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Should Unit-Stratotypes and Astrochronozones be
formally defined? A dual proposal (including
postscriptum)

Frits Hilgen'*, Lucas Lourens', Heiko Pilike? and research support team**

With 5 figures

Abstract. The Global Stratotype Section and Point (GSSP) approach to define stage boundaries leaves the
unit or body of the stage undefined. At the same time, previous arguments against the use of unit-stratotypes
have been invalidated for the younger Cenozoic part of the geological record through the revolutionary
advance in integrated high-resolution stratigraphy and astronomical dating. Combined, these provide
unprecedented age control and ensure continuity of sedimentary successions, at least within the time scales
of'the calibrated astronomical-forced climate oscillations, and offer the possibility to introduce amended unit-
stratotypes for global stages. Here we propose that such unit-stratotypes should comprise the entire stage in an
astronomically age calibrated deep-marine succession, preferably but not necessarily containing the GSSP.
Furthermore, cycles used for the tuning can be formally defined as chronozones, i. e. chronostratigraphic units
of either unspecified rank or of a smaller scale than the stage, and independent of the standard hierarchy in
global chronostratigraphy. In this way, the standard Geological Time Scale and Global Chronostratigraphic
Scale can be brought in line with the progress in integrated high-resolution stratigraphy and astronomical
dating. However, the more fundamental formal definition of unit-stratotypes does not depend on the
formalization of astrochonozones, and both issues should be separately considered and voted upon.

Key words. Keywords. Astronomical dating, unit-stratotype, global chronostratigraphy, astrochronozones,
stages, GSSP

types (ISST 1961, body stratotype of Harland 1978),
1. e. sections in which both the body and the boundaries

1. Introduction

Following their definition in the 19" century, stages,
nowadays the basic building blocks of chronostrati-
graphy, were regarded in widely different ways with
unit-stratotypes being one of them (Walsh et al. 2004).
To overcome this unwelcome situation, Hedberg
(1958) proposed that boundaries of time stratigraphic
units should be formally defined in some type section
or area. Initially emphasis was placed on unit-strato-

of a chronostratigraphic unit were defined at the same
time. However, this soon changed in favour of the
boundary stratotype and, eventually, the GSSP, as it
was at that time impossible to define unit-stratotypes as
continuous segments of time in the rock record without
gaps and/or overlaps (Hedberg 1976, Cowie 1986,
Salvador 1994, Remane et al. 1996). In the case of
boundary stratotypes and GSSPs, only the boundaries
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of a chronostratigraphic unit are designated as these
best define the time interval, which is its main char-
acteristic (e. g., Walsh et al. 2004). In practice, to avoid
time stratigraphic correlation problems, only the lower
boundary of a stage is defined by a GSSP, the upper one
being automatically defined by the lower boundary of
the next younger stage (Salvador 1994).

The switch from unit-stratotypes to boundary stra-
totypes took place around the same time that the deep-
sea drilling project (DSDP) was initiated. DSDP
provided crucial data to substantiate theories of sea-
floor spreading and plate tectonics. However, an im-
portant goal of DSDP was to extend the deep-sea
record of the Ice Ages provided by single piston coring
for the upcoming paleoceanographic community. Sin-
gle piston cores had demonstrated that continuous
records of Ice Age history could be retrieved from
the deep-sea (Emiliani 1955, Ericson et al. 1961). This
development eventually culminated in the Hays et al.
(1976) milestone paper, which showed that the history
of the Ice Ages of the last 450,000 years was paced by
variations in the Earth’s orbital and inclination para-
meters.

DSDP and its successors ODP and IODP succeeded
to recover continuous successions even though the
deep-sea record proved to be punctuated by hiatuses as
well (e. g., Keller and Barron 1983, Keller et al. 1987).
This was especially achieved by technological innova-
tions combined with the multiple hole drilling strategy
to overcome problems at core breaks (Ruddiman et al.
1987). At present, paleoclimate oriented expeditions
are able to recover complete if not continuous records
of paleoclimate change over many millions of years
from carefully selected sites often arranged along
preferred drilling transects (e. g., Pdlike et al. 2012).
Carefully constructed splices provide the base for
astronomical tuning of continuous records, providing
maximum age control necessary for understanding
pre-Pleistocene climate and climate change in detail
(e.g., Zachos et al. 2004, Westerhold and R6hl 2005,
Holbourn et al. 2013). At the same time, similar high-
resolution integrated stratigraphic studies, including
astronomical tuning, were carried out on land-based
marine sections (Hilgen 1991a, Hilgen 1991b, Lourens
et al. 1996, Hiising et al. 2009).

The latter developments were adopted by the Neo-
gene community for defining GSSPs of Neogene
stages in tuned deep-marine sections, which had pre-
viously been selected as neostratotypes for the less
suitable historical stratotypes; they may now serve as
unit-stratotype for the pertinent stages (Hilgen et al.

20006). In fact, astronomical tuning has been added as a
key requirement to the list of conventional require-
ments to define remaining Neogene GSSPs (Hilgen et
al. 2009).

While high-resolution integrated stratigraphy and
astronomical dating are used to build the standard GTS
and global chronostratigraphic scale, unit-stratotypes
and associated astronomically age calibrated chron-
ozones are not formally defined. Yet, astronomical
dating increasingly underlies the age calibration of the
GTS and astronomically calibrated cycles are widely
applied by the paleoclimate community (e. g., global
Marine Isotope Stages of Emiliani (1955) and Lisiecki
and Raymo (2005); sapropel layers of Hilgen (1991 a)
and Lourens et al. (1996) in the Mediterranean). In the
following we will outline our concept of amended unit-
stratotypes, give possible examples of such unit-stra-
totypes and the accompanying astronomically age
calibrated chronozones, and discuss why it is logical
to formally define these and incorporate them in the
standard chronostratigraphic scale.

