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ABSTRACT

The Quaternary System/Period represents the past 2.58 million years and is officially
subdivided into the Pleistocene and Holocene series/epochs, with the base of the
Holocene assigned an age of 11,700 calendar years before AD 2000. The two lowest
stages of the Pleistocene, the Gelasian (base 2.58 Ma) and the Calabrian (base 1.80 Ma),
have been ratified and these effectively constitute the Lower Pleistocene Subseries. All
other official subdivisions are pending. For the Middle Pleistocene, three candidate
global boundary stratotype sections and points (GSSPSs) are under consideration: the
Valle di Manche in Calabria and Montalbano Jonico in Basilicata, both in southern Italy,
and the Chiba section in Japan. The Matuyama—Brunhes Chron boundary (~773 ka)
serves as the principal guide for the base of the Middle Pleistocene. The base of the
Upper Pleistocene is generally agreed coincide approximately with that of the last
interglacial (Marine Isotope Substage 5e ~130 ka): the Fronte section near Taranto in
southern Italy represents a possible candidate GSSP, but an Antarctic ice core might also
serve this purpose. Another important task is the subdivision of the Holocene for which a
tripartite scheme, with boundaries at 8200 and 4200 years B.P., has been suggested.
Additional fine-scale formal subdivision of the Quaternary is being explored, with the
Last Glacial Maximum serving as a good example. The “Anthropocene” is both an
informal and undefined interval of time that includes the present day. Its duration,
formal/informal status, rank, and method of definition are all under debate, with
proponents suggest that it be defined as a formal unit beginning with the world’s first
nuclear bomb explosion, on July 16th 1945. Suggested and proposed GSSPs are
compared and critiqued. The history leading to the ratification of the Quaternary Period
in 2009 is examined drawing upon published and unpublished material.
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1. Introduction

The Quaternary Period/System represents the past 2.58 Ma and is officially subdivided
into the Pleistocene and Holocene series/epochs. The Quaternary Period/System,
Pleistocene Series/Epoch, and Gelasian Stage/Age are all defined by a global boundary
stratotype section and point (GSSP) at Monte San Nicola in Sicily (Gibbard and Head,
2010; Gibbard et al., 2010; Fig. 1). The Pleistocene is traditionally subdivided into
Lower, Middle, and Upper Pleistocene subseries/subepochs, and although these
subdivisions are not yet officially defined, the Calabrian Stage has been defined by the
Vrica GSSP in Calabria, southern Italy, effectively completing the definition of the
Lower Pleistocene (Cita et al., 2012). The Holocene is defined by a GSSP in the
Greenland NGRIP ice core (Walker et al., 2009). No other GSSPs have yet been
designated for the Quaternary. The current official time scale for the Quaternary, as
sanctioned by the International Union of Geological Sciences (IUGS), including both
ratified and suggested and proposed GSSPs, is shown in Figure 2.

We draw a distinction between the terms “formal” and “official” with respect to
chronostratigraphic units. Here, “formal” refers to a unit whose boundaries are widely
understood and accepted, whereas “official” refers to a unit whose lower boundary is
defined by a GSSP proposed by the International Commission on Stratigraphy (ICS) and
ratified by the Executive Committee (EC) of the IUGS. In this sense the Lower, Middle
and Upper Pleistocene subseries are formal but not official units; the Holocene Series is
both.

The objective is for all major boundaries of the Quaternary System to be defined
by GSSP. This requires recommendations to pass up through a “chain of command”.
The initiative begins with the Subcomission on Quaternary Stratigraphy (SQS), one of
currently 16 constituent subcommissions of the ICS. The SQS establishes an
international boundary working group (officially an ICS “task group”), led by a convener,
and tasked with proposing a GSSP. This task itself is preceded by a decision by the
working group on the primary guide to be used for the boundary. The primary guide
might be a paleomagnetic boundary, or a geochemical excursion, or a paleontological
event, or some other marker that can be recognized widely, and its selection will
determine the appropriateness of a candidate GSSP, which is why such a decision is
taken first (the principle of “correlation precedes definition”; Cowie, 1986; Cowie et al.,
1986; Remane et al., 1996). The boundary must satisfy several criteria. As a first
priority, it must facilitate global correlation. It should also reflect the narrative of Earth
history by separating one chapter in that story from another, while respecting historical
usage as far as is reasonable. Once the primary guide has been decided, the best
stratotype is sought. In reality, multiple criteria are used to recognize a boundary, and a
candidate GSSP ideally will display these in a well exposed, expanded, and accessible
section. The full range of ideal criteria is listed in Table 1. A decision on whether to
recommend a particular candidate GSSP is made first by the relevant boundary working
group (officially a “task group”), next the SQS, and subsequenly the full voting
membership of the ICS, this being the ICS executive and the chairs of the constituent
subcommissions. A 60% supermajority is needed for a GSSP proposal to proceed to the
next level, and at any level the proposal can be returned for clarification or revision.



