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ABSTRACT: Ever since the series and corresponding epochs of the Cenozoic began to be defined over 180 years ago, the Earth science
community has recognized bi- and tripartite lower/early, middle, and upper/late divisions of these units. As chronostratigraphy became
more precise, these divisions assumed an essential role in the integration of the continuous deep-sea successions where the tools for world-
wide correlation were developed, and the historic but disjunct sequences on land in which the stages/ages of the time scale were defined.
Rather than being discarded as too vague, the essential value of these subdivisions has been tacitly recognized by describing them in terms
of'the newly recognized global stages, allowing their boundaries to be identified by the GSSPs (Global Stratotype Section and Point) of the
lowest component stage. In this way, and without noticeable controversy, the modern Cenozoic literature treats the lower, middle and upper
divisions of'its series as elements within the chronostratigraphic hierarchy, i.e., as de facto subseries. Their status in the hierarchy has none-
theless been questioned recently by several members of the ICS (International Commission of Stratigraphy) Bureau on the basis that
subseries, as such, have not been explicitly defined by ratified GSSPs. Accordingly, this rank has been omitted from versions of the ICC
(International Chronostratigraphic Chart), a product of the ICS. Such omission fails to consider that subseries (and by inference
subepochs) are valuable in circumstances where individual stages are inappropriate or often not applicable, e.g., in such disciplines as seis-
mic stratigraphy and climatostratigraphy. The status of subseries in the Cenozoic Erathem is presently under discussion, and there exists
within the Subcommissions on Paleogene and Neogene Stratigraphy of the ICS the view that such divisions should have informal status
(i.e., non IUGS-ratified subseries/subepochs). This would seemingly contradict the primary goal of the ICS, which since 1986 has focused
on establishing a functional common language for all who work with geological time, by making the widely used concepts of subseries and
subepochs open to misunderstanding. It also begs the question, as to why should something that consists of GSSP-defined units, and which
is in turn a component of higher units in the chronostratigraphic hierarchy, not be considered a formal chronostratigraphic unit in its own
right? The reality is that whether formal or informal, the subseries/subepochs of the Cenozoic will continue to be broadly used. Therefore,
the interest of the ICS and the Earth science community is best served by formally recognizing them in the ICC hierarchy. This will clarify
the problem of inconsistent capitalization of the terms lower; early, middle, upper and late where these are in fact part of a formal unit name
and not just a modifier for an indefinite interval, and it will satisfy the broad consensus of the profession, as evidenced during a recent open

meeting of the ICS during the 2" International Congress on Stratigraphy in Graz in 2015.

INTRODUCTION

In recent decades the ICS (International Commission on Stra-
tigraphy) has promoted a concerted effort to stabilize the linked
stratigraphic and chronological terminology in modern
chronostratigraphy and to facilitate effective and accurate com-
munication among its users. At the core of this effort is the for-
malization of chronostratigraphic subdivisions, in a hierarchical
framework based on the fundamental principle of “base defines
boundary” in which the definitions of all higher-level units are
the lower boundary of their oldest incorporated stage (as pro-
moted by Hedberg 1976; Salvador 1994, Murphy and Salvador
1999). This boundary is itself fixed to a carefully selected,
physical stratigraphic horizon, or GSSP (Global Stratotype Sec-
tion and Point), which is ratified by the IUGS (International
Union of Geological Scientists) (Cowie 1986; Cowie et al.
1986; Remane et al. 1996). The ICC (International Chrono-
stratigraphic Chart), which embodies the ICS concept, is under-
standably made as simple and homogeneous as possible for case
of use by the community at large, while justifiably incorporat-
ing elements from prior steps in the process that led to the pres-
ent chart. This increasing simplicity is apparent, when the
current ICC (Cohen et al. 2013 updated, based on Remane
2000) is compared with its antecedent, the GCC (Global
Chronostratigraphic Chart) of Cowie and Bassett (1989)
(Text-fig. 1a, b). This comparison, however, also reveals the

absence in the ICC (Text-fig. 1b) of the previous subdivision of
the Cenozoic series/epochs into lower/early, middle, and up-
per/late parts, according to long usage in disciplines as different
as geochronology, geophysics, historical geology, paleontology,
evolutionary biology and paleoceanography. In response to com-
ments from the community, the Bureau of the ICS brought the
matter forward during its Open Meeting on the occasion of the 2™
International Congress on Stratigraphy in Graz, Austria (July
2015) where formal recognition of these terms received over-
whelming support by an attendance of over 100 stratigraphers.
The rationale for formalizing these widely and consistently rec-
ognized lower/early, middle, and upper/late divisions of the se-
ries/epochs of the Cenozoic Erathem, and the re-incorporation of
these terms in the ICC hiererachy, is the subject of this paper.

Note: in the following, for the sake of convenience I use “series”
and “stage” in place of the more accurate nomenclature “se-
ries/epoch” and “stage/age” to mean these chronostratigraphic
units in space and time, except where the time term or the ex-
panded form is required by the textual context. By “formal
chronostratigraphic unit” I mean chronostratigraphic units that
are defined between two IUGS-ratified GSSPs (or in the process
of being defined and ratified), and while the term “subseries” has
— as yet — no formal meaning, I capitalize this word as well as
the positional term in the names of these units.
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Comparison between the first Cenozoic GCC and its current counterpart as ICC.

la- The five-fold division of the Cenozoic in the 1989 GCC compiled by Cowie and Bassett (1989; see also Cowie et al. 1989). In this scheme, the
subseries are included under the single heading of “series”. The absence of subseries for the Paleogene System probably reflects the then unresolved de-
cisions of the International Subcommission on Paleogene Stratigraphy with regard to their stage content (see Jenkins and Luterbacher 1992).

1b. The four-fold division of the Cenozoic in the 2015 ICC Chart. Note the omission of the subseries in the latter. (http://www.stratigraphy.org/in-
dex.php/ics-chart-timescale; September 29, 2015; reproduced by permission of the ICS). Thus, officially, the invaluable subseries of the Cenozoic are

merely treated as casual stratigraphic entities (subseries) since 2000.

HISTORICAL BACKGROUND

The divisions of the series of the Cenozoic into lower, middle and
upper parts originated with Lyell (1833) who wrote “we may still
find an appropriate place for all [stratigraphic successions], by
forming subdivisions on the same principle as that which has de-
termined us to separate the lower from the upper Pliocene
groups”, continuing “Thus, for example, we might have three di-
visions of the Eocene epoch,—the older, middle and newer; and
three similar subdivisions, both of the Miocene and Pliocene ep-
ochs” (op. cit., p. 57, 58). This simple but pregnant idea led him
(1855, 1857a, b) to establish what may be the first comprehen-
sive Cenozoic chronostratigraphic scale, in which he organized
and correlated the major lithologic formations then known in his
divisions of series (Text-fig. 2), thus prefiguring the future Ceno-
zoic time scale. Although this nascent framework was modified
by addition of the Oligocene and Paleocene series, we see in it
the basis of the current chronostratigraphic classification of sedi-
mentary rocks, with, for example, the placement of the
Bracklesham Beds (Hampshire Basin) and Calcaire Grossier
(Paris Basin) in a “Middle Eocene” interval and the Bembridge

Beds and Gypse de Montmartre in an “Upper Eocene”. Lyell’s
contemporaries immediately adopted his system of division in-
corporated in a three-fold hierarchical classification (Text-fig. 3).
Beyrich (1854, 1856) assigned the strata of his new series to
Lower, Middle and Upper Oligocene. Mayer-Eymar (Mayer in
Gressly 1853; see Zobelein 1960, Csepreghy-Meznerics 1964
and Szots 1966) first assigned his Aquitanian Stage to the Lower
Miocene Subseries. The bi- and tripartite divisions of series into
subseries thus became the chronostratigraphic frame of reference
used to classify and correlate successions in disjunct sedimentary
basins, to be incorporated without debate in the earliest time
scales (Text-fig. 4) and adopted by stratigraphic commissions
(e.g., Paleogene Stratigraphic Commission of the Soviet Union
1962, 1963, 1964; cf. Berggren 1971, table 52.19). The bound-
aries between series and their subseries were the first chrono-
stratigraphic elements to be dated, much before Berggren (1971,
1972) began assigning their best-documented stages as globally
correlated components in the time scale, fulfilling Hedberg’s vi-
sion of a stage-based chronostratigraphy which he developed be-
tween 1937 and 1976 (see Aubry et al. 1999 and references
therein).
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Proposed Modification of the Table of Fossiliferous Strata,

Periods and Groups British Examples Foreign Equivalents and Synonyms.
POST-TERTIARY. TERRAINS CONTEMPORAINS.

1. Recent.— Peat of British Isles, 1. Marine Strata inclosing Temple of
with human remains, (Prlnc1 Serapis at Puzzuoli. Principles,
ples of Geology, ch. 4 ch, 29.
Alluvial plans of the * lhan]gs 1. Freshawater Strata Inclosing Tem-
Mersey, and the Rother, with buried plc m Cashmere. /bid. 9th ed.