2. Unit-stratotypes and
astrochronozones

The term unit-stratotype is in principal a general term
that is not only used in chronostratigraphy, but also for
instance in lithostratigraphy (Murphy and Salvador
1999). However, in this proposal, we specifically refer
to unit-stratotypes in their chronostratigraphic sense.
According to our amended definition, unit-stratotypes
should cover the entire range of a chronostratigraphic
unit in a demonstrably continuous succession whether
in outcrop or deep-sea cores. The ultimate proof for
continuity comes from the cyclic variability that is

Fig. 1. The Rossello Composite Section (RCS, Sicily, Italy)
as revised unit-stratotype for the Zanclean and Piacenzian
Stages of the Pliocene and of the Pliocene Series, showing
the orbital tuning of the basic precession-related sedimentary
cycles and the resulting astronomical time scale with accu-
rate and precise astronomical ages for sedimentary cycles,
calcareous plankton events and magnetic chron boundaries.
The Zanclean and Piacenzian GSSPs are both formally
defined in the RCS, while the level that time-stratigraphi-
cally correlates with the Gelasian GSSP is present in the
topmost part of the section. The RCS lies at the base of the
Pliocene part of the Neogene Time Scale and the Global
Standard Chronostratigraphic Scale. The astronomical indu-

A17159/31141/83D30C0B

20200624-132426



Should Unit-Stratotypes and Astrochronozones be formally defined? 21

Rossello Composite Astronomical Time Scale Milankovitch
(Langereis and Hilgen, 1991) (Lourens et al., 1996) Ch ro nozones
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ced cycles in the RCS define Milankovitch chronozones linked to long (405-kyr) and short (~100-kyr) eccentricity, and to
precession. The eccentricity related cycles have been numbered by counting eccentricity maxima back from the Recent, but
different codification schemes are possible. Precession-related cycles are designated from precession maximum to precession
maximum. See further Cita and Gartner (1973), Cita (1975), Langereis and Hilgen (1991), Hilgen (1991 b) and Lourens et al.
(1996). Modified after Hilgen et al. (2006).
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either expressed in intrinsic (i.e. lithology bound
parameters such as colour, etc.) or extrinsic (such as
stable isotopes) variables; these should have been
calibrated to astronomical target curves of precession,
obliquity, eccentricity, or insolation computed by
means of an astronomical solution of the Solar System
to provide optimal high-resolution age control. This
progress paves the way for the formal definition of
unit-stratotypes that are based on astronomically age
calibrated chronozones, or shortly astrochronozones.

At present, the best example of this approach are the
stage unit-stratotypes defined in the Rossello compo-
site section (Hilgen et al. 2006, Gradstein et al. 2012,
Fig. 1). This section contains an entire series, the
Pliocene and its constituent stages, the Zanclean and
Piacenzian, in a continuous deep marine succession
that has been astronomically calibrated and that under-
lies the — age calibration of the — standard GTS for this
interval of time (Lourens et al. 2004, Hilgen et al.
2012). The Zanclean and Piacenzian GSSP have been
formally defined in the Rossello composite section
(Castradori et al. 1998, Van Couvering et al. 2000),
while the Gelasian GSSP, itself being formally defined
in the Monte San Nicola section (Rio et al. 1998), can
readily be identified on the basis of the correlative
sapropel in the topmost part of the section (Fig. 1).
Resultant astronomically calibrated ages for bio-
events, magnetochrons and stage boundaries in the
Rossello composite section were first incorporated in

Fig. 2. The Zumaia section as potential unit-stratotype for
the Danian (from Gradstein et al. 2012, see also Dinares-
Turell et al. 2014). E-bundles refer to the numbered cycles in
the Zumaia section that are related to short ~100-kyr
eccentricity (see Dinarés-Turell et al. 2003). The Danian
GSSP is formally defined at El Kef in Tunesia, but Zumaia
has been designated an auxiliary section for defining the
boundary (Molina et al. 2009). The Selandian GSSP is
defined at the top of the “Danian” limestones at Zumaia.
The sedimentary cycle pattern is tuned to the eccentricity
time series of different astronomical solutions. The 405-kyr
eccentricity cycles are numbered as 405-kyr chronozones
back from the Recent and, once the tuning is confirmed, may
serve to define and label correlative 405-kyr limestone-marl
cycles as — Milankovitch — chronozones. As a matter of fact,
the marly parts of these carbonate cycles, indicated by the
vertical red bars next to the lithological column and cor-
responding to 405-kyr eccentricity maxima, have been
labelled. Va03_R7 and La 2004 indicate astronomical solu-
tions from respectively Varadi et al. (2003) and Laskar et al.
(2004) used to calculate the eccentricity time series shown in
the figure.
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the Cande and Kent (1995) and Berggren et al. (1995)
time scales. These ages were also adopted in GTS2004
and GTS2012 (Lourens et al. 2004, Hilgen et al. 2012),
and essentially remained the same apart from minor
changes, as a result of the replacement of the Ber90
solution (Berger and Loutre 1991) by La93 (Laskar et
al. 1993, Lourens et al. 1996) and of La93 by La2004
(Laskar et al. 2004, Lourens et al. 2004). This stability
is an important advantage of astronomical dating as
ages will not change significantly anymore once the
underlying tuning is correct.

