.56-58.06
2 1262 [PCIM,ELPE) 0.33, 1.34 165.20-172.30 57.98-58.94
3 1262 [ELPE] 0.50, 2.00 172.30-175.20 59.00-59.58
4 1262 (ELPE,MC27r) 0.29, 1.25 175.24-202.50 59.65-63.10
5 1209 [MC271,P28rn] 0.86, 3.45 252.40-256.00 63.28-64.64
6 1209 [P28rn,K/T) 0.59, 2.50 255.70-261.20 64.59-65.91

4 Brackets and parentheses indicate intervals with endpoints included and excluded, respectively. 12 = Eocene
thermal event I2 (see e.g., Lauretano et al., 2016). PCIM = Paleocene Carbon Isotope Maximum, ELPE = Early Late
Paleocene Event, MC27r = Middle Chron 27r event, P28rn = Peak near C28r/C28n boundary (Site 1209), K/T =

K/T boundary.

b Center frequency for long, short eccentricity filter (Gaussian, bandwidth £20%).

¢ Meters composite depth.

d Interval ages for Window 1 are event tie points (cf. Supplement of Zeebe and Lourens, 2019). Interval ages
for Window 2-6 (based on ZB20a) are filter boundaries (not event tie points) and may overlap for consecutive

windows (see text).

€ 140.12-165.86 m. For in-depth analysis of the interval 112.43-140.12 m, see Zeebe and Lourens (2019).

nent in Fe than a*/b*, cf. Fig. 2a), as well as at Site 1209. We
therefore consider the reduced short eccentricity amplitude around
61 Ma a robust feature, which prompts us to search for very long
eccentricity nodes around this time in the astronomical solutions
(see below).

4.2. Window summary

Our detailed age model yields results similar to our simplified
approach (Section 3) but adds additional constraints and selec-
tion criteria for astronomical solutions (Fig. 4 and Table 4). These
criteria include existence of a very long eccentricity node around
61 Ma (see above) and the solution’s cycle amplitude at MC27r and
P28rn (see Appendix B for details, Table 4 for summary). The RMSD
results are consistent with those of our simplified approach, indi-
cating that the ZBx solutions perform better than the Lax solutions
(again, not surprising given the selection of the ZBx solutions, see
Section 2). For completeness, we have also included La10a, La10d,
and Lall in the detailed analysis, despite their mismatch in the
late Paleocene and early Eocene (Window 1, see Fig. 3). In addition,
Lal1 has been previously used to reconstruct a Paleocene ATS and
determine the K/T boundary age (Dinarés-Turell et al., 2014; Hilgen
et al.,, 2015).

Importantly, while La10b and La10c do show low RMSDs across
Window 1, these solutions do not exhibit very long eccentricity
nodes around 61 Ma (which we consider a robust feature of the
records, however, see Section 4.1). As a result, the Lax solutions
are less preferable than the ZBx solutions. As mentioned above, no
preference is given to any particular solution among ZB20a, ZB20b,
and ZB18a. The solutions ZB20c and ZB20d might be less prefer-
able, given a lower J, and a timestep of At =6 days, respectively
(compared to the standard At =2 days, see Section 2), and a larger
RMSD across Window 1 (ZB20d), 4 (ZB20c), and 5 (Table 4).

5. K/T boundary age

The K/T boundary (informal use, see ICS, 2005) appears to occur
close to a long eccentricity (405 kyr) minimum, i.e., below the 25th
405-kyr maximum counted from (and including) the P/E boundary
downwards (see Figs. 2 and B.2). More precisely, Kuiper et al.
(2008) defined the astronomical K/T boundary age by placing the
boundary ~2.5 precession-related cycles below the oldest (Pale-
ocene) tuned 100-kyr eccentricity minimum, using an average pre-
cession period of 21 kyr at that time (see Fig. B.2). Dinarés-Turell
et al. (2014) defined the astronomical K/T boundary age by placing
the boundary ~3.5 precession cycles above the youngest (Creta-

ceous) tuned 100-kyr eccentricity maximum (consistent with Gi-
labert et al. (2022), see also Fig. 3 in Batenburg et al. (2012)). Here,
the subsequent (younger, not older) es minimum is assigned the
same number as a given e; maximum. Cretaceous e maxima are
assigned negative numbers (see Fig. B.2). For the two options we
can then write:

tkT1 = teg(ming) + 2.5 x 21 kyr (2)

(3)

which yield similar results, differing by ~10 kyr for most of the
solutions tested here (see Table 4).

More importantly, because the g,-gs cycle (~405 kyr, see Sec-
tion 6) differs slightly between astronomical solutions, the age
model and hence the inferred K/T boundary age depends on the
astronomical solution used for tuning (Table 4). One of the factors
influencing the g,-g5 cycle are potential resonance transitions due
to solar system chaos, which can occur for ages older than ~50 Ma
(see Section 6). As a result, there is a relationship, for instance, be-
tween the g,-gs5 cycle at ~66 Ma and the behavior of a solution
around 50 Ma. For example, the solutions ZB18a, ZB20x, La10b, and
La10c all indicate slightly younger K/T boundary ages (see Fig. 5
and Table B.1). At the same time, all these solutions show a sim-
ilar resonance transition pattern around 50 Ma (see Section 6),
which yields relatively small RMSDs across Window 1. In contrast,
the solutions ZB17a, Lal0d, and Lal1l all indicate slightly older
K/T boundary ages (La10a falls somewhat off the trend, see Fig. 5).
These solutions show a different (or no) resonance transition pat-
tern around 50 Ma, which yields relatively large RMSDs across
Window 1. As a result, there is a relationship between the Win-
dow 1-RMSD and the astronomical K/T boundary age of a solution
(Fig. 5).