Once approved by ICS, a proposal is forwarded to the executive committee of the IUGS
for ratification, which is granted only after final scrutiny especially to ensure that correct
procedures have been followed. Immediately ratification is granted, the candidate GSSP
has full legitimacy as a chronostratigraphic standard.

In spite of steady progress achieved over the past seven years in subdividing the
Quaternary, much work remains to be done. This includes defining the Middle and
Upper Pleistocene, subdividing the Holocene, and resolving the issue of the
Anthropocene. Consequently, it seemed timely to organize a special session on “The
Quaternary System and its formal subdivision” at the First International Congress on
Stratigraphy, STRATI 2013, held in Lisbon, Portugal, during 1-7 July, 2013 (Rocha et al.
(2013). Most of the papers presented are included in this special volume. The full-day
session was sponsored by the ICS Subcommission on Quaternary Stratigraphy (SQS),
which is charged with recommending Quaternary GSSPs to the ICS, and the Stratigraphy
and Chronology Commission of INQUA (SACCOM). It was convened by Martin J.
Head (Chair, SQS), Philip L. Gibbard (President, SACCOM), and Thijs van Kolfschoten
(Secretary, SACCOM). Further details are given in the guest editorial (Head et al., this
volume).

The present paper documents the fraught and tortuous history of the Quaternary as
an official period/system (below, Table 2, and Appendices 1 and 2), comprehensively
reviews its formal subdivision, and examines the tasks and challenges that lie ahead. In
doing so, we have attempted to place the various contributions of this special volume
within a broader context.

2. The status and base of the Quaternary System/Period (2.58-0 Ma)
2.1. Initial phase: 1759-1854

The Quaternary was first introduced by the mining engineer Giovanni Arduino in 1759
(Arduino 1760), as a “fourth order” (quarto ordine) in his fourfold (chrono-
)lithostratigraphic subdivision of geological time, based on his observations of the
Venetian and Tuscan regions of Italy. This “fourth order” comprised alluvial deposits,
some of which were stratified, that he observed on the Po plain. Although he never
actually used the term “quaternario”, this concept has been used for 255 years (Vaccari,
2006; Head et al., 2008a). It was Desnoyers (1829, p. 193) who applied the term
Quaternaire or tertiaires recens to strata of the Loire, Gironde, Hérault, and Rhdne
basins and in Italy that were younger than the “older Tertiary” of the Seine (Paris) Basin
(Bourdier, 1957, p. 99; Farrand, 1990; Berggren, 1998), although he used this term only
for brevity and ironically waived it in the same publication because of its transitional
nature with the “older Tertiary” (footnote to p. 193 in Desnoyers, 1829). De Serres
(1830) considered the Quaternaire synonymous with the term Diluvium, and noted that
humans were contemporaneous with these deposits. It was finally defined on
paleontological grounds in 1833 by H. Reboul who remarked “This is why one had to call
quaternary, the subsequent period, which is characterised by plant and animal species
similar to those that occur in the same places today” (Reboul, 1833, p. 1, 2). Reboul
credited Desnoyers as being first to use the term Quaternaire, which he used



unequivocally to distinguish from the Tertiary. The extent of the Quaternary was vaguely
and variably applied in these early usages (Berggren, 1998).

In the early 19" century, prompted by Louis Agassiz’s then new Glacial Theory
(Agassiz, 1840, 1841), widespread erratics in Alpine and northern Europe were seen as
having been deposited by extensive ice; and deposits comprising sands, gravels and
boulder clays (previously labeled as “Diluvium” under the belief that they were the
product of a Biblical flood or deluge) were attributed to deposition from floating ice and
hence called “Drift” (Harland et al., 1982). Consequently, the Quaternary became
synonymous with what Goethe had termed the Ice Age (Pillans and Gibbard, 2012), and
indeed Morlot (1854/56) defined and subdivided his Quaternary on the basis of
glaciation. Incidentally, Morlot (1859) introduced the term Quartaire (an “r” before the
“t”) as being more etymologically apt, given that “quaternary” refers to something
composed of four parts, and indeed the German Quartar and Swedish kvartar capture the
more appropriate spelling of Quaternary (Farrand, 1990).

In spite of the long ensuing usage of the Quaternary, the validity of the
Quaternary as a chronostratigraphic unit came to be questioned by some stratigraphers on
account of its early conceptualization as a climatostratigraphic unit. This objection did
not apply to the Pleistocene, a term introduced informally by Lyell (1839) as an
abbreviation for his Newer Pliocene, and based on biostratigraphic criteria (more than
70% of marine molluscs still living). Indeed, Lyell, who took 25 years to embrace his
term Pleistocene formally (Lyell, 1873), determined it to be equivalent to the older strata
of Desnoyers’ Quaternary (Lyell, 1839; Lourens et al., 2005). Hence, the base of the
Pleistocene and that of the Quaternary became inextricably linked over time. Forbes
(1846) meanwhile had proposed equating the term Pleistocene (or Glacial Epoch) with
the Diluvium, thus linking the Pleistocene with glaciation as had already been done for
the Quaternary.