Other examples now include the Monte dei Corvi
section as unit-stratotype for the Tortonian Stage of the
Miocene (Hiising et al. 2009) and the Zumaia section
as unit-stratotype for the Danian Stage of the Paleo-
cene (Fig. 2; Gradstein et al. 2012, Dinarés-Turell et al.
2014). The Tortonian GSSP has been defined at Monte
dei Corvi (Hilgen et al. 2005), while the base of the
next younger stage of the Messinian can be readily
identified on the basis of the integrated high-resolution
stratigraphy. At Zumaia, the Selandian GSSP has been
placed at the top of the Danian limestones (Schmitz et
al. 2011), while the Danian base and, thus, per defini-
tion Cretaceous-Paleogene (K/Pg) boundary can be
recognized by the boundary clay (Bernaola et al.
20006), although the Danian GSSP itself is defined
at El Kef in Tunisia (Molina et al. 2006). In 2009, the
Zumaia section was selected as an auxiliary boundary
stratotype section for the K/Pg boundary (Molina et al.
2009).

In all these sections, sedimentary cycles used for
tuning can be formally defined as chronozones (Hilgen
etal. 2006). These cycles can be codified back from the
Recent using the number of the correlative orbital,
inclination or insolation cycle. Sapropels and correla-
tive grey marl layers in precession-related carbonate
cycles in the Rossello Composite have been given the
number of the correlative summer insolation maxi-
mum (Lourens et al. 1996). Further, a strong trend
exists already in literature to number eccentricity
controlled cycles associated with the short ~100-kyr
and in particular the long 405-kyr cycle, albeit in-
formally and in an inconsistent way. For the older part
of'the Cenozoic and younger part of the Cretaceous, the
large-scale 405-kyr eccentricity related cycles are
particularly useful, also because the 405-kyr cycle is
the only stable cycle left for tuning beyond ~50 Ma,
due to the chaotic behaviour of the Solar System
(Laskar et al. 2011, Westerhold et al. 2012). Thus,
the Danian part of the Zumaia section contains the
sedimentary expression of 405-kyr eccentricity cycles

nos. 153 to 163 (Fig. 2; Gradstein et al. 2012, Dinarés-
Turell et al. 2014), while the Maastrichtian in the
Zumaia-Sopelana composite covers cycles 164 to 176
(based on Batenburg et al. 2014). The Rossello Com-
posite holds cycles 7 (partial) to 13, and part of 14, but
in this case the ~100-kyr and precession/obliquity-
related cycles can be defined and numbered as well
(Fig. 1). The same is true for the Monte dei Corvi
section, which encompasses 405-kyr cycles nos. 19 to
28. Wade and Pilike (2004) introduced a different
codification scheme numbering the 405-kyr minima
(for glacial events) back from the Recent and adding a
subscription code, which combines the geological
epoch with the magnetochron closest to the 405 kyr
minimum. Such a scheme was also added to the low-
latitude standard planktonic foraminiferal zonation
and biochronology for the last 41 million years, while
405-kyr cycles beyond Chron C19n remained un-
named in anticipation of the uncertainty in and com-
pletion of the Paleogene ATS (Wade et al. 2011).

In addition to the 405-kyr eccentricity related cycles,
the 100-kyr eccentricity, and precession and obliquity
related cycles can be incorporated in such a scheme as
well, as long as the astronomical solution is reliable for
these parameters. The most recent La2011 solution is
reliable back to ~50 Ma for full eccentricity, and ~100-
kyr eccentricity related cycles can be numbered back to
around this age. The tuning to and codification of 405-
kyr cycles can be continued beyond 50 Ma, as this
cycle remains stable as mentioned before. For preces-
sion and obliquity, the Earth-Moon system has to be
solved in the astronomical solution as well, and para-
meters like tidal dissipation and dynamical ellipticity
start to play a role and complicate the accurate
computation of both precession and obliquity. Based
on a detailed comparison with sedimentary cycle
patterns, this limits the reliability of the solution for
precession and obliquity at present back to 10-15 Ma
(Hiusing et al. 2010, Zeeden et al. 2014).

3. Deep-sea drilling and cores

Shallow-marine and continental successions are less
suitable for defining unit-stratotypes and chronozones,
as they often contain hiatuses, while cycle patterns
related to the combined influence of precession, ob-
liquity and eccentricity are most clearly recorded in
deep marine (hemi-)pelagic successions. In principle,
lacustrine successions may also be selected, especially
in case the tuning approach is extended to the older part
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of the Mesozoic where truly deep-marine successions
become scarce or are no longer available.

However, apart from land-based deep marine sec-
tions, numerous deep-sea cores are available from the
DSDP-ODP-IODP archives. Until recently, the strati-
graphic community seemed predominantly opposed to
the idea of using deep-sea cores for global chronos-
tratigraphic purposes, often with the limited amount of
material as main argument against their use. However,
current procedures for climate-oriented ODP-IODP
drilling legs use a multiple hole drilling strategy per
site and multiple sites along climate sensitive transects
per leg to reconstruct Earth’s climate history in in-

creasing detail. Procedures are directed to recover
complete if not continuous records that are suitable
for astronomical tuning to generate the necessary high-
resolution astrochronologic age models for detailed
climate proxy studies. In Fig. 3, the revised splice (to
overcome the problem of stratigraphic continuity at the
core breaks of the ~9 m long individual cores) of the
upper 150 meters of IODP Leg 321 Site U1337 is
shown as an example of the potential of this archive
(from Wilkins et al. 2013). In our opinion, this archive
should be taken into account when unit-stratotypes
based on astronomically age calibrated chronozones
are to be defined, as only the most suitable (“ideal”)
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cyclic successions, whether exposed in outcrop or
deep-sea cores should be used for this purpose. This
deep-sea archive is in many cases superior to that
found in time equivalent land-based sections.