The different inferred astronomical K/T boundary ages are a
direct result of the g,-gs5 cycle of the different solutions and
hence correlate with the solutions’ ages of the first (oldest) Pa-
leocene long-eccentricity minimum (Table B.1). Within errors, the
K/T boundary ages based on the solutions ZB20c and ZB20d are
consistent with recent radiometric ages from U-Pb dating (Clyde et
al., 2016) (see Fig. 5). Relative to “°Ar/3?Ar ages (Renne et al., 2013;
Sprain et al., 2018), the K/T boundary ages based on the preferred
solutions ZB20a, ZB20b, and ZB18a fall between two different cali-
brations that have been applied to the 4°Ar/3Ar data (A: Kuiper et
al., 2008) and most recently (B: Renne et al., 2011), see also Schaen
et al. (2020). Our astronomical ZBx-K/T ages (~65.92-65.96 Ma)
are up to ~70 kyr older and up to ~90 kyr younger than the
reported upper and lower error bounds for the 4CAr/3°Ar calibra-
tion A and B (most recent), respectively. While the K/T boundary

tKT, = teg(max_q) — 3.5 x 21 kyr,
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Table 4
RMSD?, selection criteria, and K/T age for astronomical solutions.”
Win 1 Win 4¢ Win 5 Win 6 Node! Cycle Cycle K/T age
RMSD RMSD RMSD RMSD Noe amp' (Ma)®
ZB18a 0.6820 0.8897 0.8835 0.6906 Y 27/14 s/m 65.94/65.96
ZB20a 0.6888 0.8862 0.8072 0.8343 Y 28/15 s/m 65.92/65.92
ZB20b 0.6959 0.8518 0.7950 0.8757 Y 28/15 s/m 65.92/65.93
ZB20c 0.6892 0.9304 0.9335 0.6716 Y 27/14 s/m 65.95/65.96
ZB20d 0.7312 0.8974 0.9927 0.7353 Y 27/14 s/m 65.95/65.95
Lal0a 0.9854 0.9582 0.7804 0.9725 Y ?h ? 65.96/65.95
La10b 0.7702 09117 0.7717 0.6510 N 27/14 sfw 65.95/65.96
La10c 0.7431 0.9444 0.9661 0.6619 N 27/14 s/m 65.95/65.96
La10d 1.0320 1.0085 0.7092 0.9221 Y 2 ? 66.01/66.01
Lal1 1.0009 1.0003 0.7612 0.9046 N 28/15 s/s 66.01/66.02

4 Root mean square deviation between normalized solution and normalized filtered record.
b RMSDs > 0.99 and compatibility issues with selection criteria are marked in bold. Win = Window.
¢ Lax solutions in Win 4 are offset by one e cycle relative to ZBx (yields smaller RMSDs for Lax).

d Very long eccentricity node around 61 Ma (Yes/No).

€ Short eccentricity cycle N® at MC27r/P28rn (counted from the K/T boundary upwards, see Fig. B.2).
f Short eccentricity cycle amplitude at MC27r/P28rn: s/m/w = strong/intermediate/weak.

£ Eq. (2)/Eq. (3).
N Short eccentricity cycle assignment ambiguous.
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Fig. 5. Root mean square deviation (RMSD, Window 1) vs. K/T boundary age.
The Win 1-RMSD between record and astronomical solution vs. astronomical
K/T boundary age (diamonds) falls generally on an increasing trend (blue shaded
area), La10a falls off the trend (arrow). Squares and error bars indicate recent radio-
metric K/T boundary ages based on U-Pb (Clyde et al., 2016) and “°Ar/3?Ar (Renne
et al, 2013; Sprain et al., 2018) with two different calibrations (A: Kuiper et al.,
2008), (B: Renne et al., 2011) for “°Ar/3°Ar (cf. Schaen et al., 2020).

ages based on the solutions La10d and Lal1 appear consistent with
40Ar/39Ar calibration B and the U-Pb ages, we consider those un-
likely because of the misfit of these solutions to geological data
across the Paleocene and early Eocene (Table 4).

6. Chaos and resonance transitions

The sensitivity of astronomical solutions to initial conditions
and small parameter variations is a critical ingredient for the
chaotic behavior of the solar system (e.g., Sussman and Wis-
dom, 1988; Laskar, 1989; Nobili et al., 1989; Laskar, 1990; Suss-
man and Wisdom, 1992). As a result, many astronomical solutions
start showing discernible differences for ages older than ~50 Ma
(e.g., Laskar et al., 2011a; Zeebe, 2017; Zeebe and Lourens, 2019).
Small variations in a single parameter as tested here, for instance,
AJ, =0.16 x 1077, leads to a clear shift in the very long eccen-
tricity nodes (VLNs) in the solutions ZB20b and ZB20c by about
one 405-kyr cycle around 59 Ma (long eccentricity cycle N 16
vs. 17, see Fig. 1). To compare a number of different solutions,
such shifts may be summarized by the time interval (Ayj,) be-

tween consecutive minima in a 2-Myr filter of eccentricity (Gaus-
sian, bandwidth +60%), which approximately coincides with the
interval between VLNs (Zeebe and Lourens, 2019) (see Fig. 6). Plot-
ting, for instance, the preceding (older) interval Ay, at the age of
the filter minimum (as in Fig. 6) also allows a comparison of the
ages of the VLNs for different solutions.