The term Quaternary became firmly established during the late 19th century and
throughout the 20th century, as described in detail by Walsh (2008).

2.2. Middle phase: 1948-2000

The linkage between the base of the Pleistocene and that of the Quaternary was
reaffirmed during the 18th International Geological Congress in London in 1948, where it
was agreed to place the “Pliocene—Pleistocene (Tertiary—Quaternary) boundary ... at the
horizon of the first indication of climatic deterioration in the Italian Neogene succession.”
(King and Oakley, 1949a, p. 186). As an aside, later authors (e.g. Lourens, 2008) were to
use this statement as implication that King and Oakley indended the Neogene to extend
above the Tertiary—Quaternary boundary, although this interpretation was refuted by
Walsh (2006, p. 214-215). When the Pleistocene GSSP was eventually established, in
Vrica, Calabria, southern Italy, in 1985 (Bassett, 1985), this guiding principle was upheld
(Aguirre and Pasini, 1985) and the boundary was placed at the top of the sapropelic layer
“e”, just below the lowest occurrence of the ostracode Cytheropteron testudo, which was
considered to be a “northern guest” in the Mediterranean (Aguirre and Pasini, 1985; see
Section 4, below). The Vrica GSSP is presently dated at 1.8 Ma.

The question of the Quaternary was set-aside during deliberations on the base of
the Pleistocene (Aguirre and Pasini, 1985), presumably because several authors (e.g.,



Berggren and Van Couvering, 1974) had already advocated extending the Neogene to the
present. The rationale for this position was the belief that when Hornes (1851) coined the
term ‘“Neogene”, he intended it to extend to the Holocene, which would have included the
Quaternary. However, Hérnes seems not to have intend his Neogene to extend this far
(Walsh, 2008 but see McGowran et al., 2009 for an alternative interpretation), but more
importantly by the end of the 19™ century the term had widely come to refer exclusively
to the Miocene and Pliocene and therefore exclude the Pleistocene and Quaternary
(Walsh, 2008). Claims that the Quaternary lacked legitimacy because it had not been
defined using marine biochronological criteria, and that the term is part of an outmoded
and inappropriate nomenclature (e.g., Berggren and Van Couvering, 1974; Berggren,
1998; Aubry et al, 2005), were later dismissed (Walsh, 2008; Head et al., 2008; Appendix
2, point 1).

The omission of the Quaternary from the definition of the Pleistocene was
particularly remarkable because the effort made by the “IGCP [International Geological
Correlation Program] working group that did much of the work leading to the formal
proposal on the Vrica stratotype (approved at the 1982 INQUA Congress) was designated
for the Neogene—Quaternary Boundary, not for the Pliocene—Pleistocene Boundary
(IGCP Project 41, Neogene—Quaternary Boundary). The proposal sent to ICS referred
consistently to the Neogene—Quaternary Boundary-stratotype.” (INQUA EC, 2005). The
work of IGCP Project 41 and the Neogene—Quaternary Boundary is discussed by
Nikiforova and Alekseev (1997).

Meanwhile, there had always been objections over the placement of the Pliocene—
Pleistocene boundary at Vrica on grounds that significant cooling had occurred earlier, at
around 2.6 Ma (reviewed in Bowen and Gibbard, 2007; Head et al., 2008a). In order to
resolve the question of the Vrica GSSP, a small ad-hoc committee consisting of three
members each of the SNS and SQS was established in 1996 by the IUGS EC. However,
by 1997 this committee had failed to reach a solution. The matter was then returned to the
ICS, which duly held a ballot in 1998 comprising the full voting membership of both the
SNS and SQS. The issue was whether to maintain the Pliocene—Pleistocene boundary at
Vrica, or to lower it to the Gauss—Matuyama boundary. Although the normalized vote
(50.1% yes, 2.2% abstain, 47.8% against) was in favour of lowering the boundary, the
requirement of a supermajority (60% or more) was not met (Remane and Michelsen,
1998). But by not involving the entire ICS voting membership, it would have been
difficult to achieve a supermajority decision in spite of the claim by Remane and
Michelsen (1998) that bipartisan voting between SNS and SQS was not a significant
issue. The status quo for theVrica GSSP was accordingly reaffirmed by the IUGS EC (in
January 1999), and a 10-year moratorium then applied following ICS guidelines
(Remane, 1996). Ironically, just a few years before, in 1996, the Gelasian Stage had been
ratified as the highest stage of the Pliocene on grounds of major cooling and because the
historical Piacenzian ranged no higher than its base (Rio et al., 1998). This in hindsight
was a missed opportunity to lower the Pliocene—Pleistocene boundary, define the
Quaternary, and circumvent the many problems that were to follow (see also Bowen and
Gibbard, 2007).

