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> SPECIAL ISSUE ON SCIENTIFIC OCEAN DRILLING: LOOKING TO THE FUTURE

ASTRONOMICAL TIME KEEPING
OF EARTH HISTORY

ABSTRACT. The mathematically predictable cyclic movements of Earth with respect
to the sun provides the basis for constructing highly accurate and precise age mod-
els for Earth’s past. Construction of these astronomically calibrated timescales is piv-
otal to placing major transitions and events in the geological record in their temporal
context. Understanding the precise nature and timing of past events is of great socie-
tal relevance as we seek to apply these insights to constrain near-future climate sce-
narios. Scientific ocean drilling has been critical in this endeavor, as the recovery and
analysis of high-quality and continuous marine sedimentary archives underpin such
high-resolution age models for paleoclimate records. This article identifies key astro-
nomically calibrated records through the past 66 million years (the Cenozoic) collected
during multiple Deep Sea Drilling Project, Ocean Drilling Program, Integrated Ocean
Drilling Program, and International Ocean Discovery Program expeditions, highlights

major achievements, and suggests where future work is needed.

INTRODUCTION

Five decades of scientific ocean drilling
by the International Ocean Discovery
Program (IODP) and its predecessors
continue to provide unique sample mate-
rial essential for developing highly accu-
rate astronomically calibrated timescales.
It has long been recognized that cyclic
changes in both the absolute distance of
Earth from the sun throughout the year
and the angle of Earth’s rotational axis
influence the latitudinal distribution of
incoming solar radiation (insolation)
and, hence, the amplitude of the seasons
(Milankovitch, 1941; Laskar et al., 2004).
Through many processes within the
Earth system, these quasi-cyclic changes
in insolation pace global climate change
(e.g., Hays et al, 1976). Time-series
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analysis of the high-resolution sediment
archives provided by scientific ocean
drilling clearly document the persistent
response of the Earth system to astronom-
ical climate forcing over the last 66 mil-
lion years. In particular, records of ele-
mental abundances in sediment derived
from X-ray fluorescence (XRF) core scan-
ning and of the stable isotope ratios of car-
bon (8'*C) and oxygen (8'80) of bulk sed-
iment and benthic foraminifera—which
are proxies for water chemistry and com-
bined temperature and ice volume—are
dominated by variations corresponding
to Earth’s astronomical cycles of eccen-
tricity (~400 kyr and ~100 kyr), oblig-
uity (~41 kyr), and orbital precession
(~23 kyr). The orbital imprint in deep
ocean sediments is ubiquitous, providing
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an important means of time keeping as
well as allowing investigation of internal
Earth system feedback processes.

Here, we highlight the great con-
tribution that scientific ocean drill-
ing has made to constructing precise
astrochronological timescales for the
Paleogene (from 66 to 23 million years
ago) and the Miocene to Pleistocene
(from 23 million to 11,700 years ago).

THE PALEOCENE, EOCENE,

AND OLIGOCENE

Paleoclimate records from the Paleogene
greenhouse world provide a unique
opportunity to constrain Earth’s climate
system behavior under similar atmo-
spheric CO, concentrations projected for
the year 2100, and to investigate in detail
the causal relationships between astro-
nomical forcing and climatic/cryospheric
and carbon cycle responses. Within the
Paleogene, the Paleocene and Eocene
Epochs (~66-34 million years ago)
were generally characterized by warm
“greenhouse” climates, reaching peak
temperatures during the Early Eocene
Climatic Optimum (EECO; Zachos et al.,
2008; Lauretano et al., 2018) and punctu-
ated by orbitally paced “hyperthermals”
(i.e., strong, short-lived heating events)
such as the Eocene Thermal Maximum 2
(~54 million years ago; e.g., Stap et al,



2010; Figure 1). The spatial coverage
and temporal resolution of records was
very limited prior to recovery of high-
quality, multiple-hole sedimentary suc-
cessions from the Atlantic, including
Ocean Drilling Program (ODP) Leg 207
(e.g., Sexton et al., 2011), ODP Leg 208
(e.g., Zachos et al, 2010; Littler et al,
2014; Lauretano et al., 2016, Westerhold
et al., 2017), and IODP Expedition 342
2018; Vahlenkamp
et al., 2018). Important records were also

(e.g., Boulila et al,

recovered from the Pacific, including
ODP Leg 198 (e.g., Westerhold et al., 2011,