As expected by the selection of the ZB20x and ZB18a solutions
(see Section 2), their Ay, are virtually identical after ~56 Ma
(Fig. 6a). Between ~66 Ma and ~56 Ma, their Ay, differ, roughly
corresponding to the VLNs highlighted in Fig. 1, and within cer-
tain bounds (Ayj, >~ 1.2 to 2.0 Myr). Note that ZB20a, ZB20b, and
ZB20c show VLNs very close to 61 Ma (Fig. 6a, vertical line), which
is one of our selection criteria for viable solutions (see Table 4). In
contrast, for the La10x and La11 solutions, the Ay, diverge around
48 Ma and show larger differences between ~66 Ma and ~56 Ma
(Ayin =~ 1.0 to 2.4 Myr, Fig. 6b). Importantly, La10b and La10c show
a pattern similar to ZB20x and ZB18a after ~54 Ma (Fig. 6, ar-
rows), corresponding to a relatively small RMSD across Window 1
(see Table 4). However, these solutions do not show VLNs at 61 Ma
(Fig. 6b, vertical line), but rather at about 60 and 62 Ma (note that
the VLN requirement at 61 Ma is based on a robust feature of the
records, see Section 4.1). Lal0a and La10d, which do show VLNs
close to 61 Ma, have pattern different from ZB20x and ZB18a after
~54 Ma, corresponding to large RMSDs across Window 1.

The examination of the Ayj, above illustrates the difficulty in
finding adequate solutions to match the geologic record. A given
solution might be a good fit across a certain interval, but a bad
fit across another. Importantly, given the current approach, a bad
fit in a well-constrained younger interval disqualifies a solution for
all older intervals, regardless of whether that solution may pro-
vide a good fit to an older section of the record (see Section 4).
Ay also illustrates the chaotic behavior of the solar system. For
example, the steady rise in Ay, between ~53 and ~45 Ma in
ZB20x and ZB18a is called a resonance transition, which is an un-
mistakable manifestation of chaos and is also key to distinguishing
between different solutions before ~50 Ma (Zeebe and Lourens,
2019). Given the currently available records, at this time it appears
that solutions with Ay, and resonance pattern such as ZB20a,
ZB20b, ZB20c, and ZB18a are most suitable for constructing an
astronomically-tuned time scale for the Paleocene. However, this
may change as new geologic records become available.
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Fig. 6. (a, b) Time interval (Ayp) between consecutive minima in a 2-Myr filter of
eccentricity (Gaussian, bandwidth +60%) for different astronomical solutions: (a)
ZBx, (b) Lax. Ay approximately coincides with the interval between very long ec-
centricity nodes (VLNs) (see Fig. 1). The solutions ZB20x and Lal0b and ¢ behave
similar around 54 Ma (arrows). In contrast, ZB20a, b, and c¢ have VLNs very close
to 61 Ma, whereas La10b and ¢ do not (vertical lines). (¢, d) Time interval (Amax)
between consecutive maxima in the amplitude modulation (AM) of frequencies in
the band around (c) [g3, g4] and (d) [s3, S4] based on spectral analysis (evolutive
harmonic analysis) of the variables h and p (see Eq. (4)) for different astronomi-
cal solutions (ZBx). Note the transition from ~1.5 Myr to >2.0 Myr around 50 Ma
in the g-modes (c), whereas no such transition occurs in the s-modes around that
time (d).

6.1. Resonance transition and solar system frequencies

The resonance transition between ~53 and ~45 Ma, causing
changes in the very long eccentricity nodes, is associated with so-
called g-modes (fundamental solar system frequencies such as g3
and g4, loosely related to the perihelion precession of Earth’s and
Mars’ orbits) and is a macroscopic feature that can be observed
in the geologic data (Zeebe and Lourens, 2019). A complete check
on resonance transitions would strictly also require examination
of s-modes in the geologic record (which mirrors the actual solar
system), e.g., frequencies s3 and s4 (e.g., Ma et al.,, 2017; Pdlike et
al., 2004; Westerhold et al., 2017), which are loosely related to the
nodes of Earth’s and Mars’ orbits (see e.g., Laskar et al., 2011a;
Zeebe, 2017; Zeebe and Lourens, 2019). However, evaluating g-
and s-modes simultaneously is often difficult as it usually requires
good signals of precession/eccentricity, as well as obliquity. For the
Paleocene, we have focused on eccentricity records here (g4-g3),
as we are unaware of suitable obliquity records (see Appendix C),
which would also allow us to examine s4-s3 in the geologic record.
However, we can examine s4-s3 in our astronomical solutions and
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ask, for instance, whether certain changes in g4-g3 are sufficient
to indicate a resonance transition, without detailed knowledge of
changes in s4-s3.

In our solutions ZB20x and ZB18a, the period associated with
g4-g3 switches from ~1.5 Myr to ~2.4 Myr between ~53 and
~45 Ma, consistent with the geologic record, i.e., interpretation of
strata that span this interval (Westerhold et al., 2017; Zeebe and
Lourens, 2019). The ratio (g4-g3) : (S4-s3) is about 1:1 in our
solutions before the onset of the transition around 53 Ma (one
resonance state) and about 1: 2 after the transition around 45 Ma
(another resonance state, see Fig. 6¢ and d). The resonance transi-
tion hence occurs during the interval from ~53 to ~45 Ma when
the system switches from one resonance state to another. This
time interval is accordingly referred to as transition interval, not
the interval prior to ~53 Ma. If a switch in the (g4-g3) : (54-53)
ratio indicates a resonance transition (and conversely, constancy
indicates absence), then the g4-g3 switch also indicates a reso-
nance transition, unless s4-s3 in the actual solar system would
switch simultaneously from ~0.75 Myr to ~1.2 Myr between ~53
and ~45 Ma to keep the ratio constant (not the case of course
in our solutions, see Fig. 6). To the best of our knowledge, such
a resonance behavior has never been proposed theoretically (e.g.,
Sussman and Wisdom, 1992; Laskar et al., 2011a). Neither have we
found any intervals with values as low as ~0.75 Myr for s4-s3 at
all in over 160 solar system integrations we examined, including
ZB20x and ZB18a (Fig. 6d). This strongly suggests that the g4-g3
switch between ~53 and ~45 Ma indeed indicates a resonance
transition in the solar system. One future task to perform if/when
appropriate geologic data for s4-s3 becomes available is to check
whether the resonance transition occurs from a ratio of ~1:1, or a
different ratio, to ~1:2 around 50 Ma.