This moratorium delayed progress in formalizing the Quaternary, although it
continued to be used extensively as a unique and necessary term comprising both the
Pleistocene and Holocene. Indeed, the Quaternary significantly appeared as a



period/system on the ICS/IUGS-sanctioned global stratigraphic chart published in 1989
(Cowie and Bassett, 1989) albeit with its base coincident with that of the Pleistocene, and
similarly in the IUGS chart compiled by Remane (2000; Fig. 3a). Indeed, Remane et al.
(1996) had already stated that the Quaternary was defined by a GSSP, albeit by
association.

2.3. Under threat: 20002008

It came as an unwelcome surprise, therefore, to many Quaternary researchers
when the Quaternary was excluded as a formal unit from the influential Geologic Time
Scale 2004 (GTS2004) published by Gradstein and Ogg (2004) and Gradstein et al.
(2004, 2005) (Fig. 3b). This approach had in fact been aired two years earlier (Gradstein
and Ogg, 2002) on grounds that it was essentially a climatostratigraphic unit. Up to this
point, the division of Quaternary time had been the responsibility of the INQUA
Commission on Stratigraphy. This commission also served as the de facto
Subcommission on Quaternary Stratigraphy of ICS. Although it served two masters, the
commission officers were appointed by INQUA. On 19 December 2001, the
Commission Secretary, Philip Gibbard received an e-mail message from Davide
Castradori (then vice-president of the Subcommission on Neogene Stratigraphy [SNS])
informing him that he was “now the Chairman of the WG [working group] on Pleistocene
Subdivisions, organized under the umbrella of SNS after the decision by ICS to disband
the Subcommission on Quaternary Stratigraphy (to say better: to transfer their task to
SNS ...)”. He continued: “l am asking you, on behalf of former SQS and present INQUA
Commission on Stratigraphy, to suggest a few names to be incorporated in the new WG,
so that the expertise of your group will be of advantage to the progress of the new WG”.
The intention was to merge the SNS and SQS and “to remove the antiquated name
Quaternary from the Global Chronostratigraphic Scale” (Zachariasse, 2001). Since the
decision to suppress the Quaternary and subsume the Pleistocene (and presumably the
Holocene) into an extended Neogene Period had apparently already been made on 21
August, 2001, “the ICS proposal has since been accepted with open arms by the INQUA”
(Zachariasse, 2001), but actually without informing INQUA until after the decision had
been made. The news spread rapidly through the Quaternary community, angry
exchanges culminating in the immediate resignation of Castradori as Neogene working-
group chair on 2 January 2002. Something had to be salvaged from the terminological
wreckage. With this goal in mind, initial discussions were held at Utrecht in May 2002
between Philip Gibbard and Thijs van Kolfschoten, representing INQUA, and the SNS
chair Willem Jan Zachariasse and secretary Fritz Hilgen. Here it was agreed to consider
the possible inclusion of the Quaternary as a climatic or chronostratigraphic sub-division
of the Neogene, of uncertain status. On 14-16 June of that year, a meeting of the full ICS
was convened in Urbino in Italy, Philip Gibbard being invited to represent INQUA. At
the insistence of the IUGS, it was decided here to re-establish a new ICS Subcommission
of Quaternary Stratigraphy (SQS), independent of INQUA, to oversee the discussion of
the status, and possible definition of Quaternary and its divisions. Initially Philip
Gibbard was asked to chair the Subcommission, but later the ICS Executive attempted to
appoint others. However, pressure from INQUA, under its then president Nicholas



Shackleton (letter dated 19 July 2002), led to agreement that Gibbard should be
reappointed.

In spite of these developments, the GTS2004 book extended the Neogene Period
to the present day, and the Quaternary was relegated to the status of an unranked and
essentially informal chronostratigraphic unit. Gradstein et al. (2004, table 1) noted that
“the Quaternary is traditionally considered to be the interval of oscillating climatic
extremes (glacial and interglacial episodes) that was initiated at about 2.6 Ma, therefore
encompasses the Holocene and Pleistocene epochs and Gelasian Stage of Late Pliocene.
This composite epoch is not a formal unit in the chronostratigraphic hierarchy”.
GTS2004 published in Gradstein et al. (2005) and the geological time scale charts
included in Gradstein and Ogg (2004) and Gradstein et al. (2004) all claimed to be issued
under the auspices of the ICS, but in reality they breached ICS’s own statutes with
regards to the treatment of the Quaternary (Finney, 2010) and therefore lacked official
authority in this regard. Nonetheless, they exposed the need to resolve the question of the
status, rank and duration of the Quaternary, and several options were illustrated by Ogg
(2004).