E Vui{..tmu. tuff of Ischia and Na-

ships. p. 120., and Principles, ch. 48.

pILq with living species of marine
shells, and as yet without human
remains, p. 118
2. Newer part of t boulder-formation
Shell-marl of Scotch and Irish of Sweden, with brackish water
Lakes. shells of‘si:ccies now liying in the

TERTIARY, Baltic, p.

1. Glacial — Drift or boulder-for- NE CTERT Qg
PLIOCENE mation, with remains of Elephas TERRAINS TERTIAIRES.

primigenius and shells, nearly

all of the living species. Ochreous

1. POST-PLIOCENE! o
Post-Pliocene — Deposits, with
fossil shells of living species, in
which no human remains have
yet been found

5 NEWER
PLIOCENE,

or
Pleistocene.

I. Glacial drift of Northern United
Sales p. 140.; and Alpine erratics,

2. Preglacial deposits uFGrd\ s,
Thurrock, and Ilford (valley of
Thames), with Elephas cmnqam\
Falc., and shells, nearly all of re-
cent species, p. 154. Supp. p. 4.
4. NO[’\\-ILh(Iab with marlm.
shells (85 per cent. of recent
(Pemes} p. 155., and Supp. p

ave dt,;)ohltb of Britain, Chltﬂ}
MNewer |

Q L:mn.slom. aof Girgenti, p. 159.

gravel of \alle% of Thames, p.

154. Suc}:

Glacial deposits of the L])dn p. Terrain quaternaire, diluvium,

I"?I of North Wales, p. | Terrains tertiaires supérieurs p. 139.
Australian cave-breccias, p. 162.

liocene, p. 161.

d folk, Elgﬁamr"gi"c s Mot H 3 &
2 1. Red Crag of Suffo 169- ills of Rome, Monte Mario, &c.,
9. OLDER l?(l_ al‘ﬁl :;Cp 5 :plk R 176. and }'d;\liii, " i
2. Coralline Cra nt uffo ntwerp and Normandy crag, p. 174.
PLIOCENE. 169-172., and S:g:,r)p p. 2. i Aralo-Caspian deposits, p. I?i&}?
MIOCENE TERRAINS TERTIAIRES MOYENS.
Faluns of Touraine, p. 176.
4, UPPER Bolderberg Strata in Belgium, p.
MIOCENE. Wanting in the British Isles. ISiz;;ans. near Pyrenees, South of
France.
Basin of Vienna, p. 180.
Greés de Fontainebleau, p. 195.
LOWER o Calcaire de la Beauce, Ihid.
5 Hempstead Beds, Isle of Wight M basin, p. 191
- n cmpstea eds, Isle o 1gnt, p. ayence basin, p. 4
MIOCENE. 193. Lim];urg beds, B}z'lgium. p. 189,
“Oligocene” strata of North Germany.
MNebraska beds in United States, p. 207.
EOCENE. TERRAINS TERTIAIRES INFERIEURS.
1. Bembridge Beds, Isle of Wight, llz G\fs"ou‘. mERIE TN A
6 UPPER p-209. o & 3. Calcaire Siliceux, p. 226; or
. 2. Osborne Series, p. 211. Tiavertis infeeienr.
EOCENE. 3. Headon Series. Ibid.
oy 1 D13 4. Grés de Beauchamp, or Sables
4. Barton Clay, p. 213. Moyens, p. 227.
1. Cakalrc Grossier of Paris basin,
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8. LOWER EOCENE.  Asin the table, p. 106. Europse, Asia, &c.,p.2

TEXT-FIGURE 2

Lyell’s classification of major Cenozoic lithostratigraphic units in a hierarchical framework of series and their divisions (the future subseries; Lyell 1857b,
p- 13; see also Berggren 1971, table 52.5, p. 700). In the fifth edition of his Manual of Elementary Geology, Lyell (1855, p. 105-106: Tabular view of the
Fossiliferous Strata) used for the first time subdivisions of his series to organize in tabular form the main lithological formations known from Northwestern
Europe but also from Italy, North America, Asia, Australia, India and Russia. Lyell revised and expanded considerably this framework of classification
and correlations in his supplements to the Fifth Edition (op. cit. 1857a, p. 10: “Proposed Modifications of the Table of Fossiliferous Strata pp. 105-106”,
and 1857b, p. 13: “Proposed Modifications of the Table of Fossiliferous Strata). In the progressive development of Lyell’s ideas regarding classification
and stratigraphy that transpires through the successive editions of the Principles of Geology and Manual of Elementary Geology, the 1857 revisions to the
fifth edition of the Tabular view of Fossiliferous Strata represent a crucial step by its modernity. For instance, the lithostratigraphic units then assigned to
“Periods” 5 to 7 (as shown also in this figure) are those that would play a significant role in the development of the Paleogene time scale from the nineteen
seventies to this day.
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ABRIDGED TABLE OF FOSSILIFEROUS STRATA

. RECENT.

; }PDST—TERTIARY.
. POST PLIOCENE,

} PLIOCENE.

1
2
3. NEWER PLIOCENE.
4. OLDER PLIOCENE.
3

TERTIARY
or
CAINOZOIC

. MIOCENE. MIOCENE.
6. UPPER EOCENE.
7. MIDDLE EOCENE. }EOCENE_
8. LOWER EOCENE.

TEXT-FIGURE 3

Lyell’s three-fold hierarchical framework for the classification of sedi-
mentary rocks (reproduced partim from Lyell 1855, p. 109). For the Ce-
nozoic, Lyell conceived the bi- and tripartite divisions of series/epochs
as the lowest-ranking units of a three-fold hierarchical framework with
series/epochs and erathems/eras above them. This original framework
specific of the Cenozoic was further elaborated in the Tableau Abrégé
des Couches Fossiliferes of the French version of the fifth edition of the
Manuel de Géologie élémentaire (Lyell 1856, p. 175; see Vai 2007, fig.
7). Lyell regrouped his Cainozoic and Mesozoic into the obsolete term
Neozoic (not shown).

While concurrent stages were multiplying in the sixties, partic-
ularly in Europe, series and their divisions continued to provide
the stable chronostratigraphic framework for the development
of deep-sea stratigraphy and the stratigraphy of land-based
deep-water sections. The deep-sea in particular provided thick,
uninterrupted successions through the series of the Cenozoic,
and global marine biozonations and high-resolution magneto-
stratigraphy developed with reference to their informal
subseries (e.g., Bolli 1957a-c, 1966; Berggren 1967,
McElhinny 1978), with little or no regard for the various stages
found in different regional sequences on the continents.
Berggren (1971) laid the foundation for the current
chronostratigraphic framework by correlating the core Euro-
pean stages to the subseries in the marine literature (Text-fig.
4), an integrative step that was quickly accepted by the scien-
tific community at large. The continuing importance of the
subseries concept in the further development of Cenozoic
chronostratigraphy may be seen in such instances as 1) the ac-
ceptance of the Zanclean Stage in Neogene chronostratigraphy
following documentation that its microfossil biozonal content
was also that of Lower Pliocene marine successions (see Cita
and Gartner 1973), and 2) the demonstration that the Bartonian
Stage belonged to the Middle Eocene rather than to the Upper
Eocene Subseries, which is represented on-land by the
Priabonian Stage (Hardenbol and Berggren 1978). We note in
this case that what was changed was the position of a stage with
regard to a subseries, and not the other way around. In other
words, until recently (1986) the subseries have been essentially
permanent, whereas the position of stages within series have
been adjusted to them (as were lithostratigraphic and biostrati-
graphic units).

As global stages became fully incorporated in the chrono-
stratigraphic scale following Berggren (1972), Lyell’s two-fold
hierarchy of series and subseries morphed into a three-fold hier-
archy with global stages introduced as the lowest rank. The
Neogene and Paleogene Subcommissions in the 1960s to 1980s
debated which of these stages should be recognized in the
chronostratigraphic chart as well as their position with regard to

the subseries — but not the position of subseries with regard to
groups of stages. For instance, the decision as to which compo-
nent stages should be used in defining the subseries within the
series of the Paleogene was finalized—through a show of hands
— during a meeting of the Subcommission on Paleogene Stra-
tigraphy at the 28" International Geological Congress in Wash-
ington, D.C., 1989 (Jenkins and Luterbacher 1992).