To examine changes in (g4-g3) : (S4-S3) in our solutions, we
analyzed the amplitude modulation (AM) in the frequency bands
around periods of ~70-75 kyr (g3, g4) and ~68-74 kyr (s3, Sa)
in the respective variables (e.g., Nobili et al., 1989; Zeebe and
Lourens, 2019):

h=e sinw ; p =sin(I/2) sin<2, (4)
where e, I, @, and Q are eccentricity, inclination, longitude of
perihelion, and longitude of ascending node of Earth’s orbit, re-
spectively (Fig. 6). Note that wavelet analysis (Zeebe and Lourens,
2019) and evolutive harmonic analysis (e.g., Meyers, 2014) yielded
similar results. For cyclostratigraphic purposes, different analyses
tools are of course required, as h- and p-time series are not avail-
able from the geologic record. For the ZB20x and ZB18a solutions,
the pattern for the time interval between consecutive maxima in
the AM of the [g3, g4] frequency band (indicative of g4-g3, Fig. 6¢)
is similar to that of A,j, (Fig. 6a), only that Ay, is defined us-
ing just eccentricity and consecutive minima, rather than maxima.
Again, note the prominent switch from ~15 Myr to =>2.0 Myr
around 50 Ma (Fig. 6¢). No prominent shifts occur around that time
in the corresponding [s3, s4] frequency band (indicative of s4-s3,
Fig. 6d), demonstrating that a resonance transition indeed occurs
in the ZB20x and ZB18a solutions around 50 Ma. The pattern for
s4—s3 before the transition is more irregular, the details of which
somewhat depend on parameters and tools used for spectral anal-
ysis though. If anything, the period associated with s4-s3 shows
several larger values before ~55 Ma, corresponding to smaller fre-
quency values of |s4-s3|. The tendency to smaller |s4-s3| values
before ~55 Ma was confirmed by a direct fast Fourier transform of
p (see Eq. (4)) across 10 Myr windows, with the change in s4-s3
mostly driven by s3.
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6.2. The age of the youngest resonance transition and the nature of
chaos

The youngest resonance transition in the ZB20x and ZB18a so-
lutions is not abrupt but occurs over several million years. Hence
no single, precisely defined age can be given for the transition.
Our analysis of Earth’s eccentricity and g4-g3 suggest the transi-
tion to occur across the interval from ~53 to ~45 Ma (see Fig. 6).
This time interval is broadly consistent with the wavelet analy-
sis presented in Fig. 2 of Zeebe and Lourens (2019). However,
we emphasize that due to the gradual nature of the transition,
the interval is not well-defined and also depends somewhat on
the variable and method selected for the analysis. Nevertheless,
significantly younger transition ages as suggested by the La04 so-
lution (Laskar et al., 2004) are not supported by our ZB20x and
ZB18a solutions. In fact, La04 disagrees with the more recent solu-
tions ZB17x, ZB18a, ZB20x, La10x, and Lal1l already around 41 Ma
(Zeebe, 2017); the use of La04 is therefore not recommended prior
to that age.

Resonance transitions are also referred to as chaotic transitions
because they are characteristic indicators for chaos in certain dy-
namical systems (note that one critical ingredient for chaos is
the sensitivity to initial conditions). While, for instance, resonance
transitions in astronomical solutions may occur only across a lim-
ited time interval, the chaos inherent in the system is a funda-
mental property affecting its behavior in general (not only across
a transition). Hence the notion that chaos would “act” only over
a limited time period to cause the resonance transition or the di-
vergence of solutions at a specific point in time (see e.g., Fig. 6a
around 56 Ma) is a misconception. The resonance transition and
divergence of solutions are both expressions of the system’s in-
herent and continuous chaos (Lyapunov time ~5 Myr in the inner
solar system). It is just that the divergence of solutions, for exam-
ple, is revealed macroscopically only after many Lyapunov times,
here on time scales exceeding 50 Myr or so.