As a compromise, Pillans (2004) proposed that the Quaternary be defined as a
subperiod/subsystem, with its base at the pre-existing GSSP for the Gelasian Stage
(uppermost stage of the Pliocene) at 2.6 Ma (see also Pillans and Naish, 2004; Fig. 3c).
However, this would have accepted a lengthened Neogene Period/System, extending to
the present day, and decoupled the base of the Quaternary from that of the Pleistocene
(then at 1.8 Ma). It would have creating a “composite” unit spanning both the Pliocene
and Pleistocene and thus violated the hierarchical principles of the time scale. Moreover,
the INQUA Executive Committee had already expressed its interim preference for the
Quaternary to remain as a period/system, separate in duration from the Neogene and
comprising both the Pleistocene and Holocene (Pillans and Naish, 2004, p. 2274), albeit
with a base at 1.8 Ma (the status quo; Fig. 3a). A well-attended open SQS business
meeting, held during the 32nd International Geological Congress in Florence in August
2004, overwhelmingly rejected the Pillans (2004) proposal, and affirmed the prevailing
support for the Quaternary as a system/period, as did an email survey reported by the
International Subcommission on Stratigraphic Classification (ISSN, 2004). As noted by
M. Cita (ISSN, 2004, p. 18), if the Quaternary is a climatostratigraphic unit, then so is the
Ediacaran System, which is defined not by the Ediacaran biota itself but by the top of the
Marinoan (Varanger) glaciation. The INQUA Executive Committee, moreover, found
widespread support for defining the Quaternary at 2.6 Ma. To resolve the Quaternary
controversy, a joint ICS-INQUA Task Group (initially task force) was struck in
November 2004, with a remit to report its recommendations to an ICS meeting in Leuven
in September 2005. However, by March 2005, this group had not met, so a discussion
meeting including most of the members of the Task Group was held in Cambridge on 24
March 2005. Here it was unanimously agreed that the Quaternary should be retained as a
formal chronostratigraphic unit, a broad consensus that it should have full system status,
and begin at 2.6 Ma, with the proviso that the marine community would find it difficult to
move the base Pleistocene from its current 1.8 Ma position and that this would lead to a
decoupling from the base of the Quaternary at 2.6 Ma. This solution, although non-
hierarchical, was then seen as the best compromise (Gibbard, 2005). Following a series
of votes, the Task Group finalized its report on August 2005, with the recommendations



to the ICS and INQUA that the Quaternary should 1) be recognized as a formal
chronostratigraphic/ geochronologic unit, 2) have its base defined by the Gelasian GSSP
(at 2.6 Ma), and 3) have the rank of: a) System/Period (following Pillans, 2004), or b)
Sub-erathem/Sub-era (following Aubry et al., 2005).

The response from the INQUA EC on 31 August was prompt, decisive, and
reflected an insistence: that the Quaternary must be retained as a formal
chronostratigraphic term, and that the current situation is that the Quaternary is
unarguably a Period above the Neogene. It requested the establishment of a joint ICS-
INQUA working group to redefine the age of base of the Quaternary, from 1.8 to 2.6 Ma,
proposing two solutions: 1) include the Gelasian Stage in the Pleistocene; (2) redefine the
Gelasian as an Epoch between the Pliocene and Pleistocene (INQUA EC, 2005).

With INQUASs position at hand, the recommendations of the Task Group were
discussed and voted upon during the ICS workshop in Leuven, Belgium, in September.
The outcome of this meeting was that the Quaternary should indeed be recognized as a
formal chronostratigraphic/geochronologic unit, with its base defined by the Gelasian
GSSP (at 2.6 Ma), but that its status should be that of Sub-erathem/Sub-era. This was
considered to be the best compromise that would allow the Quaternary to exist as an
official term, while satisfying the Neogene marine comminity. The votes were 12 yes, 5
no, and 1 abstain. In October 2005, shortly after the meeting, ICS submitted these
recommendations to the INQUA EC for approval by its membership and also to the
IUGS EC (Gradstein, 2005; Fig. 3d).

On December 7, 2005, the INQUA EC canvassed opinion on the ICS proposal
among its members. On March 24, 2006, taking these responses into account, the INQUA
EC communicated to the ICS its position, that: 1) the Quaternary must be full formal
chronostratigraphic unit at the rank of Period (or System), 2) the base of the Quaternary
should be defined by the Gelasian Stage GSSP, and 3) base of the Pleistocene should be
lowered to 2.6 Ma, coincident with that of the Quaternary boundary. Moreover, INQUA
noted that “the top of the Neogene has never been defined and [INQUA] therefore insist
that ICS not extend it to the present. An attempt to do this would be a unilateral and
hostile action to the Quaternary community”. INQUA appreciated that the base of the
Pleistocene could not be lowered until 2009 at the earliest owing to a 10-year statutory
moratorium, but indicated that it could wait (INQUA EC, 2006). This was to be the final
position of INQUA, and had indeed been the position of SQS since 2004 (the
“Quaternary” proposal, Fig. 3h).