2018), and IODP Expedition 320/321
(e.g., Westerhold et al., 2014). Both XRF
and stable isotope records from these
continuous archives provided spectac-
ular new insights into climate dynamics
of a warm world (Figure 1). In particular,
eccentricity-modulated precession cycles
are ubiquitous at these sites (e.g., Zachos
et al., 2010; Littler et al., 2014; Lauretano
et al., 2016; Westerhold et al., 2017).
Following long-term mid-late Eocene
global cooling, as indicated by a gradual
increase in §'°C values, the largest shift in
the climate state of the Cenozoic occurred

during the Eocene-Oligocene climatic
transition (EOT; ~34 million years ago;
Figure 1), which marked the establish-
ment of a larger and more permanent
Antarctic ice cover that reached its conti-
nental margin (Coxall et al., 2005; Pélike
et al., 2006b). The mid-Oligocene glacial
interval (28-26 million years ago; Pilike
et al., 2006b; Liebrand et al., 2017) was
another major cooling episode charac-
terized by a large but dynamic Antarctic
ice sheet that varied in size on astro-
nomical timescales. This was followed
by warming and retreat of the Antarctic
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FIGURE 1. Compilation of the benthic carbon isotope data sets used in the construction of astro-
nomically tuned age models in the Paleogene, plotted against age in millions of years (Ma). Data
sources: ODP Site 1209 (Leg 198; Westerhold et al., 2011, 2018), ODP Site 1218 (Leg 199; Coxall et al.,
2005; Pélike et al., 2006b; Coxall and Wilson, 2011), ODP Site 1258 (Leg 207; Sexton et al., 2011),
ODP Site 1262 (Leg 208; Littler et al., 2014), ODP Site 1263 (Leg 208; Stap et al., 2010; Lauretano
et al., 2015, 2016), ODP Site 1264 (Leg 208; Liebrand et al., 2016), IODP Site U1410 (Expedition 342,
Vahlenkamp et al., 2018), and IODP Site U1333 (Expedition 320/321; Westerhold et al., 2014), all
updated on the Westerhold et al. (2017) age model where appropriate. Variability in 6C best illus-
trates astronomical-scale variability in the warm, ice-free early Paleogene world. Colored lines rep-
resent three-point running means of the data. The inset map locates ODP and IODP sites for which
data are presented. Representative core images from which these isotope data are generated
are shown below the plot, with additional images from IODP Site U1333 spanning the middle-late
Eocene, for which no published high-resolution isotope data (yet) exists. PETM = Paleocene-Eocene
Thermal Maximum. MECO = Middle Eocene Climatic Optimum.
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ice sheet, preceding the transient cooling
and “re-glaciation” of Antarctica across
the Oligocene-Miocene climatic transi-
tion (OMT; 23 million years ago; Billups
et al,, 2004; Pilike et al., 2006b; Liebrand
et al., 2016; Beddow et al., 2018).

The Oligocene (~34-23 million years
ago) was first astronomically calibrated
using sediments recovered from the equa-
torial Atlantic (ODP Leg 154; Shackleton
etal., 1999; Zachos et al., 2001) and Pacific
(ODP Leg 199, Pilike et al., 2006b).
This tuning has been confirmed at the
~400 kyr eccentricity level using sedi-
mentary records from the Atlantic Ocean,
including ODP Leg 177 (Billups et al,

2004), ODP Leg 154 (Pilike et al., 2006a),
ODP Leg 208 (Liebrand et al., 2016), and
IODP Expedition 342 (Van Peer et al,
2017). A more recent eccentricity-tuned
record from the equatorial Pacific (IODP
Expedition 320/321; Beddow et al., 2018)
confirmed the accuracy of the numerical
ages across the Oligocene-Miocene tran-
sition to the ~100 kyr eccentricity level.

THE MIOCENE, PLIOCENE,

AND PLEISTOCENE

The Miocene (~23.0-5.3 million years
ago) was characterized by a series of step-
wise changes in global climate: warm-
ing culminating in the Miocene Climatic