7. Summary and conclusions

We have introduced a new set of astronomical solutions to
extend the fully calibrated astronomical time scale across the Pa-
leocene, following Zeebe and Lourens (2019). The solutions are
available to 300 Ma (www?2.hawaii.edu/~zeebe/Astro.html, www.
ncei.noaa.gov/access/paleo-search/study/36415); we caution, how-
ever, that the time interval 300-66 Ma is unconstrained due to
dynamical chaos in the solar system. Our orbital solutions provide
better fits to Paleocene data records (ODP Sites 1262 and 1209)
than previously available solutions. Given the currently available
records, at this time it appears that solutions with properties and
chaotic resonance pattern such as ZB20a, ZB20b, and ZB18a are
most suitable for constructing an astronomically-tuned time scale
for the Paleocene. However, these conclusions may change as new
geologic records become available. The K/T boundary (KTB) ages
obtained using our new solutions suggest slightly younger KTB
ages than those inferred from most recent “°Ar/3%Ar radiometric
dating.
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Appendix A. Solar system integrations

Solar system integrations were performed following our earlier
work (Zeebe, 2015a,b, 2017; Zeebe and Lourens, 2019) with the in-
tegrator package HNBody (Rauch and Hamilton, 2002) (v1.0.10)
using the symplectic integrator and Jacobi coordinates (Zeebe,
2015a). All simulations include contributions from general rela-
tivity (Einstein, 1916), available in HNBody as Post-Newtonian
effects due to the dominant mass. The Earth-Moon system was
modeled as a gravitational quadrupole (Quinn et al., 1991) (lunar
option), shown to be consistent with expensive Bulirsch-Stoer in-
tegrations up to 63 Ma (Zeebe, 2017). Initial conditions for the
positions and velocities of the planets and Pluto were generated
from the JPL DE431 ephemeris (Folkner et al., 2014) (naif.jpl.nasa.
gov/pub/naif/generic_kernels/spk/planets), using the SPICE toolkit
for Matlab (naif.jpl.nasa.gov/naif/toolkit.html). We also tested the
latest JPL ephemeris DE441 (Park et al., 2021), which has a small
effect on the results, i.e., the divergence time relative to ZB18a
(based on DE431) is 7 >~ 66 Ma. For consistency with ZB18a,
we used DE431 for our new solutions (ZB20x) presented here.
For INPOP08a (www.imcce.fr/inpop), initial conditions were gener-
ated using the calceph library in C (www.imcce.fr/inpop/calceph).
The integrations for ZB20x (ZB = Zeebe-HNBody) included dif-
ferent numbers of asteroids (N.s, see Table 2), with initial con-
ditions generated at ssd.jpl.nasa.gov/x/spk.html (for a list of as-
teroids, see Zeebe (2017)). Sets of asteroids were either treated
as heavyweight particles (HWPs) or lightweight particles (LWPs)
in HNBody (Table 2). HWPs are subject to the same full in-
teractions as the planets. LIWPs are dynamically equivalent to
HWPs but self-gravity (LWP-LWP forces) is ignored; HWP-LWP
interactions are included (see Rauch and Hamilton, 2002). Co-
ordinates were obtained at JD2451545.0 in the ECLIPJ2000 ref-
erence frame and subsequently rotated to account for the so-
lar quadrupole moment (J,) alignment with the solar rotation
axis (Zeebe, 2017). Earth’s orbital eccentricity for the ZB20x so-
lutions is available at www2.hawaii.edu/~zeebe/Astro.html and
www.ncei.noaa.gov/access/paleo-search/study/36415. We provide
most of our solutions over the time interval from 100-0 Ma
(ZB18a and ZB20x over 300-0 Ma). However, as we only pro-
vide an analysis for the Paleocene/Cenozoic here, we caution that
the interval prior to 66 Ma is unconstrained due to solar system
chaos.

A.1. Solar quadrupole moment |,

The J value of ~1.3-1.5x10~7 used in several of our preferred
solutions is lower than 2.2 x 10~7 used in our earlier work (Zeebe,
2017), where the latter is based on recent (modern) evidence (Park
et al., 2017; Pijpers, 1998). However, as described in the Supple-
ment of Zeebe and Lourens (2019), J» can be increased in the sim-
ulations with a larger asteroid population (N) to yield very similar
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solutions up to a certain age (we refer to a set of such similar solu-
tions as a “class” of solutions). We have only tested up to N = 50,
while current ephemerides may include N > 300, and in reality
N may be >10°% with size >1 km (though only a small fraction
of this is dynamically relevant). Nevertheless, given that N = 50
corresponds to J, ~1.5x 1077, perhaps J, ~1.8—-2.0x 10~/
is feasible with a larger asteroid population (note, however, that
100-Myr integrations with large N are computationally still very
expensive). Thus, it is possible that the J, value used in long-
term integrations can be reconciled with modern evidence if a
large asteroid population is included. Another possibility is that
parameters required for long-term integrations that are compati-
ble with geologic observations of the past are not fully compatible
with our best knowledge of the current solar system. Note in this
context that the La10c solution (Laskar et al., 2011a) with a small
Win-1 RMSD (see Table 4) used the INPOPO8 ephemeris (Fienga
et al,, 2009), which is considered less accurate than more recent
versions such as INPOP10 used for Lall. Yet, Lal0c fits the geo-
logic data better than Lall (see Table 4, and Westerhold et al.,
2017).

Appendix B. Depth/age windows of detailed age model

In this Appendix we discuss Windows 4-6 of the detailed age
model (for Windows 1-3, see Section 4.1). Regarding RMSDs (see
Table 4), note that some solutions showed two similarly small
RMSDs that were usually offset by one short eccentricity (es) cy-
cle between the solution and the filter. Unless stated otherwise,
the reported RMSD corresponds to the es position consistent with
the window interval ages given in Table 3. In the following, H15 =
Hilgen et al. (2015), D14 = Dinareés-Turell et al. (2014).