The success of the three-fold chronostratigraphic scale (series,
subseries, stages) is seen in its almost unanimous acceptance
and ubiquitous use in the earth sciences — for example, in major
work such as Kennett and Srinivasan (1983), Bolli et al. (1985),
Salvador (1985), Haq et al. (1987), Harland et al. (1990), Bown
(ed. 1998), Miller et al. (2005), Catuneanu (2006), Catuneanu et
al. (2009). Other major works, such as Pomerol and Premoli-
Silva (1986), Olsson et al. (1999), and Pearson et al. (2006) re-
tained only the series and subseries (the latter authors in discus-
sion of biochronology and description of planktonic
foraminiferal phylogenies). The fundamental role of the
subseries of the Cenozoic extends to newly introduced areas of
study such as the GPTS (Geomagnetic Polarity Time Scale), the
IMBS (Integrated Magneto-Biochronologic Scale) and the ATS
(Astronomic Time Scale) (Berggren et al. 1985a, b, 1995;
Cande and Kent 1992; Shackleton et al. 1999; Gradstein et al.
2004, Hilgen et al. 2012 (partim); Pillans and Gibbard 2012; al-
though not in Vandenberghe et al. 2012 and Gradstein et al.
2012; see discussion in Lourens 2008 concerning the ATS). Itis
also seen in their persistence in recent revisions to planktonic
biozonal frameworks (Wade et al. 2011; Backman et al. 2012;
Agnini et al. 2014).

SUBSERIES IN CURRENT CENOZOIC
CHRONOSTRATIGRAPHY

The subseries of the Cenozoic are broadly used today, in acade-
mia, classroom and industry. This may indicate a deep-rooted
need, or it could be little more than habit and tradition, perhaps
with insufficient consideration of recent advances in
chronostratigraphy. This then raises the questions of 1) whether
these subseries are actually useful, and in what way, and 2) what
underlies their success.

Are subseries relevant in current chronostratigraphy? Since
the subseries are not just equal halves or thirds of the total time
allotted to the series, but instead conform with the stratigraphic
logic of the interval, it is not immediately obvious as to why
they should still be in wide use when coeval stages are available
that correspond to the same intervals. For instance, the
subseries of the Oligocene and Paleocene series are set to coin-
cide with, respectively, the two and three component stages over
the same stratigraphic intervals (Table 1), while each subseries
of the Miocene is composed of two stages, as does the Middle
Eocene Subseries.

In fact, the subseries constitute an efficient and practical inter-
mediate rank between stages and series, since it is not always
possible — or useful — to work with chronostratigraphic reso-
lution at the stage level. While the means to identify precise
chronostratigraphic levels may be readily available under opti-
mal circumstances, this may be difficult or even impossible
elsewhere. For instance, the biostratigraphic criteria for charac-
terizing a stage boundary may be absent, or skewed, in areas of
differing paleolatitudes or provincial bias (Text-fig. 5). In other
instances the data used in an earth-historical discipline may not
be amenable to classification according to stages. One example
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TEXT-FIGURE 4

History of the early time scale/chronostratigraphic chart for the Cenozoic. Note the insertion of the subseries of the Eocene Series by Kulp (1961), the con-
sistent use of subseries for the whole Cenozoic by Funnell (1964), and their estimated ages. Berggren (1971) was first to introduce stages in the time scale.
Note reference to concurrent stages (as Astian and Piacenzian) and uncertain location vis a vis subseries (as Burdigalian/Langhian boundary). (Modified
from Berggren, 1971, Table 52.37, p. 774.)
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Comparison of chronostratigraphic resolution at low and high latitudes. In this example, the LAD (Last Appearance Datum; species [sp.] 8) and FADs
(First Appearance Datum; sp. 7 and sp. 9) of three planktonic calcareous species of high-ranking Taxon M are the primary means of correlation of the
GSSPs of Stages A, B and C. These three species are part of fast evolving lineages at low latitude. Hence, Taxon M exhibits high diversity in low latitude
areas (e.g., in Section L) where the base of each stage is readily characterized at the same time as its lower and upper parts are easily delineated. In these
ideal conditions, the rank of stage efficiently describes the chronostratigraphic succession in Section L. In contrast, due to biogeographic preferences,
several species of Taxon M —among which the marker sp. 8, 7 and 9 — do not occur at high latitudes (e.g., in Section H; the expected position of the FAD of
the chronostratigraphically significant sp. 8 is shown in light gray). In this circumstance, not only the characterization of the GSSP of Stage B is not possi-
ble, but the two Stages A and B cannot be differentiated, even though the range of sp. 4 allows characterization of an interval encompassing most of them,
which is also an interval in Subseries Z. A choice thus arises between stating that most of section H belongs to Stage A and B undifferentiated, or that it
belongs to Subseries Z. The latter expression is more practical and straightforward, and it constitutes an advantageous positive statement whereas its al-
ternative is imbued with uncertainty. This figure clearly shows, however, that reference to subseries rather than to stage is beneficial only if the bound-
aries of Subseries Z are exactly aligned with the GSSPs of Stage A and Stage C —that is, if the chronostratigraphic character of Subseries Z is recognized
through formal recognition of this rank. Note: To avoid the common problems related to biostratigraphic applications, it is considered that in both sec-
tions sampling resolution is high and Taxon M is abundant and well preserved. Note also that the reasoning above applies as well to cases of poor preser-
vation, shallow water depth, and many others cases.

is seismic stratigraphy, in which seismic sequences are seldom
identified with the precision of a stage (Text-fig. 6). Likewise,
the limits of tectonic events are rarely sufficiently distinct to
justify resolution at the stage level (but see Hu et al. 2015).

Marine—continental correlations are additional instances in
which identification in terms of marine stages is largely irrele-
vant, because the chronostratigraphic frameworks in these two

realms have developed independently. For instance, vertebrate
paleontologists rely on units defined in terms of (predominantly)
land vertebrate history (i.e., Land Mammal Ages; see Flynn and
Swisher 1995; Prothero 1995) with chronostratigraphic resolu-
tion comparable to stages. There are also narratives that do not re-
quire resolution at the rank of stage, and for which the rank of
series is too broad, such as the description of evolutionary trends
and discussion of evolutionary processes (Text-fig. 7). The inter-
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Seismic stratigraphy and chronostratigraphy. Subsurface seismic sequences on epicontinental margins (upper panel) correspond to the uncon-
formity-bounded sequences of surface stratigraphy. Dated with carefully located wells, and placed in a temporal framework (lower panel), such se-
quences have been shown to form the broad packages of allostratigraphy, which are best characterized in terms of subseries. As each hiatus varies along a
seismic surface, the completeness of subseries in individual seismic sequence varies as well, with their component stages unevenly represented laterally.
Thus, whereas a stage boundary may be easily delineated in a well, it is difficult to delineate its lateral extension. In these circumstances, confident
chronostratigraphic assignment of a formal subseries is highly preferable to ambiguous assignment to one stage or another. This theoretical example is
based on an allostratigraphic study of the Neogene of the northern Gulf of Mexico (Aubry 1993), and the seismic profile is modeled from Mitchum (1978).

mediate rank of subseries is ideal for such narratives because
Lyell’s series/epochs were originally biostratigraphic/ biochrono-
logic units in essence (Rudwick 1978; Berggren 1998; see Vai
2007 for a different point of view).

It may also be asked why at this time subseries should be
deemed necessary only in the Cenozoic, given the justification
above. The answer likely lies in the fact that this rank has been

widely used in the dialogues among scientists interested in the
Earth history during the Cenozoic. Certainly the names of
Paleogene paleoclimatic events described in terms of subseries
have brought an aura to them and aroused the interest of the com-
munity, not least because this makes their temporal position im-
mediately recognizable to the wider audience. From this
perspective it could hardly be desirable to replace such acronyms
as EECO for Early Eocene Climatic Optimum, MECO for Mid-
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Example of the use of subseries with regard to the life span of two species
(between their respective FAD and LAD). Whereas species diversity in
planktonic organisms is very high, the complete ranges of only a handful
of them is precisely known. For species whose range is only approxi-
mately known, it is more direct and positive to state that their
FADs/LADs are in a subseries rather than in either of the two consecu-
tive stages in that subseries. For this to be meaningful, however,
subseries must be formal, which means/requires that they must be de-
fined by ratified GSSPs. In reference to the example here, it follows
from the placement of the FAD of species sp. 1 in Subseries Z that this
datum cannot be older than the GSSP that defines the base of Stage A and
younger than the GSSP that defines the base of the Stage C (S. C in fig-
ure). Of primary importance, then, is the fact that the FAD of'sp. 1 is now
constrained by the time (T1) of deposition of the older GSSP. The same
reasoning applies for the LAD of sp. 2. If subseries are informal, this in-
ference is not guaranteed, and it may be necessary to specify the ages of
the boundaries between subseries in every scientific paper, which would
be utterly cumbersome. This example brings additional illumination to
the significance of the range of species sp. 4 in Section H in text-figure 5.

dle Eocene Climatic Optimum, and the former LPTM for Late
Paleocene Thermal Maximum (now PETM, Paleocene/Eocene
Thermal Maximum) with the equivalent stage-based terms
YCO, BCO and TTM for Ypresian Climatic Optimum,
Bartonian Climatic Optimum or Thanetian Thermal Maximum,
let alone to refer on the one hand to the PETM, and on the other
to the YCO and BCO.