Optimum (MCO; 17.0-13.9 million years
ago; Holbourn et al., 2014, 2015) as indi-
cated by the lowest 630 values, cool-
ing across the middle Miocene Climate
Transition (mMCT; ~13.9 million years
ago; Tian et al., 2013; Holbourn et al,
2014) portrayed by increasing §'%0 val-
ues, and the late Miocene onset of the
“40-kyr world” (~7.7 million years ago;
Drury et al, 2017, 2018b; Figure 2).
The first Miocene deep-sea astronom-
ically resolved records were recovered
from ODP Leg 154 (Shackleton and
Crowhurst, 1997; Shackleton et al., 1999;
Zeeden et al., 2013; Wilkens et al., 2017)
and ODP Leg 162 (Hodell et al., 2001)
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FIGURE 2. Compilation of selected benthic oxygen-isotope data sets used in the construction of
astronomically tuned age models in the Miocene-Pleistocene, plotted against age in millions of
years (Ma). Date sources: LRO4 Stack (Lisiecki and Raymo, 2005), ODP Site 926 (Leg 154; Wilkens
et al., 2017), ODP Site 1146 (Leg 184; Holbourn et al., 2007), ODP Site 1264 (Leg 208; Liebrand et al.,
2016), IODP Site U1337 (Expedition 320/321; Holbourn et al. 2015; Drury et al., 2017), and IODP
Site U1338 (Expedition 320/321; Holbourn et al., 2014). Benthic 80 records reflect both tempera-
ture and ice-volume variability and best represent astronomical-scale variability in the Neogene
Icehouse. Colored lines represent three-point running means of the data. The inset map indicates
ODP and IODP sites for which data are presented. Representative core images from which these
isotope data are generated are shown below the plot, with an image from ODP Site 926, for which
XRF elemental data exist but are not plotted. Note that all 680 data is offset by +0.64%o relative to
raw values, except for LRO4 data, which are already corrected to equilibrium.
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in the Atlantic, and ODP Legs 184 and
202 in the Pacific (e.g., Holbourn et al.,
2005). Scientific ocean drilling has now
provided continuous astronomical-scale
stable isotope stratigraphies from 23 to
5 million years ago at key sites from ODP
Legs 154, 162, 177, 184, and 208, and
IODP Expedition 320/321 (Billups
et al.,, 2004; Tian et al., 2013; Holbourn
et al,, 2014, 2015, 2018; Liebrand et al,,
2016; Drury et al., 2017, 2018a,b). These
records are underpinned by astro-
chronologies that are precise at the obliq-
uity to precession levels, within the
limitations of the numerical astronom-
ical solutions. However, astronomically
tuned records that combine isotope- and
magnetostratigraphies are only available
for the intervals spanning 24-16 mil-
lion years ago (ODP Leg 177, Site 1090;
Billups et al., 2004) and 8-6 million years
ago (IODP Expedition 321, Site U1337;
Drury et al., 2017).

The Pliocene and Pleistocene (5.3 mil-
lion to 11,700 years ago) are characterized
by a long-term global cooling onward
from the mid-Pliocene Warm Period
(mPWP, ~3 million years ago) and the
intensification of Northern Hemisphere
glaciation (iNHG; ~2.7 million years ago;
Woodard et al., 2014). Superimposed on
these long-term trends are astronomically
paced oscillations between glacial and
interglacial periods, which are observed
in many high-resolution benthic 80
records and other climate-sensitive prox-
ies. Overall, astronomical-band vari-
ance in benthic 680 increases exponen-
tially during the long-term cooling trend
and ice sheet expansion of the last 5 mil-
lion years (Lisiecki and Raymo, 2007).
Again, scientific ocean drilling has recov-
ered astronomically resolved climate
records from dozens of cores, providing
the opportunity to create an average or
stack of the synchronized global §'%0 sig-
nal (“LR04”; Lisiecki and Raymo, 2005).
Stacks improve confidence in astronom-
ically tuned age models by increasing
the signal-to-noise ratio of astronomical
responses (Imbrie et al., 1984), minimiz-
ing the impact of hiatuses or disturbances

in individual cores, and providing an
estimate of globally averaged sedimen-
tation rates to assist with the tuning pro-
cess. Within the Pleistocene, orbital tun-
ing is associated with age uncertainties of
4 kyr (Lisiecki and Raymo, 2005). Robust
astrochronologies made possible through
stacked deep-sea drilling records are crit-
ical to identifying and understanding the
major Plio-Pleistocene climate events,
such as the mPWP (e.g., Dowsett et al.,
2012) and the Mid-Pleistocene transition
(MPT; ~1.2-0.6 million years ago) when
the dominant mode of climate variabil-
ity shifted from 41 kyr to 100 kyr cycles
(e.g., Clark et al., 2006).

OUTLOOK

Despite much recent progress toward
constructing a highly accurate Cenozoic
stratigraphic framework using data from
scientific ocean drilling cores, outstand-
ing issues remain for several time peri-
ods. For example, there is a mid-late
Eocene (~34-44 million years ago) “gap”
in coverage, where until recently we
lacked suitable cores to construct high-
resolution geochemical proxy records
(Figure 1). Continuing work on the
IODP Expedition 320/321 sites, nota-
bly Site U1333 and sediments recovered
from IODP Expedition 369 in 2017 in the
Southeast Pacific, will hopefully close this
stratigraphic gap. Multiple records span-
ning the same time interval will allow
inter-basin and latitudinal differences in
the expression of astronomically paced
climate cycles to be fully explored, and
will give greater confidence in the orbit-
ally tuned age models for those intervals.
A major outstanding goal is to acquire
multiple astronomically tuned records
from different ocean basins with which
to generate a complete Cenozoic stack
to match that already available for the
Plio-Pleistocene. Despite the invaluable
archive currently provided by ODP and
IODP coring, the scarcity of suitable sed-
iments, particularly from the high lat-
itudes and the Indian Ocean, remains a
critical challenge. Recent Indo-Pacific
IODP expeditions (353-356, 363, 369,

371) and future Southern Ocean and
Atlantic Ocean drilling can help resolve
these issues. Ultimately, further scien-
tific ocean drilling is essential to develop-
ing precise and accurate age models for

7=

Cenozoic climate reconstructions.
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