B.1. Window 4: ELPE to MC27r

Spectral analysis of the Fe record at Site 1262 showed a rel-
atively homogeneous cycle pattern between the ELPE and MC27r
(~175 to ~204 m). Excluding the long eccentricity cycles (ej)
encompassing the ELPE and MC27r, our Fe filter yields nine e;
for this section, in agreement with previous work (e.g., Barnet et
al., 2019; Westerhold et al., 2008). The section below ~190 m
is also nearly consistent with the available record at Zumaia for
the early Paleocene [H15; D14], with one exception. Within the
~1.5 m above MC27r our filter at Site 1262 indicated one short
eccentricity maximum (1 x es), whereas the stratigraphic record
at Zumaia (and Site 1209) indicate 2 x es; [H15; D14]. This sug-
gests a somewhat reduced sedimentation rate (and/or condensed
section) for the interval just above MC27r at Site 1262. As a re-
sult, the window interval was terminated at 202.5 m (instead of
204 m) to avoid the problematic bottom 1.5 m. In addition, the
interval between 198.5 m and 202.5 m was stretched, which re-
sulted in a better match with long- and short eccentricity cycles,
when compared to the interval above and to astronomical solu-
tions across the interval. The stretch did not alter the total number
of es cycles, which remained consistent with the Zumaia record
and Site 1209. Furthermore, our result for the number of short
eccentricity cycles between MC27r and the LDE (N = 13) is con-
sistent with Westerhold et al. (2008) and H15 but differs from
D14, who counted cycles 31-32 (from the K/T boundary upwards)
as a single cycle (hence their N = 12), which leads to age offsets
across the interval between our results and D14’s tuning (see Ta-
ble B.2).

Note that Window 4 is by far the largest window introduced
here (apart from Window 1, see Zeebe and Lourens, 2019) and
hence the match with an astronomical solution across Window 4
in terms of root mean square deviation (RMSD, see Table 4) should
be given more weight than the RMSD for other windows. Another
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Fig. B.1. Correlation between normalized Fe records at Sites 1209 (green) and 1262
(blue) around P28rn. The Fe peak at 211.4 mcd at Site 1262 (star) could be inter-
preted to suggest a different correlation, see text.

important criterion for solution selection is the existence of a very
long eccentricity node around 61 Ma, which is based on a robust
feature of the geologic records, apparent at different sites and in
different proxies (see Section 4.1).

B.2. Window 5: MC27r to P28rn

In the following, P28rn denotes a peak in the Fe record at
255.9 m at Site 1209 (see Figs. 4 and B.1), close to the C28r/C28n
chron boundary. Efforts to obtain a filtered Fe record at Site 1262
for the interval between MC27r and P28rn (as well as between
P28rn and the K/T boundary) consistent with the Zumaia record
and Site 1209 were unsuccessful. The 1262 filter records yielded
insufficient numbers of short eccentricity cycles compared to Zu-
maia and Site 1209. Attempts to correct for this shortcoming by
stretching the record resulted in heavy distortions of es ampli-
tudes. Thus, we employed the Fe record at Site 1209 (see Table 3)
for Windows 5 and 6.

A Gaussian filter in depth domain centered at 3.45 cycles m™
(bandwidth 420%) yielded initially 13 x e; maxima across Win-
dow 5 (the count includes the maxima associated with MC27r and
P28rn). However, it has been pointed out that the top of this in-
terval is part of a condensed section at Site 1209 (Dinarées-Turell et
al., 2014; Westerhold et al., 2008). Visual inspection of the interval
would allow for one additional cycle at ~252.8 m, which would
also shift MC27r one es cycle closer (younger) to the correspond-
ing 405-kyr eccentricity maximum in astronomical solutions, more
in line with a stronger expression of MC27r in the sedimentary
records. Hence, we stretched the top 1 m of this section, yielding
14 x e; maxima across Window 5. While of minor importance, we
note that n = 14 e maxima from (and including) MC27r to P28rn
is consistent with the cycle count in D14, whereas H15 arrived at
n=13.

1

B.2.1. Correlation between Sites 1262 and 1209 around P28rn

It is noteworthy to comment on the correlation between Sites
1262 and 1209 around P28rn. At Site 1209, P28rn is characterized
by a strong Fe peak at ~255.9 mcd (Fig. B.1). Visually, the imme-
diate conclusion would seem that the corresponding Fe peak at
Site 1262 (similar shape) is located at 211.4 mcd (Fig. B.1, star). In-
deed, this interpretation was favored by Westerhold et al. (2008)
(see their Fig. 4, es cycle 12 counted from the K/T boundary up-
wards). However, comparison to Zumaia and magnetostratigraphy
suggests a different correlation. Site 1209 lacks a reliable mag-
netostratigraphy but not Zumaia, where P28rn appears to be lo-
cated at the chron boundary of C28r and C28n [H15; D14]. Trans-
fer of the cycle counting from Zumaia to Site 1209 then sug-
gests that P28rn at Site 1209 indeed corresponds to the peak at
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Fig. B.2. Examples of Earth’s orbital eccentricity (e) from astronomical solutions relative to early Paleocene events. The solution Lal1 is plotted with an arbitrary negative

offset. MC27r =

Middle Chron 27r event, P28rn = Peak near C28r/C28n boundary (Site 1209), K/T = K/T boundary (informal use, see ICS, 2005). Arrows mark the minima in

the solutions’ long eccentricity (405 kyr) cycle close to the K/T boundary. Numbers label the maxima in the solutions’ short eccentricity (~100 kyr) cycle counted from the

K/T boundary upwards.

Table B.1
Age of first (oldest) Paleocene long-eccentricity (~405 kyr) minimum for various solutions (see Fig. B.2).
ZB La
17a 18a 20a 20b 20c 20d 10a 10b 10c 10d 11
te,(miny)® 65.96 65.90 65.91 65.91 65.91 65.91 65.92 65.93 65.93 65.98 65.97
Atgg? 40 100 90 90 90 90 80 70 70 20 30
2 (Ma).
b (kyr). Atgs =66 Ma — te,(min;)- Rounded to nearest 10 kyr.