What underlies the sustained success of subseries? The suc-
cess of subseries may lie in their permanence and simplicity.
Their permanence comes from the fact that they were integral
parts of series from the beginning (Lyell 1833), as compared to
the impermanence of stage names, which have been repeatedly
replaced, redefined or abandoned over the years. Their simplic-
ity (lower, middle, upper) embodies the principle of strati-
graphic superposition, and complements the names of the series
with their prefixes paleo-, eo-, oligo-, mio-, plio-, pleisto- indi-
cating relative position within the Ceno-zoic.

It is always possible to use two (or more) consecutive stages to
identify the age of a prolonged stratigraphic interval, but this

late Chron C21n

TEXT-FIGURE 8

Usages of'the qualifiers “early” and “late” in association with non-chrono-
stratigraphic terms: the case of magnetochronology. The expressions
“early Chron C5n” or “late Chron C5n” are vague and informal. The use of
color helps delineate an arbitrary minimum extent for the early (blue) and
late (yellow) Chron C5n. 1n, but the progressive change in color shows that
the full extent of either interval is fuzzy. The same would be true of expres-
sions such as “late Biochron CNM7” or “early Biochron NP9”

can be cumbersome. Designation of a subseries, on the other
hand, conveys immediate, positive information that is indicative
of the arrow of time (Gould 1987). For instance, compare
“These sections are assigned to the Aquitanian and Burdigalian,
and to the Langhian and Serravallian stages, respectively” and
“these sections are assigned to Lower and Middle Miocene
subseries, respectively”. This simplicity is invaluable for those
less familiar with the details of the chronostratigraphic hierar-
chy, whether in related professions or in public education. There
can be no question of the relative position of a stage identified
with a subseries, even for the novice, but there is no inherent
logic in the placement of one stage below or above another sim-
ply according to their names, not to mention the difficulty in
memorizing such terms as Piacenzian, Selandian, Serravallian,
Zanclean or Gelasian. Moreover, whereas assignment of an
event or process to two consecutive stages leaves its apportion-
ment open to question, assigning it to the corresponding
subseries is simplifying without being less accurate.

Formal versus informal status. Even with this history, and de-
spite the fact that subseries have been consistently recognized in
time scales and chronostratigraphic frameworks, not to mention
discussion of their boundary ages (Text-fig. 4), their status has
not been formally recognized and their usage, because of this,
has often been casually inconsistent both between and within
given subdisciplines. Prior to 1986, little importance was given
to formalization and consensus prevailed (see Aubry et al.
1999). The chronostratigraphic status of subseries was a matter
of unspoken agreement whether their positional term (“lower”,
“early”, etc.) was capitalized or not. We see this in the
long-standing tradition in deep sea stratigraphy, which, while
attributing an unquestioned chronostratigraphic connotation to
the subseries, generally uses an uncapitalized positional term.
The situation changed with the introduction of formalized,
TUGS-ratified definition of GSSPs, but while the prominent role
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Informal temporal expressions. Expressions such as “early Paleogene”
and “late Paleogene” are informal and without chronostratigraphic
meaning because their boundaries are vague. The beginning of the early
Paleogene is defined by the GSSP of the Danian Stage, but its end is
vague. Similarly the end of the late Paleogene is defined by the GSSP of
the Aquitanian Stage, but its beginning is unspecified. In contrast, the
Early Paleocene can only be the interval comprised between the GSSP
for the Danian Stage and the GSSP for the Selandian Stage. In other
words, placement of the end of the early Paleogene is at the discretion of
the user whereas the end of the Early Paleocene (subepoch) is rigidly de-
fined. The Early Paleocene Subseries is a chronostratigraphic unit, the
early Paleogene is not. Formalization of subseries would be beneficial in
specifying the difference.

of subseries was recognized in the first chronostratigraphic
chart of the ICS intended for international use (Text-fig. 1a)
their column was not identified as such. The indication on the
chart of working groups devoted to the definition of the
lower/middle and middle/upper boundaries of the Pleistocene
subseries is particularly significant, and in accord with the cur-
rent activities of the SQS (Subcommission on Quaternary Stra-
tigraphy; see Head and Gibbard 2015). Ten years later,
however, the subseries were deleted from the ICC (Remane
2000) without explanation. As a result, standardized usage of
subseries currently suffers from confusion about the status of
these units, with proper capitalization of their titles left to the
arbitrary decision of editors and authors even within the same
publication. The formal usage, however, with capitalized posi-
tional terms, is used throughout some reference works (see
above), as well as in TimeScale Creator (Ogg and Gradstein
2005-2015) and in textbooks for students (e.g., Stanley and
Luczaj 2015). Also, the formal capitalization of the full
subseries names has been included by the IUGS in the ratifica-
tion of corresponding GSSPs (Appendix 1). Even with these ex-
amples, however, it would seem that universal recognition of
the proper orthographic style for these units would be greatly
aided by their formal recognition in the ICC. Although the Ce-
nozoic community has continued to use them widely with their
intended chronostratigraphic meaning, can and should sub-
series continue at the same time as informal concepts without
recognition by the ICS? More importantly, would not their con-
tinued informal use regardless of their strict ties to GSSPs have
the undesirable effect of introducing a double standard in
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GSSP of the Lutetian, Gorrondatxe section, Spain (Molina et al. 2011).
The GSSP of the Lutetian Stage is a lithostratigraphic horizon in Chron
C21r. Itis characterized by the lowest occurrence of the coccolithophore
Blackites inflatus. As the bases of the Lutetian Stage and Middle Eocene
Subseries have always been seen to be correlative (see Text-fig. 4), the
GSSP at Gorrondatxe simultaneously defines the base of the Middle
Eocene Subseries and the base of the Lutetian Stage ([1] in the figure). Al-
though not shown, the GSSP for (the base of) the Priabonian Stage will de-
fine as well the base of the Upper Eocene Subseries, so that the Middle
Eocene Subseries will be defined between two GSSPs. All earth scientists
have tacitly accepted this relationship and the chronostratigraphic use of
the subseries cannot be in doubt regardless of whether editorial style has
implied formal or informal status. However, official decision to deny
subseries an informal status would regrettably relax them from their
chronostratigraphic significance, allowing relocation of their boundaries
at any author’s discretion ([2] and [3] in the figure) causing miscom-
munication among earth scientists, and in particular stratigraphers. This is
because there is no scientific, procedural or otherwise reason for them to
remain tied to a GSSP, and recommendation to this effect could not be en-
forced. The problem is acute for both the middle and upper subseries, less
so for the lower subseries, although the latter may be affected as well once
chronostratigraphy is destabilized.

chronostratigraphy, in which formal and informal chronostrati-
graphic units could coexist although nested in the same hierarchy
and bounded by the same ratified GSSPs?

PRESERVING THE CHRONOSTRATIGRAPHIC MEANING
OF SUBSERIES

As recognized above, the message communicated by subseries is
essentially a chronostratigraphic statement concerning intervals,
fixed in superpositional or sequential order with an implied mea-
surable duration. If this standardization were not the case, there
would be endless miscommunication in the earth sciences be-
cause of the inconsistent characterization of boundaries between
the subseries. As the current mechanism for this worldwide sta-
bility is the ratified GSSPs, the subseries are now tacitly accepted
as the interval between two GSSPs. For example, in referring to
the Upper Miocene Subseries (whether in upper- or lowercase)
we refer, in accord with established use and convention, to a
stratigraphic interval between the GSSPs of the Tortonian and
Zanclean stages.

The difference between formally defined and informal terminol-
ogy is crucial for the metrics of the subepochs. The primary use
of the ICC is not so much in the definition and naming of



Marie-Pierre Aubry: Cenozoic chronostratigraphic terminology. In defense of formal subseries

«;5 & é?
N
§F L8
§ & o
£ 5 & _ % Numerica
& & & Series/Epoch Stage/Age (9 age (Ma)
T | Holocene | | e
% | N oo117
P uiL|
= | 0.126
5 Pleistocene | Salabrian 0.781
= L/E - R\ 1.80
@] | Gelasian < ,5
. UL Piacenzi :
Pliocene = Z|ace|zan Y 600
~H000en — 8 333
g ) Messinian < ;54g
% Tortonian A 1163
o ) Serravallian
.g o 2 Miocene M T N ne
NS = anghian 15.97
ON Burdigalian
o o UE 20.44
(= itanian |
] Aquitanian <y 23.03
e O UL Chattian
Oligocene . 281
LE Rupelian Q
33.9
) uiL Priabonian
e - 37.8
o) Bartonian 1.2
o M . :
o | Eocene Lutetian o
Ko} \ 478
& LE|  Ypresian
56.0
uiL Thanetian < 59.2
Paleocene M Selandian <y 61.6
LE Danian |
L N 660

a

TEXT-FIGURE 11

fc?c & 5‘?
N g
§ &
§ES 5
¥ & Series/ Subseries/ % Numerical
§ o 8 0
v v 9 Epoch  Subepoch Stage /Age (9 age (Ma)
2| Holocene ' Q Dp';?:";
g Upper/Late '
= : 0.126
) ; Middle J
+ Pleistocene| = 0.781
@ Lower/ Calabrian g
= Early - ' 1.80
O | _ Gelasian < 258
V] ILat i 1
Pliocene |—2rer2® | _ Piacenzian < .4,
Lower/Early Zanclean < 5.333
2 Upgerl Messinian < ;548
Late ;
o) Tortonian
g S llian <\ o
{2 @ | Miocene | Middle errava. G0N 1382
S g b Langhian | ;5 o;
OIN Lower! Burdigalian |
2 g By | Aquitanian < o
@ @ ek q el ﬁ 23.03
E o Upper/Late Chattian Sk
Oligocene . | ’
9 Lower/Early Rupelian ﬁ
S 33.9
o UpperiLate Priabonian | -
5 Bartonian | .,
gj E Middle ’ h
ocene Lutetian
% Lower/ 47.8
a Early Ypresian A 0
UpperiLate Thanetian < g,
Paleocene| Middle Selandian < 616
Lower/Early Danian e