Continuous records of the Plio-Pleistocene have
been recovered from the deep-sea through single
piston coring and deep-sea drilling. These cores
have been employed to construct a stacked benthic
oxygen isotope record for the last 5.3 Ma astronomi-
cally tuned to a modelled ice volume curve (Lisiecki
and Raymo 2005). Apart from providing a high-
resolution astrochronology, the stack offers an excel-
lent view into the complex history of the Ice Ages.
(DODP sites have and will continue to produce con-
tinuous astronomically calibrated successions for the
Miocene and Oligocene. Holbourn and others used a
suite of sites from the Indian and Pacific Oceans,
including PEAT cores from IODP Legs 320/321, to
study the complex climatic history of the Miocene in
unprecedented detail (Holbourn et al. 2005, Holbourn
et al. 2013, Holbourn et al. 2015). These studies will
provide an almost complete Miocene astrochronology,
which will likely facilitate defining amended unit-
stratotypes and remaining GSSPs in the Neogene. ODP
Leg 208 Sites from Walvis Ridge in the southeastern
Atlantic have been instrumental in building continuous
proxy records for the interval between 19 and 24 Ma,
covering 405-kyr cycles 48 to 59 (Liebrand et al.
2011). This record has now been extended back to
30 Ma, or 405-kyr cycle 74, and tuned to 100-kyr
eccentricity (Liebrand et al. 2016; Fig. 4). Initially, an
astronomical time scale had been developed for the
entire Oligocene, using single ODP site 1218 in the
equatorial Pacific having an excellent magnetobios-
tratigraphic age control (Pélike et al. 2006). The latter
ODP cores may well serve as candidates for defining
Rupelian, Chattian, and Aquitanian unit-stratotypes
and GSSPs. In fact, Miller and Wright (2017) already
suggested to use deep-sea cores for designating lec-
tostratotypes for the E-O and O-M boundaries, in this
case especially for isotopic reference.

Sites from ODP Leg 208 in addition provided
complete and (near-)continuous records of late Eocene
and Paleocene age (Lourens et al. 2005, Westerhold et
al. 2007, Littler et al. 2014). However, the targeted
early Paleogene ATS is still in a state of flux, due to the
presence of the Eocene gap in the ATS (Péilike and
Hilgen 2008), which resulted in different tuning op-
tions (Westerhold et al. 2008 2012, Kuiper et al. 2008,
Hilgen et al. 2010). These issues are currently being
addressed and the Eocene gap will eventually be closed

and a final ATS for the Early Paleogene be established
(Dinares-Turell et al. 2014, Hilgen et al. 2015, Wester-
hold et al. 2015). Already, a fully tuned integrated
stratigraphic framework based on multiple ODP-IODP
sites has been presented for the Ypresian Stage of the
Eocene (Fig. 5 from Westerhold et al. 2017), again
showing the excellent quality of this archive. As
mentioned before, unit-stratotypes and Milankovitch
chronozones for global chronostratigraphic purposes
should be based on the most suitable archive that is
available to us.

4. The Quaternary and Mesozoic/
Paleozoic

It is not feasible to employ the proposed unit-stratotype
approach in the same way throughout the geological
record. In the first place, it will likely never be possible
to extend the approach beyond the Phanerozoic. In
fact, it already becomes increasingly problematical in
the Paleozoic and older part of the Mesozoic, due to
scarcity of suitable open marine successions. However,
at the end, the approach might well be achievable for
this time interval (see below). Currently the approach
is tailored in particular for the Cenozoic and late
Cretaceous, although problems may arise at the young-
er end of the time scale due to the increasing resolution
and time control.

4.1. Quaternary

A logical first thought is to use the existing LR04
benthic oxygen isotope stack for the purpose of
defining unit-stratotypes in the Pliocene-Pleistocene.
However, a serious drawback from using a stack is that
adding new records will immediately affect the stack
itself. In addition, the stack is composed of many
individual records coming from different localities so
that differences will unavoidably arise both from
diachroneity in recording the same astronomical con-
trolled signal as well as from added contributions
associated with regional/local processes. However,
this problem is not limited to the LR04 stack, but
holds for all cyclic records as soon as stacking pro-
cedures are included. For instance sapropel formation
may locally start earlier or later as a consequence of
differences in thresholds that arise from differences in
(sub)basin configuration. A stacked sapropel record
will thus encounter essentially the same problems as
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LRO4, and the same also holds for instance for
carbonate dissolution cycles along paleo-water depth
transects on submarine highs (e. g. Kroon et al. 2007).
As this issue is a consequence of the stacking itself, one
may only select the most suitable individual oxygen
isotope or sapropel record for defining global chron-
ostratigraphy. A Mediterranean based composite unit-
stratotype for the Plio-Pleistocene will also be advan-
tageous, as a benthic isotope record is now directly
attached to it, which allows identification of all the
Marine Isotope Stages of the LR04 isotope stack
(unpublished). Such a Mediterranean unit-stratotype
is further appropriate as the position of GSSPs defined
outside the Mediterranean can (as) accurately (as
possible) be transferred to the unit-stratotype, using
an integrated stratigraphic approach. This implies that
it is not necessary to redefine existing GSSPs, which
are not already defined in the unit-stratotype, even
though this might be favoured in case new boundaries
are defined in the future. However, the application of
auxiliary or lectoboundary stratotypes in addition to
the unit-stratotype might become a normal procedure
in global chronostratigraphic procedures (see also
Miller and Wright 2017).

The differences and uncertainties in age of cyclic
signals recorded in individual records that result from
uncertainties and differences in the phasing relative to
the astronomical forcing are in the order of only several
kyr. Such departures start to play an increasing role in
the late Quaternary, but are essentially negligible in
older time intervals, also because Cenozoic GSSPs
cannot be dated better and correlated more accurately
as time line away from the GSSP. This uncertainty has
to be compared with the substantial differences be-
tween successive conventional time scales in the past
(and now still present in the Mesozoic and Paleozoic
parts of our GTS). By contrast, the recent develop-
ments in integrated high-resolution stratigraphy and
astrochronology have the clear prospect to provide a
stable GTS for at least the last 100 million years. Such
a time scale only has to undergo minor changes when a
new improved astronomical solution is published, but
differences will likely be small, in the order of tens of
thousands of years. At present the maximum uncer-
tainty in the age of the 405-kyr eccentricity cycle is
estimated to be 150 kyr at 100 Ma for solution La2004
(Hinnov and Hilgen 2012). The maximum difference
between La2004 and the La2010 solutions is one full
405-kyr cycle at 250 Ma (Laskar et al. 2011).