255.9 mcd. At Site 1262 magnetostratigraphy is available, which
suggests, however, that the C28r/C28n boundary at Site 1262
is located at ~209.8 mcd [D14], and not at ~2114 mcd (see
Fig. B.1).

This result may appear visually counterintuitive but is in-
evitable if the magnetostratigraphies at Zumaia and Site 1262, and
the cycle counting at Zumaia are accurate. Importantly though, the
correlation between Sites 1262 and 1209 around P28rn only af-
fects the tie points for Site 1262 for this section. It does not affect
our final Paleocene age model, which is based on Site 1209 all the
way from MC27r to the K/T boundary (see Fig. 4; the correlation
between Sites 1262 and 1209 around MC27r seems uncontrover-
sial).

B.3. Window 6: P28rn to K/T boundary

Based on the correlation between the Zumaia record and Site
1209, both H15 and D14 suggest P28rn to be associated with the
maximum of es cycle 15, counted from the K/T boundary upwards
and tuned to the orbital solution Lal1l (Laskar et al., 2011a) (used
in H15 and preferred by D14, see Fig. B.2). The cycle counting and
numbering requires some explanation though. The K/T boundary
appears to occur close to a long eccentricity (405 kyr) minimum
(Fig. B.2, arrows). The maximum of the corresponding short eccen-
tricity cycle is assigned es cycle N® 1 here, where corresponding
means following a larger e maximum associated with the final,
youngest Cretaceous 405-kyr cycle. Importantly, because the g,-g5
cycle (~405 kyr) differs slightly between astronomical solutions,
the age model and, e.g., the inferred K/T boundary age therefore
depend on the astronomical solution used for tuning and corre-
lates with the solutions’ ages of the first (oldest) Paleocene long-
eccentricity minimum (Table B.1).

The above cycle counting and assignment is consistent with
H15 (see age/eccentricity axis tuned to Lall in their Fig. 3). The
counting is also consistent with D14, but their number assignment
is different (see their Fig. 5). D14’s number assignment follows
the original eccentricity maxima numbering by Westerhold et al.
(2008) to which D14 added letter subscripts for newly identified

11

cycles. For example, between P28rn and the K/T boundary, D14
added cycle 12b. Thus, while D14 labeled P28rn cycle N2 14 (see
their Fig. 5), it is actually cycle 15 (counted from the K/T boundary
upwards and tuned to Lal1). In addition, as noted above, the age
model and hence cycle numbers can differ between astronomical
solutions. For instance, P28rn is associated with the maximum of
es cycle 15 in the solutions ZB20a and Lal1l (Fig. B.2) but with
cycle 14 in ZB18a and Lal0b, for example (solutions ZB18a and
La10b not shown, but see Table 4). The amplitude of the solution’s
es maximum at P28rn then becomes an additional selection cri-
terion for a proper solution. Given that P28rn is associated with a
strong peak in the sedimentary record (e.g., in Fe at Site 1209), it is
unlikely that the eccentricity forcing was associated with a weak e;
maximum, for instance, occurring close to a long eccentricity min-
imum. Instead, it is more likely that P28rn was associated with a
strong es maximum.

The above criterion rules out a number of astronomical solu-
tions (see also Section 2). If the K/T boundary coincides with an
e; minimum, then the subsequent large e; maxima may occur at
short cycles 4, 8, 12, 16, ... (Lall), as 4 short cycles approxi-
mately equal one long cycle, i.e.,, n for large e; maxima is given
by nj;1 =n; + 4 (see Fig. B.2). However, the P28rn criterion re-
quires that exactly cycle N2 15 (e.g., La11) be a large e; maximum,
although 15 is not part of the above sequence. In many solutions
these preceding cycles (preceding a large e maximum that is part
of the sequence) have only intermediate or weak amplitude. Also,
while the preceding cycles may be strong across other 405-kyr cy-
cles of a solution, the requirement to occur exactly at P28rn poses
an important restriction.

Alternatively, if P28rn was actually associated with the maxi-
mum of es; cycle N2 16, many more solutions would fit this crite-
rion. However, it would effectively require that chron C28r spans
two e; maxima, not one (adding another es cycle below N2 13 is
difficult due to the required match with the 405-kyr cycle). While
this appears not impossible for the deep-sea records at Sites 1262
and 1209 (see Fig. B.1), it would be inconsistent with the Zumaia
record, the latter of which we assume here to be accurate for
the time being. Finally, note that due to the aftermath of the K/T
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Table B.2
Paleocene tie points®, events, and astronomical ages.
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Ne Event” 1262 1209 Age (Ma) ZBx
(mcd)© (mcd)© 18a 20a 20b 20c 20d