Models of incorporation of the subseries/subepochs in the ICC. In one model (a) the subseries/subepochs are shown, unlabeled, within the column labeled
“Series/Epoch”. In the other model (b, preferred and recommended) the subseries/subepochs form an independent, formal rank which is labeled as such.

chronostratigraphic units, as in identifying the equivalent time
intervals that are basic to the narrative of earth history. In other
words, the ICC provides the framework for a relative temporal
information that is sought by every user. It is at this basic tem-
poral level that the formalization of subseries and consistency
of stylistic format makes a substantial difference.

There is a trade off to the simplicity of denoting of subseries
and the corresponding subepochs by such adjectives as lower,
early, middle, upper and late, as these are not unique to them
and are used in earth sciences in other circumstances without
formalized meaning. The problem is particularly acute for the
subepochs in which such expressions as “late Biochron NP9”
and “early Chron C5n” (Text-fig. 8) are examples of informal,
imprecisely defined portions of non-chronostratigraphic units.
In expressions that are common in the literature such as “late
Cenozoic” and “early Paleogene”, not to mention “late Neo-
gene” (cf. Berggren and Van Couvering 1974), the teporal
meaning of chronostratigraphic units is modified without im-
plying any consistent or fixed value (Text-fig. 9). Likewise,
“early Middle Miocene”, “early Aquitanian" and “late
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Tortonian” modify the temporal meaning of these chronostrati-
graphic terms without reference to a fixed interval.

Since the basic concept of formal chronostratigraphic units is an
interval between two fixed points in the stratigraphic record —
ideally, ratified GSSPs — the subseries and subepochs fall de
facto into this category. Given this plain fact, failure to recog-
nize them as a formal part of the ICC and time scale for the Ce-
nozoic opens the possibility that these widely-used terms will
introduce diverse, conflicting informal values into the literature,
without regard to the GSSP-defined limits of the series/epochs
they refer to (Text-fig. 10), with far-reaching consequences. Re-
tention of the status quo, in which the subseries/subepochs re-
tain their chronostratigraphic character while remaining
informal, leads to the fundamental question of whether there
can be both formal and informal chronostratigraphic units
within a nested chronostratigraphic hierarchy. With regard to
the case discussed here, this is asking: is it conceivable that se-
ries can be formally defined by stage GSSPs, while their compo-
nent subseries are considered to be informal even though
identified by the same IUGS-ratified criteria?



INCORPORATING THE SUBSERIES OF THE CENOZOIC
IN THE INTERNATIONAL CHRONOSTRATIGRAPHIC
CHART

Assuming the subseries and subepochs of the Cenozoic series
and epochs, respectively, can be recognized as formal chrono-
stratigraphic units, their inclusion in the ICC is not entirely
without difficulty.

In serving as a straightforward reference to the chronostrati-
graphy of Earth’s geological record for the past 4.6 Ga, the ICC
is intentionally uniform in style and content as far as possible.
Nevertheless, exceptions to this format have been needed — for
example, the Carboniferous System is uniquely divided into
two subsystems to accommodate the well-known Mississippian
and Pennsylvanian. Also, while most series are denominated
by the terms “lower”, “middle” and “upper” (i.e., Upper Creta-
ceous), those of the Cambrian, Silurian and Permian systems
are not, nor those of the Cenozoic as well. It should therefore be
acceptable to use positional terms (“lower”, etc.), in the names
of subdivisions of Cenozoic series.

At least three solutions are available for the inclusion of the
subseries of the Cenozoic into the ICC (Text-fig. 1b). The first,
which would be minimally invasive but perhaps not the most suit-
able, would be to simply add a note to the chart explaining that the
series/epochs of the Cenozoic Erathem/Era are comprised of for-
mal lower/early, middle and upper/late subseries/subepochs de-
fined by stage GSSPs. This would require an asterisk or another
indicator under the heading “Series/Epoch” in the chart. A more
explicit presentation of the formal status of these units would be to
insert a sub-column for series/epoch in the Cenozoic section, in
which the subseries/subepochs would be shown as an unnamed
category (Text-fig. 11a).

The main difficulty with the two solutions above is that the
subseries would be identified merely as divisions of series.
“Division” is not clearly identified as a chronostratigraphic
term in any current stratigraphic guide and code (Salvador, ed.
1994, NACSN 2005) although Harland et al. (1990, p. 21) spec-
ifies: “A division is defined only by its boundary-stratotype
points (GSSP)”. A third solution, to alleviate this difficulty,
would be to recognize “subseries” as a formal rank in the
chronostratigraphic hierarchy of the Cenozoic. While subseries
have not been given an independent column in most scientific
illustrations, the conceptual ontogeny of the time scale
(Text-fig. 4) provides reasons for such a pragmatic iconogra-
phy, starting with Berggren (1972), who made space for incor-
poration of the full — and long — names of stages. The
implicit intention has been followed in later works such as the
1989 GCC of Cowie and Bassett (1989) (Text-fig. 11a).

The term subseries does not commonly appear in the literature,
and while it is mentioned only once in the International Strati-
graphic Guide it is not included in the North American Strati-
graphic Code. Examples of its use include King and Oakley
(1949), Bukry (1973), Steininger et al. (1997), Aubry et al.
(1999), Hilgen et al. (2000, 2005), Gibbard and Head (2010),
Citaetal. (2012) and Head and Gibbard 2015). The reference to
subseries in association with the ratification of specific GSSPs
(Appendix 1) reveals an interest or desire in officially formaliz-
ing the term. This would be the most efficient means to give the
subseries/ subepochs a full and formal place in chrono-
stratigraphy (Text-fig. 11b), and, to judge from the consensus
evident at the ICS open meeting in Graz, it would also meet the
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TABLE 1

Low-rank Cenozoic chronostratigraphic units for the Cenozoic and dura-
tion (D) of the subepochs. There is some redundancy between stages/ages
and subseries/subepochs. However, note that redundancy is generally for
the shortest series/epochs. Subseries/subepochs are of considerable help
for the longer series/epochs.

Series/ D Serial/epochal D Stages/ D
Epochs (Myr) divisions (Myr) Ages (Myr)
Late Pleistocene | 0.12
Middle 0.66
Pleistocene ___ Pleistocene

| Calabrian | 1.019°
Gelasian 0.78

I Early Pleistocene T1.799

Pliocene | 2.75 Late Pliocene 1.02 Piacenzian | 1.02
Early Pliocene | 1.73 Zanclean 1.73

Late 6397 | Messinian | 1.913

Miocene Tortonian 4.484
Miocene 17.697 Middle 434 Serravallian | 2.19
Miocene Langhian 2.15
Early 7.06 Burdigalian | 4.47
Miocene Aquitanian | 2.59

Oligocene | 10.87 Chattian 5.07

Rupelian 5.8

Late Oligocene | 5.07
Early Oligocene | 5.8

Late Eocene 3.9 Priabonian | 3.9

Eocene 22.1 Middle 10 Bartonian 3.4
Eocene Lutetian 6.6

Early Eocene 8.2 Y presian 8.2

Paleocene | 10 Late Paleocene | 3.2 Thanetian 3.2
Middle Paleocene | 2.4 Selandian 2.4

Early Paleocene | 4.4 Danian 4.4

preference and expectation of a majority of the stratigraphic com-
munity.

The SQS has sought/is seeking formal status for subseries, be-
cause of the long history of such preferred divisions in stratigra-
phy of the Pleistocene Series (e.g., King and Oakley 1949; see
Head and Gibbard 2015). In this regard, Cita et al. (2012, p. 189)
commented “Several potential GSSPs for the Lower/Middle
Pleistocene boundary (e.g., Head et al. 2008; Maiorano et al.
2010) are under consideration. While treating the Lower, Middle,
and Upper Pleistocene Subseries as formal subdivisions follow-
ing current practice (e.g., Gibbard et al. 2010), we do note that
these terms have yet to be officially sanctioned by the
ICS/IUGS.” Candidate GSSPs for the Middle Pleistocene
Subseries and its corresponding stages are presently under con-
sideration while potential GSSPs for the Upper Pleistocene
Subseries and its corresponding stage are being discussed. Addi-
tionally, a proposal is under consideration by the SQS to divide
the Holocene Series into three subseries and their corresponding
stages (Walker et al. 2012). If GSSPs are ratified for the
subseries of the Pleistocene and Holocene, then their extension to
other Cenozoic Series should be automatic.