4.2. Mesozoic/Paleozoic

Extension of the proposed unit-stratotype approach
back into the Mesozoic and Paleozoic will be difficult,
but is certainly feasible. The problems are partly due to
the increasing scarcity to non-existence of truly deep
marine pelagic successions, but are also related to less
research efforts in this direction. Nevertheless, a tuned
integrated stratigraphic framework has already been
constructed for the Maastrichtian, the youngest stage
of the Cretaceous, based on a combination of deep-sea
cores and land-based marine sections (Husson et al.
2011, Thibault et al. 2012, Batenburg et al. 2012,
Batenburg et al. 2014). Moreover, several cyclic
sections and cores provide good candidates for unit-
stratotypes in the Mesozoic, such as St. Audries Bay in
the UK for the Hettangian (Ruhl et al. 2010, Hiising et
al. 2014), the Piobbico-Cismon cores in Italy for the
Aptian and Albian (Grippo et al. 2004), the Libsack
core in the Western Interior Basin of the US for the
Coniacian and Santonian (Sageman et al. 2014) and
Seaford Head in the UK for the Santonian (Thibault et
al. 2016). Also for the Paleozoic, potential unit-stra-
totypes are already available for the Frasnian, Givetian
and Pragian Stages of the Devonian (De Vleeschouwer
et al. 2012, De Vleeschouwer et al. 2015, Da Silva et
al. 2016) and for the Wuchiapingian and Changhsin-
gian Stages and, thus, the Lopingian Series of the
Permian (Wu et al. 2013), but such results need to be
independently confirmed in other sections and/or
cores. Clearly aiming at the ultimate goal of designing
unit-stratotypes for the entire Mesozoic and Paleozoic
will help to identify suitable sections. In addition,
continental drilling such as the Mochras drilling
project for the Lower Jurassic (Hesselbo et al.
2013, Ruhl et al. 2016) will play a crucial role in
accomplishing this goal, especially when linked to
natural outcrops.

5. Application of the ATS

The need for formally defining unit-stratotypes and
associated astronomically calibrated chronozones also
depends on the applicability of the ATS in solving
fundamental problems in Earth history. In fact, the
construction of the ATS has largely been driven by the
aspiration to solve such problems, which are generally,
but not exclusively related to paleoclimatology. Thus
astrochronology played and continues to play a critical
role in unravelling among others the complex history
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of human and mammal evolution and dispersal (e. g.,
van Dam et al. 2006, Joordens et al. 2011, Larrasoafia
et al. 2013), Cenozoic ice ages (e. g., Hays et al. 1976,
Holbourn et al. 2013) and hyperthermals (e. g., Zachos
etal. 2010, Littler et al. 2014), the global carbon cycle
(e. g., Pilike et al. 2006), and the Messinian Salinity
Crisis (Krijgsman et al. 1999, Hilgen et al. 2007,
Hising et al. 2009, Manzi et al. 2013, Roveri et al.
2014), and in detecting the signature of the chaotic
behaviour of the Solar System (e. g. Olsen and Kent
1999). As far as the Eocene hyperthermals are con-
cerned, the astrochronologic framework already starts
to include the terrestrial record (Abdul-Aziz et al.
2008, Abels et al. 2012, Abels et al. 2013) as well as
the East Greenland flood basalts, based on single
crystal U/Pb zircon dating (Wotzlaw et al. 2012).
The latter is made possible through the intercompar-
ison between and intercalibration of the most impor-
tant numerical dating methods of astronomical tuning,
and Ar/Ar and U/Pb radio-isotopic dating. This inter-
comparison and intercalibration (Kuiper et al. 2008,
Wotzlaw et al. 2013, Wotzlaw et al. 2014) guarantees
that astronomical dating is consistent with both single
crystal *°Ar/*° Ar sanidine and U/Pb zircon dating and
that these independent dating methods will in principal
produce the same age when dating the same geological
event (e. g. Wotzlaw et al. 2014). This is important as
in that case radio-isotopic ages can be employed as
constraints for extending the tuning back in time, even
in case gaps are present in the ATS (Kuiper et al. 2008,
Pilike and Hilgen 2008). Furthermore, it guarantees
that the Cenozoic ATS can be smoothly linked to older
parts of the standard GTS that mainly use radio-
isotopic dating for age calibration.

6. Discussion

6.1. The empty stage GSSP

In Gradstein et al. (2012), the question was raised
whether chronostratigraphy would “not be served best
if suitable sedimentary sections could be identified on
Earth that harbour both the complete body of rock and
the upper and lower boundaries of stages in one and
the same section”. They state that this is now within
reach due to the recent developments in astronomical
tuning and integrated high-resolution stratigraphy, and
argue that “astrochronology invalidates arguments
against unit-stratotypes”, and “At the same time,
due to the geochronologic quality of the tuned cycle

units, it elegantly combines chronostratigraphy with
geochronology. It argues in favour of a reconsideration
of the unit-stratotype concept, and, as a consequence, a
strengthening of the dual classification of chronostra-
tigraphy (time-rock) and geochronology (time)”. Grad-
stein et al. (2012) thus follow the line of reasoning
outlined in Hilgen et al. (2006), which opposes pro-
posals against a separate set of terms for the time-rock
domain (Harland et al. 1990, Walsh 2001, Zalasiewicz
et al. 2004, but see also Zalasiewicz et al. 2013), and
forms the basis of the current proposal.