On 25 August 2006, the IUGS EC rejected the ICS recommendations on grounds
that they did not respect the long-held principle of hierarchy inherent within the standard
geological time scale, nor indeed ICS’s own guidelines and protocols. The ICS was
urged to maintain dialogue with INQUA and to meanwhile ensure that the Quaternary be
depicted on its time scale charts as published by IUGS in 2000 (Remane, 2000), namely
the Quaternary as a period with a base coincident with that of the Pleistocene at 1.8 Ma
(IUGS EC, 2006).

The IUGS EC in February 2007 rebuked the ICS over its “dysfunctional”
operation including the mishandling of a variety of procedural issues, and expressed
dissatisfaction with ICS’s treatment of the Quaternary issue. It withheld financial support
to ICS pending resolution of these issues (IUGS EC, 2007a). This prompted the ICS, on
14 April 2007, to conduct a new ballot on the Quaternary in which the following



elements, assembled as a single proposal for voting, were approved by supermajority: 1)
the Quaternary established as a full formal chronostratigraphic unit at the rank of
Period/System, 2) the base of the Quaternary defined by the Gelasian Stage GSSP (at 2.6
Ma), 3) the base of the Pleistocene lowered to coincide with that of the Quaternary
boundary, and 4) the GSSP at Vrica (the former Pliocene—Pleistocene boundary) retained
as the base of a newly defined Calabrian Stage, serving then as the second stage of the
newly defined Pleistocene (Fig. 3f). This proposal was submitted to the JUGS EC on 13
May, 2007. The IUGS EC responded on 28 May 2007 that while it granted approval for
the Quaternary to be recognized as a system/period, the proposed base of the Quaternary
had not been subject to consultation, discussion, or separate voting and so could not be
ratified by the IUGS EC. UGS EC recommended that the matter not be rushed, that due
process be followed especially with respect to the 10-year moratorium on the base of the
Pleistocene (which was due to expire at the end of January 2009), and should be a key
topic for discussion at the 33" International Geological Congress (IGC) in Oslo during
August 2008 (IUGS EC 2007b). All the above correspondence is available online from
the website of the Subcommission on Quaternary Stratigraphy
(http://quaternary.stratigraphy.org/meetings/task.html). Meanwhile, in July—August,
2007, at the 17" INQUA Congress in Cairns, Australia, approximately 700 delegates
unanimously endorsed the SQS/INQUA position (INQUA, 2009; Fig. 3h).

2.3. A fresh start with ICS under new management: 2008-2009

The ICS under incoming Chair, Stanley C. Finney, organized an open discussion
meeting on the Quaternary at the Oslo IGC. This meeting was chaired by Stanley Finney
for ICS and John Clague (Past-President INQUA) for INQUA. It followed the session
“Pliocene—Pleistocene correlations and global change” held earlier on the same day and
at which presentations served as a basis for positions and arguments in the discussion
meeting. Philip Gibbard as Chair of SQS opened presentations supporting the
SQS/INQUA position, and Fritz Hilgen as Chair of SQS led presentations of alternative
positions. Following the Oslo IGC, proponents were invited to submit formal proposals
and supporting cases. Philip Gibbard and Martin Head submitted the “Quaternary”
proposal (Fig. 3h), essentially providing justification for the SQS/INQUA position and
supported by scientific arguments given by Head et al. (2008a). Fritz Hilgen and several
coauthors submitted the counter “Neogene” proposal that would extend that system to the
present (Hilgen et al., 2008; Fig. 3f). It was supported by alternative perspectives given
by Aubry et al. (2005, 2009) and Lourens (2008). The full texts of the “Quaternary” and
“Neogene” proposals are reproduced in Gibbard and Head (2009a). The Neogene
proposal (Hilgen et al., 2008) contained both a preferred option (Fig. 3f) and an
alternative option (Fig. 3g), although only the preferrd option was to go forward for
voting. The “Quaternary” and “Neogene” proposals were then voted upon and approved,
overwhelmingly, by their respective subcommissions, and forwarded in December 2008
to the ICS voting membership for consideration (Finney, 2010). A period of intense open
discussion via email and the ICS website was provided prior to voting. On 17 February
2009, the SNS submitted to Stanley Finney, as Chair of ICS, its objections to the
“Quaternary” proposal. A rebuttal by Martin Head and colleagues on behalf of SQS was
submitted to ICS on 27 February, 2009. These submissions represent the closing