THE IMPACT OF THE GSSP ON
CHRONOSTRATIGRAPHY

It is important to clarify the (lack of) difference between global
stages and higher-ranking chronostratigraphic units. Prior to the
development of the GSSP concept, stage stratotypes were the em-
bodiment of specific intervals of time, representing natural strati-
graphic entities in regional geological history. In this, they
differed from the higher chronostratigraphic units, that were en-
tirely conceptual in nature. The GSSP concept represents a para-
digm shift, in that only a specific horizon at a particular location
is given the property of embodying time, with the result that the
chronostratigraphic scale today is a virtual construct linked to the
Earth’ s history at these unique physical points, or stratigraphic
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moments (see Hilgen et al. 2006; Aubry 2007). In this way
global stages are no longer represented in the rock as local ex-
amples of geological history during a particular interval, but are
instead the basic units of measurement in global chronostrati-
graphy. This explains why a top-down hierarchy in selecting
GSSPs has recently been adopted, such that the Eocene/Oligo-
cene boundary could be defined without reference to the
Rupelian Stage, and why there is a specific GSSP for the Creta-
ceous/Paleogene boundary, which also stands for the Maas-
trichtian/Danian boundary; and a GSSP for the base of the
Neogene which is also the base of the Aquitanian Stage. In
short, there is no longer a fundamental conceptual difference
between stages and any rank above them, including subseries.
In this one sees that the chronostratigraphic scale is not meant to
be — and has never been — a natural division of earth history,
but rather a conventional temporal framework of reference
among earth scientists (see McGowran 2005).

CONCLUSION

For all the reasons, scientific and otherwise, discussed above
and in Appendix 2, I encourage formal, IUGS-ratified defini-
tion of subseries/subepochs of the Cenozoic. The strength of
the scientific reasons cannot be doubted. Like Ariadne’s thread
this concept guides the stratigrapher through more than 180
years of progressive development of the global chronostrati-
graphic scheme. The subseries have been the fundamental link
between the deep-sea successions where stratigraphic means of
correlation are often best developed and the non-marine succes-
sions in which geochronological calibration of chronostrati-
graphy is mainly found. These units constitute a practical,
efficient and interdisciplinary means of communication among
scientists interested in Cenozoic history in academia, industry,
and with the public including educators. In other words, it is
not only that subseries are divisions that begin and end at
GSSPs, just as series, systems and erathems do, but the stronger
reason for their recognition as formal elements in chrono-
stratigraphy is that the purpose for which they were introduced
has only proven more useful over the years.

From a practical and orderly point of view, the denial of formal
status to subseries within the chronostratigraphic hierarchy
makes little sense. For one thing, this would make their rela-
tionship to global stage GSSPs unclear and irrelevant, to the
detriment of accurate communication across the profession.
Moreover, encouraging the use of subseries as chronostrati-
graphic-entities-without-formal-status would introduce an ac-
ceptance of inconsistent usage in chronostratigraphy that is
opposite to the fundamental goal of the ICS. Indeed, subseries
cannot be both informal and chronostratigraphic in character,
and the use of adjectives to identify them is not a sufficient rea-
son to disregard their reality. To put it bluntly, the subseries of
the Cenozoic should be used formally or they should not be used
at all — and the latter option is plainly unrealistic, when we
consider their pervasive employment.

Official recognition of the formal status of Cenozoic subseries,
while ending the current editorial inconsistency, will also help
to clarify the differences between strictly defined chronostrati-
graphic units, such as the subseries/subepochs (e.g., Lower/
Early Miocene), and undefined portions of stage/age (e.g.,
lower/early Serravallian), systems/periods (e.g., lower/early
Neogene) and erathem/era (e.g., lower/early Cenozoic) that are
not. At the same time as formally ratified subseries should be
reincorporated in the ICC this rank should be fully recognized
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in Cenozoic chronostratigraphy in acknowledgement of its es-
sential contribution to a common language for all disciplines of
earth sciences.
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APPENDIX 1

References to subseries in summaries of ICS subcommissions and ratifications of the GSSPs of Cenozoic Stages. Quotes are taken verbatim from the de-
scriptions of GSSPs as published in Episodes, although emphasis is mine. In all Paleocene and Neogene instances the names of subseries were printed
using an initial uppercase letter, implying intended formal status. If there is any doubt that formalization was intentional, compare the titles of the papers
by Hilgen et al. (2000) and Hilgen et al. (2005) in describing the GSSPs for the Messinian and the Tortonian Stages, respectively. These titles are essen-
tially the same, beginning with “The Global Boundary Stratotype Section and Point (GSSP) of the ...” but continuing with “Messinian Stage (uppermost
Miocene)” in Hilgen et al. (2000, p. 172; emphasis mine) but “Tortonian Stage (Upper Miocene) ...” in Hilgen et al. (2005, p. 6; emphasis mine). Upper

Miocene refers to a chronostratigraphic interval, uppermost does not.

PALEOCENE SERIES

Lower Paleocene: not mentioned at the time of ratifeation of the Danian Stage (Molina et al.
2006).

Middle Paleocene, Upper Paleocene

The use of upper case M in Middle. and U in Upper, at the time of ratification of the GSSPs
for the base of the Selandian Stage and Thanetian Stage, respectively, would indicate
recognition of formal use of the terms.
“The global stratotype sections and points for the bases of the Selandian (Middle Paleocene) and

Thanetian (Upper Paleocene) stages have been defined in ...." (Schmitz et al. 2011, cit,, p. 220).

EOCENE SERIES
Lower Eocene: not mentioned at the time of ratifcation.
Middle Eocene:
Statements in Jenkins and Luterbacher (1992, p. 3) read:
“The Lutetian [...] is the lowermost stage of the Middle Eocene™,
“The Bartonian [....] is the uppermost stage of the Middle Eocene™ .
Lutetian Stage
Statements in Molina et al. (2011, p. 86) read:

“The GSSP for the base of the Lutetian Stage (early/middle Eocene boundary) is defined....”

“The Ypresian and Lutetian are the global standard stages of the lower and middle Eocene
(Jenkins and Luterbacher 1992)."

“The Ypresian/Lutetian boundary stratotype has to be defined at a level equivalent with the
base of the Lutetian, which is the lowermost standard stage of the middle Eocene (Jenkins and
Lutrbacher 1992),"

Note: “lower™ and “middle” are used informally throughout Molina et al. (2011), except on p.
88 which reads: “....previously described from the Middle Eoecene, and first appear in Lower
Eocene deposits in the study area:. This suggests disagreement among authors as to stylistic
preference or editorial intervention.

Bartonian Stage: definition of GSSP in progress.

Upper Eocene:

“The Priabonian is the only stage of the Upper Eocene”. (Jenkins and Luterbacher (1992, p.
4).

Priabonian Stage: definition of GSSP in progress,
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OLIGOCENE SERIES

Lower Oligocene:
The definition of the GSSP for the base of the Eocene (Premoli Silva and Jenkins 1993} was
ratified without reference to the base of the Rupelian Stage (selected at 26™ Geological Congress,
see Jenking and Luterbacher 1992). (See discussion in Berggren 2007.) Whereas there was no
reference to the oldest division of the Oligocene series at the tiem of defintion and ratification,
Figure 2 includes the younger division of the Eocene and older division of the Oligocene, and the
text reads:

“The Massignano section, which covers the late Eocene and early Oligocene ...." (op. cit., p.
380).

Upper Oligocene: definition of a GSSP for the Chattian Stage is in progress.

MIOCENE SERIES
Lower Miocene: There was no reference to this division at the time of ratification of the

GSSP for the Paleogene/Neogene boundary (

ger et al, 1997), However these authors refer
in the text to upper and late Oligocene (op. cit. p. 24) as well as to upper and late Eocene, lower,
upper, early and late Oligocene, and late Miocene (also p. 24).

Middle Miocene: This division comprises the Langhian and Serravallian.
Hilgen et al. (2009, p. 153) state:

“A proposal was presented — and accepted — at the RCMS congress in Bratislava (1975) to
incorporate the Serravalian in the Standard Chronostratigraphic Scale as the second upper
subdivision of the Middle Miocene, above the Langhian and below the Tortonian,”™

Langhian Stage: definition of GSSP in progress.
Serravallian Stage
In defining ths Serravallian Stage, Pareto (1865, in Hilgen et al., 2009, p. 153) wrote:

“I place the lower limit of the third division of the Miocene terrains, which is that of the
Upper Miocene and which | name the Serravallian Stage ... (Pareto placed the Serravalian in
the Upper Miocene).