Our concern about the so-called empty stage is also
shared by Aubry (2007), who states that there is more
to stratigraphy than the conventional chronostrati-
graphic boundaries. She specifically argues that
GSSPs should be inserted in a global framework of
correlation with reference sections in both neritic and
terrestrial settings and that complementary chronohor-
izons should be selected between GSSPs. In practice,
astrochronology in combination with integrated high-
resolution stratigraphy already provides such a de-
tailed 4-D stratigraphic framework, as part of the ATS,
in which stratigraphic information can be incorporated
as accurately as possible, pending on the quality of that
information. As stated before, such frameworks have
been or are currently being developed, both for the
Neogene and Paleogene, and into the Mesozoic (Hil-
gen et al. 2015). Moreover, they already incorporate or
start to incorporate shallow marine and continental
successions (e. g., Naish et al. 1998, van Vugt et al.
1998, Abdul-Aziz et al. 2003, Abdul-Aziz et al. 2008,
Prokopenko et al. 2006, Abels et al. 2012, Abels et al.
2013, see further Hilgen et al. 2015).

6.2. Fallibility and genetic connotations

The need for revision of chronostratigraphic concepts
and the definition of existing GSSPs has further been
discussed in some detail by Walsh et al. (2004). They
are sceptical about the necessity of relocating existing
GSSPs in astronomically tuned sections, arguing that
“all means of correlation are potentially fallible,
because all such methods depend on assumptions
that, no matter how reasonable and productive at
present, may be overturned or modified in the future
with additional evidence”. Indeed, one may argue that
genetic connotations should be avoided, but this is not
necessary if a concept and its application are widely
accepted by a community. Pertinent examples are the
tree ring chronology used for the numerical calibration
of the radiocarbon curve (e.g., Stuiver et al. 1986,
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Friedrich et al. 2004, Reimer et al. 2013) and the
Swedish Time Scale of de Geer (1912), based on
annual varves. Especially the comparison with den-
drochronology is illustrative in the way we may
proceed with astrochronology based on astronomical
climate forcing in the future, as outlined in the present
proposal. In the case of astronomically controlled
cycles in the stratigraphic record, their presence, in
particular in deep-marine sediments, and their applica-
tion in building high-resolution time scales are widely,
but not unanimously, accepted by the stratigraphic
community. In our opinion, the fact that the age
calibration of the standard Geological Time Scale of
the Cenozoic is largely based on astronomical dating
would not have been possible without such a broad
acceptance by our community.

Walsh et al. (2004) are apparently unaware of the
implications of astrochronology, especially in combi-
nation with integrated high-resolution stratigraphy, for
chronostratigraphy and thereby Earth history. The
Pliocene ATS was published more than 20 years
ago, but has remained unchallenged, apart from a
recent attempt that was proven wrong (Colleoni et
al. 2012, Colleoni et al. 2014, Hilgen et al. 2014), and
ages remained basically the same. Further, it is pre-
ferable to have the GSSP defined in the tuned unit-
stratotype of the stage, but this is not strictly necessary,
and astrochronology should not simply be regarded as
just any other means of correlation; it is directly
numerically dated and intercalibrated with indepen-
dent radioisotopic dating methods, and underlies the
age calibration of the standard GTS. Finally, Walsh et
al. (2004) agree with the suggestion of Carter et al.
(1999) that astrochronologic criteria should be added
to the list of conventional criteria for defining GSSPs,
but this was already common practice within the
Neogene community for defining GSSPs at that time.

6.3. Climatostratigraphic rather than
chronostratigraphic units?

Another possible point of criticism is that astronom-
ical-induced variations in the stratigraphic record, such
as marine isotope stages, should be considered clima-
tostratigraphic units rather than chronostratigraphic
units (Railsback et al. 2015). However, due to their
inherent nature, they also have a chronostratigraphic
connotation, and not only in a relative, but also in a
numerical sense, as such variations have been cali-
brated to astronomical target curves (of precession,
obliquity, eccentricity or insolation) derived from an

astronomical solution of the Solar System. One may
argue that a strict temporal significance is not correct as
e.g. response times of different parts of the climate
system and mixing times of the ocean have to be taken
into account. Such a delayed response is not only
relevant for the Quaternary, but also for the Neogene,
for instance when assumptions have to be made about
phase relations between astronomical forcing and
climate response in order to employ cyclostratigraphic
details to constrain tidal dissipation/dynamical ellip-
ticity in the astronomical solution (e. g., Zeeden et al.
2014). However, on geological time scales, astronomi-
cally controlled cyclicity in the stratigraphic record is
so close to a strict temporal meaning that they can be
used for that purpose without problem. Thus, we do not
consider the exact phase relation with the astronomical
forcing an issue, especially not for the pre-Quaternary
part of the Cenozoic, as the potential differences in age
(with a quarter of the period as the maximum for the
response time) are small compared to uncertainties in
exporting a global (chronostratigraphic) stage bound-
aries away from their GSSP as a time line.

The comparison with magnetostratigraphy and mag-
netozones (or magnetostratigraphic polarity zones) by
Railsback et al. (2015, p. 102) as argument to name
Marine Isotope Stages zones rather than stages is
interesting, as the term magnetochronozone is used
for the chronostratigraphic equivalent of magneto-
zones recorded in the rock record and magnetochrons
for their geochronologic equivalent (Murphy and
Salvador 1999). As with cyclostratigraphy, similar
problems with a minor degree of diachroneity are
encountered when magnetic reversal boundaries are
studied in detail, partly due to the recording process
(i.e., delayed acquisition), but also due to true dia-
chroneity in the process of reversing the Earth’s
magnetic field. However, the position and age of
magnetic chron boundaries in the polarity time scale
are always based on the rock record, whether derived
from astronomically dated magnetostratigraphy or
radio-isotopically dated seafloor anomaly profiles.