KT 216.7 261.6 65.94 65.92 65.92 65.95 65.95
1 215.2 ? 260.4 65.73 65.72 65.72 65.74 65.74
2 2133 258.8 65.33 65.33 65.34 65.32 65.34
3 2114 2571 64.93 64.96 64.96 64.92 64.91
4 P28rn 209.7 ? 255.9 64.65 64.58 64.58 64.64 64.62
5 ? 254.5 64.10 64.11 64.11 64.14 64.13
6 205.7 ? 253.4 63.72 63.73 63.72 63.72 63.76
7 MQC27r 204.1 252.5 63.34 63.34 63.34 63.33 63.35
8 200.9 ?,c 2513 ? 62.85 62.85 62.85 62.84 62.83
9 198.4 250.1 62.42 62.42 62.42 62.46 62.43
10 LDE 195.3 248.1 62.03 62.03 62.03 62.02 62.04
11 1921 246.0 ? 61.64 61.65 61.66 61.64 61.66
12 188.7 2432 61.24 61.25 61.26 61.24 61.22
13 185.4 ?,.c 60.91 60.91 60.93 60.95 60.92
14 P26r 181.6 240.9 60.42 60.42 60.44 60.42 60.44
15 178.5 238.8 60.04 60.04 60.05 60.04 60.05
16 1754 236.9 ? 59.66 59.66 59.66 59.66 59.61
17 ELPE 173.7 2351 59.23 59.24 59.23 59.23 59.23
18 1715 234.2 ? 58.83 58.83 58.84 58.83 58.85
19 168.7 2318 ? 58.46 58.45 58.46 58.45 58.47
20 PCIM 165.9 230.1 ? 58.06 58.05 58.07 58.05 58.05
21 159.8 226.6 ? 57.65 57.65 57.64 57.64 57.64
22 B2 155.6 224.0 57.24 5724 5724 5724 5725
23 C1 150.6 2214 56.85 56.85 56.85 56.85 56.85
24 D1 146.0 220.0 ?,.c 56.47 56.47 56.47 56.47 56.47
25 P/E 140.1 218.0 56.01 56.01 56.01 56.01 56.01

4 Based on Fe records from Ocean Drilling Program Sites 1262 and 1209.

b KT = K/T boundary, P28rn = Peak near C28r/C28n boundary (Site 1209), MC27r = Middle Chron 27r event, LDE
= Latest Danian Event, P26r = Peak Chron 26r (middle), ELPE = Early Late Paleocene Event, PCIM = Paleocene Carbon
Isotope Maximum, B2, C1, D1 = Eocene thermal events (see e.g., Lauretano et al., 2016), P/E = Paleocene/Eocene boundary.

¢ mcd = meters composite depth.
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Fig. C.1. Multitaper method (MTM) spectral analysis results (this study) of gamma-
ray (GR) logs from the BS1 borehole (Xu et al., 2019) after tuning to the 405-kyr
cycle. The MTM analysis used K = 3 tapers with K =2q — 1, where ¢ =2 is the
time-bandwidth product. Note little to no power in the obliquity band around
40 kyr.

impact and generally low/variable sedimentation rates, we cannot
exclude filter distortions throughout Window 6. Hence the match
with an astronomical solution across Window 6 in terms of RMSD
(see Table 4) is given less weight than the RMSD for other win-
dows.

Appendix C. Potential obliquity records

As explained in Section 6.1, suitable obliquity records across the
Paleocene would be desirable to also examine s4 — s3 in the geo-
logic record, i.e., via amplitude modulation (AM) of obliquity. Here
we briefly discuss three potential candidates for such records from
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China (Liu et al., 2018, 2019; Xu et al, 2019). Xu et al. (2019)
analyzed gamma-ray (GR) logs from the B270 and BS1 boreholes
in the Nanxiang Basin, of which only BS1 covers the Paleocene
though. After following their tuning to the 405-kyr cycle, our GR-
MTM spectrum at BS1 shows some power in the 100-kyr band but
little to no power in the obliquity band (around 40 kyr, Fig. C.1).
For the current purpose of constraining astronomical solutions us-
ing geologic records, a strong and robust signal at or near the
astronomical frequency in question is required. This is not the case
for the BS1-GR record at or near the 40-kyr band (Fig. C.1). A sim-
ilar argument can be made for a GR record from the Bohai Bay
Basin (see Fig. 8C in Liu et al., 2018). Thus, these records unlikely
provide any rigorous constraints on s4 —s3 and allow unambiguous
selection of suitable astronomical solutions.

Liu et al. (2019) (L19) examined GR profiles from the WP-1
borehole in the East China Sea Shelf Basin and reported a promi-
nent ~1.2-Myr periodicity, owing to the AM of obliquity. Starting
with the GR data in depth domain, we attempted to repeat their
analysis and obtained a normalized GR record in the time do-
main very similar to the published one (compare Fig. C.2a and d).
However, L19’s and our 41-kyr filters of the GR records and the
corresponding Hilbert transforms show differences. For example,
L19’s 41-kyr filter has a large amplitude around 6.5 Myr (floating
chronology), whereas our filter does not (compare Fig. C.2b and e).
Furthermore, the MTM spectra of the Hilbert transform show lit-
tle resemblance (compare Fig. C.2g and h). Whereas L19’s Hilbert
spectrum shows an absolute maximum at ~1.2 Myr (see also filter
Fig. C.2¢), our Hilbert spectrum does not. Rather, we find signif-
icant power around 6 Myr, ~2 Myr and ~630 kyr (for 630 kyr
filter, see Fig. C.2f). As a result, we were unable to reproduce L19’s
results of a prominent ~1.2-Myr periodicity in the WP-1 GR record
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Fig. C.2. Comparison of analyses of gamma-ray (GR) profiles from the WP-1 borehole by Liu et al. (2019) and this study. (a) Detrended and tuned GR record, (b) Hilbert
transform, and (c) 1.2 Myr filter (figures from Liu et al. (2019)). (d) Detrended and tuned GR record, (e) Hilbert transform, and (f) 630 kyr filter (this study). Note large 41-kyr
filter amplitude around 6.5 Myr (floating chronology, Liu et al. (2019), panel (b)), which is absent in our results (e). (g) MTM spectrum of the Hilbert transform from Liu et

al. (2019), showing little resemblance to our MTM Hilbert spectrum (h).

(indispensable to constrain s4 — s3), the cause of which is unclear
at this point.
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