In describing the ratified GSSP for the base of the Serravalian Stage, Hilgen et al, (2009, p. 152)
stated:

“The Global Stratype section and Point (GSSP) for the base of the Serravallian Stage (Middle
Miocene) is defined in the Ras il Pellegrin....”

“The aim of this paper is to announce the formal ratification of the Global Stratotype Section
and Point (GSSP) for the Serravallian Stage which, together with the preceding Langhian,
constitutes the twofold subdivision of the Middle Miocene in the Global Standard Global [sic]
Chronostratigraphic scale.”

“Formal definition of Middle Miocene chronostratigraphic units via their GS5Ps is also, ..

“One of the major changes in the climate system is termed the Middle Miocene climate
transition...”

“The major shift in Middle Miocene marine isotope records...” (op. cit., p. 154)
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Upper Miocene:

“Together with the Messinian, the Ti i P the twofold subdivision of the Upper

Miocene Subseries in the Global Chronostratigraphic scale.” (Hilgen et al., 2005, p. 6)
Tortonian Stage

In describing the GSSP for the base of the Tortonian Stage, Hilgen et al. (2005, p. 6) stated:

“The GSSP of the Tortonian Stage, which per definition marks the base of the Tortonian and,
hence, the boundary between the Serravallian and Toronian stages of the Middle and Upper
Miocene subseries, has recently been defined and ratified by the IUGS.” (note the use of
*subseries’).

“The logical next step is to select and define the GSSP for the next older stage in the Miocene,

the Tortonian (Mayer-Eymar, 1858), This step is greatly facilitated by the progress recently made

N . ben o

in establishing orbital-tuned i for the Middle/Upper Miocene
both in the Mediterranean (Hilgen et al, 1995, 2000b, 2003) and in the open ocean (Shackleton
and Crowhurst 1997; Shackleton et al. 1999),”
Messinian Stage: (Hilgen et al. 2000)
In describing the ratified GSSP for the base of the Messinian Stage, Hilgen et al. (2000, p,
172) stated:

“The GSSP of the Messinian Stage, which per definition marks the base of the Messinian and,

hence, the boundary b the Ti ian and M

Stages of the Upper Miocene Series,

has recently been defined and ratified by the IUGS.”

“Together with the T ian, the M T the two-fold subdivision of the Upper
Miocene Subseries in the Global Standard Ch igraphic Scale. C ies concerning
the status of the Messinian as global ct igraphic unit and the placement of the

Miocene/Pliocene boundary have now formally been settled with the official acceptance by the

1 i 1C ission on

(ICS) and the ratification by the Executice Committes

of the 1 ional Union of Geological Sci

(IUGS) of both the Zanclean ( Lower Pliocene)
and Messinian GSSPs."
“High quality magnetostratigraphic records from Upper Miocene sections on Crete...” (op.

cit., p. 173).

PLIOCENE SERIES

Lower Pliocene:

the subdivision of the Pliocene

Van Couvering et al. (2000)
Series (prior to 2008):

“From bottom to top, the Pliocene consists of the Lower Pliocene Zanclean Stage, with a
boundary-stratotype at Eraclea Minoa and a unit-stratotype at Capo Rossello; the Middle Pliocene
Piacenzian Stage, defined at Punta Piccola (Castradori et al. 1998); and the Upper Pliocene
Gelasian Stage, defined at Monte San Nicola near Gela ... (op. cit,, p. 179),

“This composite section [Eraclea Minoa] constitutes the Lower and Middle Pliocene part of

the igraphi for the A

| Polarity Time Scale or APTS (Hilgen 1991a, b)."

(op. cit., p. 181),

Upper Pliocene:
In describing the ratified GSSP for the base of the Piacenzina Stage, Castradori et al. (1998, p. 88)

stated:

“The base of the Pi ian Stage, rep ing the Lower Pliocene-Middle Pliocene
boundary has been recently defined and ratified by IUGS.”
Note: the Piacenzian Stage is now assigned to the Upper Pliocene following the transfer of the (ex

Upper Piocene) Gelasian Stage to the Lower Pleistocene Subseries.

PLEISTOCENE SERIES

The Pleistocene Series is comprised of a ratified Lower Subseries that includes the Gelasian and
Calabrian Stages, and proposals for a Middle and Upper Subseries are pending (Head and
Gibbard 2015).

Lower Pleistocene:

In deseribing the ratified GSSP for the base of the Calabrian Stage, Cita et al. (2012, p. 388)
stated:

“Indeed, these two stages [Gelasian and Calabrian] together will comprise the Lower
Pleistocene Subseries (Early Pleistocene Subepoch).”

Gelasian Stage
In reporting on the ratification of the GSSP for the base of the Gelasian, Rio et al. (1998, p. 82)
stated:

“The Gelasian has been formally accepted as third fand uppermost) subdivision of the
Pliacene Series, thus representing the Upper Pliocene.”

“This report announces the formal ratification of the Gelasian Stage as the uppermost
subdivision of the Pliocene series. which is now subdivided into three stages (Lower, Middle and
Upper).”

Nuote: Rio et al. {(op. cit., p. 82) explained: *Even if numerous stages have been proposed over the
years for subdividing the 3.5 Ma [sic] long Pliocene Series (Astian, Piacenzian, Zanclean,

I ian, etc.), a two-fold sub

into a Zanclean (Lower Pliocene) and Piacenzian (Upper

Pli Stages b well established ighti

in the

(e.g., Berggren et al. 1985; Haq and Van
Eysinga 1987)" (op. cit., p. 82).
Calabrian Stage

In reporting on the ratification of the GSSP for the base of the Calabrian, Cita et al. (2012) stated:

* Ratification of the Calabrian Stage effectively completes the Lower Pleistocene Subseries™
(op. cit., p. 388).

“Indeed, the Crotone Series, which includes the Vrica section, is without doubt the best-

studied Lower Pleistocene succession in the world, and has been the subject of a recent
synthesis...” (p. 395).

Middle and Upper Pleistocene: in progress.
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APPENDIX 2

Summary of an e-mail discussion among members of the Subcommissions on Neogene and Paleogene Stratigraphy and ICS President Stanley Finney,
between 14 August 2015 to 21 October 2015, concerning the controversial formalization (IUGS ratification) of the rank of subseries for the Cenozoic.

Questions are in italics, followed by my responses.

1- Would it not be simpler to use the informal, but understand-
able and meaningful terms “lower/early”, “middle” and “up-
per/late”?

If the terms lower/early, middle and upper/late continue to be
used informally for Cenozoic subseries, how would one know
that these are used with consistent/identical chronostratigraphic
meaning since only IUGS-ratified terms are strictly defined un-
der current ICS-IUGS regulations? To serve their full purpose
for relative dating and correlation these terms should indeed be
defined. To take an example among many similar ones, the base
of the (informal) middle Eocene could be adjusted so as to cor-
respond to the Chron C21n/C21r magnetic reversal rather than
to align with the GSSP of the Lutetian Stage as conventionally
agreed (see Text-fig. 10 above). Such a move would readily al-
low for precise marine-continental correlations considering that
the primary criterion for correlation of the GSSP of the Lutetian
Stage is the HO/LAD (Highest Occurrence/Last Appearance
Datum) of the coccolithophore Blackites inflatus in mid-Chron
C21r. Whereas the interval encompassed by the Middle Eocene
would be readily and precisely known as defined between the
GSSP of the Lutetian and the GSSP of the Priabonian, the inter-
val encompassed by the middle Eocene is not automatically tied
to those GSSPs. Under the current ICS/ITUGS regulations, the
subseries of the Cenozoic are not IUGS-ratified: Undefined,
their content is not immediately known.

Conclusion: There can be multiple opportunistic definitions of
the middle Eocene subseries but there can be only one, global
definition of the Middle Eocene Subseries.

2- There is a long history of widespread convention to con-
sider the sub-series as informal with a lower case letter. Why
should this change?

In fact, subseries were previously used both formally and infor-
mally. In my view, the fact that informal use was acceptable in
the past should be balanced against the benefit of strict
chronostratigraphic regulation of such a widely used unit.

The salient point is that with or without formal names (up-
per-case/lower-case L/, M/m, and U/u), the subseries of the Ce-
nozoic have always been understood as chronostratigraphic units,
and this should be the focus of a decision. The introduction of
regulation in chronostratigraphy (Cowie et al. 1986) resulted in
subseries thereafter being tacitly composed of formal stages. The
logical next step would be to recognize these as formal units in
their own right, since they are already identified with the ratified
GSSPs of the component stages. If subseries are not formalized,
on the other hand, then we must accept the likelihood that they
will again be used in various inconsistent ways, without regard
for the pragmatic benefit of formalization (see Text-Fig. 10). The
basic question, therefore, is whether this informality is in the
long-term interest of the scientific community.