By contrast, the proposed labelling scheme for
astrochronozones starts from the astronomical solution
and the numbering of successive orbital, inclination or
insolation cycles in that solution. These numbers and
the corresponding ages are then transferred to the
correlative cycle in Earth’s climatic archives, irrespec-
tive of the relative small uncertainties in response
times outline above. Thus, although the expression of
these cycles in the stratigraphic record may be labelled
as zones, their correlation to astronomical target curves
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identifies them as chronozones in a chronostrati-
graphic sense (within the uncertainties in e.g. the
phase) and chrons in a geochronologic sense. At
present, such astrochronozones form the foundation
for the age calibration of the standard GTS and the
unit-stratotype approach that we propose. Note that the
ages and possibly even the labelling of the chrono-
zones may slightly change if new astronomical solu-
tions become available and that such a numbering
scheme can only be applied as long as the pertinent
astronomical parameter is reliable in the solution. In
that respect, the publication of new solutions is not
fundamentally different from revising the age of a
standard or the value of a decay constant or any other
physical parameter that underlies the age determina-
tion in radio-isotopic dating.

6.4. Do we really need unit-stratotypes and
astrochronozones?

Nevertheless, the question that remains is whether we
need to formally define unit-stratotypes based on
astrochronozones, even though it seems fully justified
to do so. Odin et al. (2004) separates the Pliocene-
Pleistocene from the older part of the rock record
because of its excellent archives, both marine as well as
continental, and the large number of stratigraphic tools
available for reconstructing its history. They further
state that there is no principal stratigraphic tool to
record Plio-Pleistocene history, although in our opi-
nion marine isotope stages (MIS) provide the most
detailed astrochronologic framework. Odin et al.
(2004) then continue to argue that the different inte-
grated stratigraphic scales (e. g., 8'®0, magnetostrati-
graphy) have accurate and precise numerical ages
attached to them so that reference sections and GSSPs
are not needed. And: “This simplifies the establishment
of pertinent conventions, for they are replaced by
detailed knowledge about most scales. Among possible
units, we admit the traditional and often used sub-
divisions: Pliocene and Quaternary”. In practice, the
paleoclimate community, which is familiar with ap-
plying 4D integrated high-resolution and astronomi-
cally calibrated stratigraphic frameworks often prefer
to use Marine Isotope Stages rather than stages (Shack-
leton 2006), or use chronostratigraphic terms on the
scale of the (sub)series (e. g. Holbourn et al. 2013). In
the latter case, one may still prefer to designate unit-
stratotypes for series, such as the Rossello Composite
for the Pliocene. Once more, this argues for the

incorporation of deep-sea cores in constructing such
integrated high-resolution frameworks not only for the
Pliocene-Pleistocene, but for the entire Cenozoic, and
possibly beyond. A final argument in favour of for-
malization is that it would provide a means to decide on
the best possible astrochronology, unit-stratotypes and
astrochronozones, underlying our standard GTS. In
that respect, the comparison with dendrochronology
and varve chronology, and the way these have been
applied to radically improve the youngest part of our
time scale is particularly illuminating.

Finally, it should be made clear that the more
fundamental issue of the formal definition of unit-
stratotypes does not depend on the formalization of
astrochronozones, as these can also be labelled in-
formally. Thus, the two issues of the formal definition
of unit-stratotypes and astrochronozones should be
considered separately and voted upon.

7. Conclusions

Astronomical dating in combination with integrated
high-resolution stratigraphy validates reappraisal of
the unit-stratotype. In this view and the fact that the age
calibration of the standard GTS for the Cenozoic will
be almost entirely based on astronomical dating, it
seems a logical next step to formally define unit-
stratotypes and associated astronomically age cali-
brated chronozones. This would bring the standard
GTS and the underlying global chronostratigraphic
scale in harmony with the revolution in stratigraphy
brought about by astrochronology in combination with
integrated high-resolution stratigraphy. Another rea-
son for this substantial revision of standard formal
chronostratigraphic procedures is the prospect that the
Cenozoic astronomical time scale (ATS2020) will be
completed in the coming years by solving the remain-
ing geological (i. e., cyclostratigraphic) and astronom-
ical uncertainties. This concept further strengthens the
dual nomenclature of chronostratigraphy (time/rock)
and geochronology (time), as high-resolution relative
and numerical dating is in this case directly/intrinsi-
cally linked to the rock record itself. In theory,
ATS2020 will not change significantly anymore
once the underlying astronomical age calibration
proves correct. However, the more fundamental formal
definition of unit-stratotypes does not rely on the
formalization of astrochronozones, and both issues
should be separately voted upon.
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7.2. Postscriptum

The proposal was submitted to ISSC for voting after
several rounds of internal discussion with ISSC mem-
bers and one informal round of discussion with mem-
bers of the Research Support team. The final revised
proposal was send to ISSC voting members on Feb-
ruary 23 last year with the deadline one month later.
The outcome of the voting was circulated to ISSC
members on April 30 and later to ICS:

Voting members = 19; Votes received = 15, which is
78.95 %, so the quorum is reached (>60 %).
Unit-Stratotypes: Yes 8 votes; No 6 votes, Abstention 1
vote. “Yes” received 57.14 %. As the needed majority
of 60% is not reached, Unit-Stratotypes, as sug-
gested in Hilgen et al.’s proposal, will be declined by
the ISSC.

Astrochronozones: Yes 9 votes; No 5 votes , Absten-
tion 1 vote. “Yes” received 64.29 %. As the needed
majority of 60 % is reached, Astrochronozones, as
suggested in Hilgen et al.’s proposal, are accepted
by the ISSC.