arguments for the SNS and SQS respectively and, having not been published previously,
are reproduced herein (Appendices 1 and 2). Of the many other submissions received by
ICS, one was a letter on behalf of the INQUA EC (2009) providing strong and
unequivocal support for the “Quaternary” proposal, and reminding ICS that: 1) INQUA
claims significant jurisdiction over the Quaternary Period, 2) INQUA and IUGS are equal
partners under the International Council for Science (ICSU) [INQUA has been a full
Scientific Union member of ICSU since 2005], 3) the 2007 INQUA Congress in Cairns,
Australia, had unanimously endorsed the “Quaternary” proposal, and 4) the IUGS EC had
already approved the ICS’s own request that the Quaternary be accepted as a
period/system, so this issue should not be subject to further voting.

Just prior to voting, the SNS asked to modify their proposal substantially but this
was not permitted (Finney, 2010). A “status quo” proposal was included. The proposals
as they appeared on the ballot form were as follows.

“Status Quo” Proposal: Pleistocene Series/Epoch remains defined by Vrica GSSP.
The base of the Quaternary System/Period is formally defined also by the Vrica
GSSP, corresponding to the base of the Pleistocene Series/Epoch and Calabrian
Stage/Age, and serving also as the Neogene-Quaternary boundary (Fig. 3a).

“Quaternary” Proposal: Base of Pleistocene Series/Epoch is lowered such that the
Pleistocene includes the Gelasian Stage/Age and its base is defined by the Monte San
Nicola GSSP, which also defines the base of the Gelasian. In addition, the base of
the Quaternary System/Period, and thus the Neogene-Quaternary boundary, is
formally defined by Monte San Nicola GSSP and is coincident with the bases of the
Pleistocene and Gelasian. With these definitions the Gelasian Stage/Age is
transferred from the Pliocene Series/Epoch to the Pleistocene (Fig. 3f).

“Neogene” Proposal: Pleistocene Series/Epoch remains defined by Vrica GSSP. The
Pliocene Series/Epoch is split into two series/epochs named Lower/Early Pliocene
and Upper/Late Pliocene, with the later composed of the Gelasian Stage/Age and
with its base defined by the Monte San Nicola GSSP. The rank of the Quaternary is
changed from system/period to subsystem/subperiod; its base is formally defined by
the Monte San Nicola GSSP. As a result, the Quaternary is composed of the
Upper/Late Pliocene, Pleistocene, and Holocene series/epochs. The Neogene
System/Period extends upwards such that it includes the Miocene, Lower/Early
Pliocene, Upper/Late Pliocene, Pleistocene, and Holocene series/epochs (Fig. 3e).

Ballots were distributed on 24 March 2009, and results compiled on 22 April 2009. Only
the “Quaternary” proposal achieved a supermajority. A second round of voting was then
held within ICS in which the “Quaternary” proposal (Fig. 3h) alone was considered. An
overwhelming majority of 89% approved the proposal. Full details of both rounds of
voting are given in Gibbard and Head (2009a) and Finney (2010). ICS then forwarded
the proposal to the IUGS EC on 2 June, and it was ratified by the IUGS EC on 29th June
2009 (Gibbard and Head, 2009b). Under ICS guidelines, revisions to a GSSP cannot
normally be made until at least 10 years have elapsed, and then only under exceptional
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circumstances (Remane et al., 1996). Documents relating to ICS voting are archived on
the SQS website at: http://quaternary.stratigraphy.org/Temporary%20ltems/

As a postscript, it should also be noted that the Tertiary remains an unresolved
issue, with proponents recommending that it be reinstated as a period/system beneath and
contiguous with Quaternary (Salvador, 1994; Salvador 2006a, b; Walsh, 2006, 2008;
Head et al., 2008a, b; Fig. 3e). The Paleogene and Neogene would then revert to the rank
of subperiod/subsystem. As far back as 2007, in the lead up to the 2008 IGC Congress in
Oslo, the Secretary-General of the IUGS wrote to the ICS saying “IUGS now suggests
that you follow the established protocol for defining the base of the Quaternary with due
consideration and respect for the issue of the “Tertiary” (IUGS EC, 2007b)”. The issue
of the Tertiary regrettably, however, remains neglected. It must be remembered that,
unlike the Quaternary controversy, there is no dedicated subcommission within ICS to
lobby for the Tertiary: the initiative will need to come from outside, such as from a
consortium of national geological societies and agencies.

Looking back over the five fraught years taken to reinstate and redefine the
Quaternary, several key points become clear:

1. There was early and near unanimous consensus that the Quaternary should begin at
~2.6 Ma, broadly in conjunction with the intensification of Northern Hemisphere
glaciation. While this conceptually represents a climatic or paleoenvironmental event,
the same in reality is true of many officially-defined chronostratigraphic units, including
the original Pleistocene GSSP. The base of the Quaternary is, in any case, defined by a
preexisting conventionally-defined GSSP (that of the Gelasian Stage).