Conclusion: the advantage of simplicity through informality
must be weighed against the advantage of pragmatic usage of
formal subseries and a consistent, uniform language in
chronostratigraphy.
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3- Is it the case that the subseries are useful in being somehow
less precise than the global stages? Could it be the case that
formalizing subseries is also formalizing uncertainty?

Two concepts are conflated here. One (a) concerns the preci-
sion of boundary recognition. The other (b) concerns the iden-
tification of a chronostratigraphic interval (see Text-fig. 5
above).

(a) The precision at the boundary between two formal subseries

is the same as the precision at the boundary between two bound-
ing stages, since they are both defined by the same GSSP. If the
primary or secondary criteria for correlation of the GSSP are
not present in a section, neither the stage boundary nor the
subseries boundary can be delineated. This is true as well for se-
ries and system boundaries.

(b) With regard to the recognition of a stratigraphic interval, it
will likely be easier to identify a larger chronostratigraphic in-
terval than a smaller one in less-than-perfect-circumstances, as
when provincialism occurs with differentiated paleobio-
geography of planktonic taxa between low and high latitudes,
or when the information of interest (i.e., plate movement,
paleoenvironmental trend) is not of stage-level scope.

As an example, uppercase Upper/Late Miocene would imply
that the interval is that between the GSSP of the Tortonian Stage
and that of the Zanclean Stage (= 11.63 — 5.33 Ma). Lowercase
upper/late Miocene would yield no guarantee of such a precise
timing. A recent example of this is seen in Hu et al. (2015)
where the use of lowercase ‘m’ in “middle Paleocene” in the ti-
tle does not carry the same precise information with regard to
the location of the Selandian Stage in the chronostratigraphic
scale as use of the upper case “M” in “Middle Paleocene”
would have. The implications of such difference are readily
seen in the manner in which data can be trusted, in particular if
quantified (e.g., calculation of rates of sedimentation, diversifi-
cation, etc.).

There is an important advantage in using the name of a (formal)
subseries rather than that of two stages when determination at
the stage level is uncertain. A statement such as “this interval
belongs to the Langhian-Serravallian” contains an uncertainty
whereas a statement such as “this interval belongs to the Mid-
dle Miocene” is fully affirmative. This alleviates difficulties for
disciplines in which stratigraphic uncertainty is not fully under-
stood: a positive statement is more to the stratigrapher’s advan-
tage than one that is imbued with doubt.

Conclusions: It can be seen from the above that formalizing
subseries will prevent uncertainty as to their extent (ages of
boundaries and duration), means of determination and correla-
tion, whereas not formalizing them will in fact be endorsing un-
certainty.



4- If stages are universal, global entities, how could there be a
limitation to their usefulness? They should be recognizable in
all stratigraphies, in all disciplines, and everywhere.

The concept of GSSP implies that, in theory, stages, as well as
series, systems and erathems, are applicable worldwide. In fact
the global stage is no longer a single body of rock, but an inter-
val that is known only between two horizons (GSSPs), the older
horizon that defines the base of that stage, and the younger hori-
zon that defines the base of the next stage. These two horizons
must be referenced and, as far as possible, identified in order to
characterize a global stage in any section. However in practice
it may be difficult to clearly recognize, or realistically apply, a
stage boundary, as exemplified in Text-figures 5 and 6.

Conclusions: There is no limit to the usefulness of stages in the-
ory, but there is a practical limit to their applicability.

5- The author uses the names of paleoclimatic events (PETM,
MECO, EECO) in terms of subseries, actually subepochs, to
underline their broad use and easy meaning. It would seem
that this has nothing to do with the discussion. PETM,
MECO, EECO are acronyms used to indicate the geological
time interval during which the events occurred.

On the contrary, these names have a lot to do with the discus-
sion, and the reason is contained in the question: They are “ac-
ronyms used to indicate the geological time interval during
which the events occurred.” This is what chronostratigraphy
and time scales are about, is it not?

Conclusions: Two alternative (unsatisfactory) solutions are to
name the paleoclimatic events 1) in reference to stages [T/P,
BCO, YCO, respectively), or 2) by their age: the ~56 Ma event
for the PETM (however, numerical ages are not yet stable).

6- It is not realistic — and in a way it is ignoring correct pro-
cedures — to state that the ratification of subseries in Pleisto-
cene and Holocene will automatically lead to the ratification
of subseries in the Cenozoic. There are two problems with
this: (a) a single subcommission should not be able to decide
an issue that affects the others, for all the others, and (b) why
stop at the Cenozoic? ... Just because we have the Mississip-
pian and Pennsylvanian Sub-Systems does not mean they ap-
ply to all the other systems.

Our discussion strictly concerns the subseries of the Cenozoic.
In fact, formal subdivision of other major units of the time scale
are notably inconsistent, and we do not need to follow any one
in preference to another in regard to what is desirable and his-
torically justified here.

It would not be very desirable to present a heterogeneous
chronostratigraphic scheme for the Cenozoic. I am unclear as to
what would be gained by accepting formal subseries for the Qua-
ternary, but not for the Neogene and Paleogene parts of the same
System/Era. Lower Pleistocene but only lower Miocene? Aside
from the inevitable confusion and inconsistent use, it would be
difficult to imagine an explanation for this discrepancy.

Conclusions.: Chronostratigraphic practices should be homoge-
neous throughout the Cenozoic to respect the integrity of this era.
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7- Would not the formalization of subseries constitute a prece-
dent encouraging the introduction of sub- and super-catego-
ries?

The subseries of the Cenozoic are a special case, because of a
long history (>180 years) of well-understood and broad use un-
paralleled in other parts of the chronostratigraphic scale.

Higher level divisions, e.g. subsystem/superseries/subera are al-
ready found in other parts of the time scale (i.e., Carboniferous)
and have been proposed with regard to the resolution of the Neo-
gene/Quaternary debate, and such special divisions have always
been an option, if seldom used. The introduction of formal
substages is especially unlikely, since this could not be accom-
plished without definition of new, internal GSSPs.

Conclusions: No special steps or new rules would be introduced
with formalization of Cenozoic subseries, since they are already
identified by basal stage GSSPs, and their status in the chrono-
stratigraphic system only requires ratification by the IUGS.

8- Should stages be avoided because their names are difficult to
remember? Would not this mean ignoring the history of stratig-
raphy, and rendering somehow useless the work conducted on
the behalf of stages? Should stages be given numbers in order
to be easier to remember?

There is no suggestion of abandoning global stages. Their GSSPs
are the concrete expression in the rock of specific moments of
time to which Earth history is tied, and they serve in defining all
chronostratigraphic units of higher ranks. It is important to rec-
ognize, however, that there are contexts for which it is more rele-
vant/practical to use subseries as groups of Stages. The
acknowledged role of the ICS is to facilitate communication
among scientists — to provide the “common language in stratig-
raphy” sought by Bassett (1985). Every scientist must have at his
disposal an array of chronostratigraphic terms to communicate
his results.

Conclusion: the concept of Global Stage is an inclusive one: the
GSSP of a stage defines the base of all units of higher rank above
the stage. The concept of a global stage is thus embedded in the
definition of every chronostratigraphic unit above it, including
subseries once ratified.
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9- Should not the use of stages be encouraged considering the
tremendous effort (money and time) that has been spent in de-
fining them?

Because of the nested stage—subseries—series—system—erathem
hierarchy, the rewards of the effort expended in defining global
stages is multiplied five-fold in the whole hierarchy.

All things considered, a similar situation would consist in dis-
couraging the use of kilometer because of the considerable ef-
fort that has been devoted to the definition of the meter.

I do not see any reason to encourage or discourage the use of
stage, or of any chronostratigraphic unit above it. Narratives rel-
ative to Mesozoic and Paleozoic stratigraphy seem to rely pri-
marily on a three-fold chronostratigraphic hierarchy of system,
series (Lower—, Middle—, Upper—) and stages. Each rank is
comprised of [UGS-ratified units. Narratives on Cenozoic stra-
tigraphy are also best served by a three-fold chronostratigraphic
hierarchy but which consists of series, subseries (Upper—, mid-
dle—, lower—) and stages. Only series and stages are currently
IUGS-ratified, although the informal Cenozoic subseries occu-
pies the same role in Earth history narratives as the Mesozoic
and Paleozoic IUGS-ratified series. It may be unfortunate that
the names of Cenozoic subseries (and subepochs) on the one
hand, and those of Paleozoic and Mesozoic series (and epochs)
on the other hand, partly overlap, but this cannot be a major dif-
ficulty since the names of Cenozoic series have an etymology
fundamentally different from that of the names of Mesozoic and
Paleozoic systems, the former being based on biostratigraphic
content, the latter (with one exception) on geographic localities.

Conclusion: The role of stage in chronostratigraphy is well ac-
knowledged, but there is no scientific nor political reason to
push for its exclusive use, particularly at the expense of the very
useful subseries of the Cenozoic.
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