The final proposal with separate voting on unit-stra-
totypes and astrochronozones was a revised version of
the initial proposal which did not have this dual
structure. This structure was added following the
discussions in an attempt to reduce the risk that the
voting on the more fundamental and important issue of
the unit-stratotype would be compromised by the
potentially less appealing formalization of the astro-
chronozone. Unfortunately the outcome of the voting
show the reverse.

Looking at the outcome of the vote, we could have
continued with a separate proposal on the astrochro-
nozone part for voting in ICS. However, the astro-
chronozone is intimately linked to the unit-stratotype
concept and an exclusive vote on it would be less
relevant as a consequence. Note that this would not
have been the case if the results of the ISSC vote would
have been opposite, as the formalization of unit-
stratotypes would have implied a much more funda-
mental change in global chronostratigraphic proce-
dures and thinking than that of astrochronozones.
Moreover, the most important astrochronozones asso-
ciated with the stable 405-kyr eccentricity cycle will
anyway be numbered from the Recent back in time,
although in an informal rather than a formal way (e. g.,
Liebrand et al. 2016, Westerhold et al. 2017).

Of course we are disappointed by the outcome of the
vote, but also feel strengthened by the fact that a
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proposal about such a far-reaching issue as the unit-
stratotype received a majority, but not the required
supermajority of votes, and was thus nearly accepted
by ISSC, and that the part of the proposal on the
astrochronozone was accepted. However, looking at
the discussions that were held before the actual voting,
several critical questions were raised. These have
largely been addressed in the final proposal, but we
return shortly to some of them below.

In the first place, several members expressed scepti-
cism about the key application of cyclostratigraphy in
astrochronology, which is not seldomly regarded as
circular reasoning. This misunderstanding may be
explained by the fact that not all members have
followed the remarkable developments in cyclostrati-
graphy and astrochronology over the last decades in
detail. As such, they may not have realized that the age
calibration of the standard Cenozoic Time Scale is
already largely based on astronomical dating (rather
than radio-isotopic dating), and that the duration of
many stages in the Mesozoic is now obtained through
cyclostratigraphy.

A second issue that played a role in the discussion
was the idea that the unit-stratotype would replace the
GSSP, while itis in fact defined in addition to the GSSP,
delimiting the interval between two successive GSSPs
as unit-stratotype. However, this point was discussed
and clarified in the proposal and, hence, likely did not
play a significant role during the actual voting.

Another argument against the unit-stratotype is the
impossibility to correlate the top of a stage with the
base of the next younger stage as a time stratigraphic
horizon. Indeed exact time correlations cannot be
made: age uncertainties in precession scale correla-
tions between different sections worldwide will be in
the order of thousands of years, even in case the origin
of the cycles and thus their phase relation with the
correlative astronomical parameter or insolation are
perfectly understood. A practical solution is that the
base and thus the GSSP of the younger stage defines
the exact position and age of the boundary (as is
already the case for the GSSP approach) with the
boundary pinpointed as precisely as possible at the top
of the unit-stratotype of the preceding older stage.

A further issue that was raised but not fully dis-
cussed concerned the naming of such a stratigraphic
unit, as there was not unanimous agreement on the use
of the term unit-stratotype. In principle, unit-stratotype
is a general term often regarded to include an entire
stratigraphic unit of any stratigraphic subdivision/dis-
cipline. However, the use of unit-stratotype in the

proposal harks back to its application in chronostrati-
graphy, as outlined in the proposal, covering the entire
body of a chronostratigraphic unit (see also Walsh
2004). However, at that time, the stratigraphic means
were simply not available to realize unit-stratotypes in
chronostratigraphy.

The question further is whether we really need unit-
stratotypes in addition to GSSPs. This point is ad-
dressed to some extend in the final version of the
proposal. The principal reason for the unit-stratotype
approach in chronostratigraphy is that they define both
the body and the boundaries of a stage in the best
possible way. Critical arguments initially raised
against unit-stratotypes for stages, which resulted in
their demise and our current preference for defining
stage boundaries, have been eliminated by the building
of integrated high-resolution astrochronologic frame-
works (see Westerhold et al. 2017 for the Ypresian as
an example), which provide unprecedented age con-
trol, not only for the stage boundaries, but also within
the stage itself. Defining only the boundaries would
leave an “empty” stage. The introduction of unit-
stratotypes, in addition to GSSPs, and of astrochro-
nozones is required to facilitate the much higher
resolution, accuracy and precision needed in stratigra-
phy today. For example, astronomical age models have
been instrumental in addressing fundamental issues in
Earth Sciences, such as the Messinian Salinity Crisis in
the Mediterranean and Eocene hyperthermals as green-
house counterparts of glacial cycles in the late Cen-
ozoic. A final consideration for writing the proposal is
that our standard GTS should not become a black-box
and that we have to make clear to students, colleagues
and laymen how it is constructed.

Discussion with ISC and ISSC board members made
clear that a moratorium of 10 years does not hold for
our unit-stratotype proposal. Hence, we aim to resub-
mit the proposal, although likely after the Strati 2019
congress and the publication of GTS2020, as these are
expected to underpin the increasingly important role of
astrochronology in building global chronostratigraphy
and our standard geological time scale, and in under-
standing Earth history. As such, it is anticipated that the
Cenozoic part of the time scale will for the first time be
entirely underlain by astronomical dating. In our
opinion, it would be a missed opportunity if our
standard global chronostratigraphic framework re-
mains at the low resolution of the GSSP only and
becomes isolated from the remarkable progress made
in high-resolution integrated stratigraphy and astro-
chronology over the last decades.

A17159/31141/83D30C0B

20200624-132426



Should Unit-Stratotypes and Astrochronozones be formally defined? 39

Finally, note that the present published version of the
proposal deviates slightly from the version that was
voted upon by ISSC as some inconsistencies in the use

of unit-stratotype versus unit stratotype have been
removed, and some figure captions have been length-
ened to better explain the figures.
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