2. The principle of hierarchy for the international geological time scale is sacrosanct.
Lowering the Pliocene—Pleistocene boundary to the level of the base Quaternary was
therefore inevitable once the base of the Quaternary was decided.

3. Vague historical concepts and definitions should not have been allowed to hinder
progress, given that there is no regulation of formal priority in stratigraphy (Remane et
al., 1996). Furthermore, there is no historical justification for extending the Neogene to
the present day (Walsh, 2008).

4. A failure by the ICS EC to conduct its own business transparently and cooperatively
and follow its own stated procedures (until 2008 when a new EC took over; Finney,

2010) contributed significantly to the delay in resolving the question of the Quaternary.
Ironically, the initial failure by the ICS as far back as 2000 to acknowledge the legitimacy
of the Quaternary exposed the need to deal with this and relates issues, and acted as a
catalyst to bring about a final resolution.

5. Finally, owing to the principle of “base defines unit”, the SQS always had primary
responsibility over the nature of the base of the Quaternary.

3. The GSSP for the Gelasian Stage, Pleistocene Series, and Quaternary System
(2.58)
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The Gelasian Stage is now the lowest stage of the Quaternary, but was initially conceived
as the highest stage of the Pliocene System (Rio et al., 1998). It is defined by the GSSP
at the Monte San Nicola section, near Gela, in Sicily (Figs. 1, 4, 5), and was ratified by
the IUGS EC in August 1996. The avowed motivation for establishing the Gelasian
Stage was that: 1) no previously assigned standard stage covers the interval of time
between the top of the historical Piacenzian and the Vrica GSSP (then the base of the
Pleistocene); 2) the top of the historical Piacenzian falls at a critical point in the evolution
of Earth’s climate system, namely close to the final build-up of Northern Hemisphere
glaciation; and 3) that there are multiple signals available for global correlation to
establish a new stage (Rio et al., 1991, 1994, 1998). The GSSP occurs at the base of the
marly layer overlying Mediterranean Precession Related Sapropel (MPRS) 250 (the
“Nicola bed”; Fig. 5) which has a midpoint astrochronological age of 2.588 Ma. The
GSSP itself, being positioned slightly above this midpoint, has an estimated age of 2.58
Ma (Gibbard and Head, 2009b). The GSSP corresponds to Marine Isotope Stage (MIS)
103, and is about 1 m above the Gauss—Matuyama boundary. The most useful marine
biostratigraphic marker in lower latitudes is the highest occurrence of the nannofossil
Discoaster pentaradiatus considered to be ~80 kyr above the boundary (Rio et al., 1998).

As noted by Lourens et al. (2005, p 417), “The Gelasian marks a crucial period in
the evolution of Earth’s ocean—climate system due to the occurrence of major obliquity-
controlled northern hemisphere glacial cycles”, and it is for this reason that the base of
the Quaternary at ~2.6 Ma was not seriously contested during the recent Quaternary
controversy. In fact, while significant intensification of northern-hemisphere glaciation
during the MIS G7-G6 (2.74 Ma) transition is well known, a major shift in the position
of the North Atlantic Current occurred at MIS 104 (~2.6 Ma) and suggests a major
climatic reorganization within the Northern Hemisphere almost precisely at the base of
the Quaternary (Hennissen et al., 2014).

4. The GSSP for the Calabrian Stage (1.80 Ma)

The Calabrian is the second stage of the Pleistocene. It is defined by the former
Pleistocene GSSP at Vrica, Calabria, southern Italy (Aguirre and Pasini, 1985; Pasini and
Colanongo, 1997; Fig. 1), and was ratified on 5 December 2011 (Cita et al., 2012). This
GSSP was originally chosen to reflect cooling in the Mediterranean, as discussed above,
although the major signals for cooling in the Mediterranean, and elsewhere, occur earlier
(e.g. Head et al., 2008a; Gibbard and Head, 2010). For example, the cold-water
ostracode Cytheropteron testudo has its lowest occurrence in the Vrica section just above
the GSSP (Aguirre and Pasini, 1985), but this species has since been recorded from the
Gelasian stratotype at Monte San Nicola locality in Sicily at around 2.4 Ma (Bonaduce
and Sprovieri, 1985; Aiello et al., 1996, 2000; Pasini and Colanongo, 1997). Similarly,
the cold-water mollusc Arctica islandica, the “most renown ‘northern guest’” and one of
the main criteria for defining the base of the Pleistocene in the Mediterranean area
(Aguirre and Pasini, 1985), had in fact been recorded at ~2.0 Ma in Italy (Arias et al.,
1980).
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The GSSP is placed at the base of the marine claystone conformably overlying
sapropelic bed ‘e’ (assigned to MPRS 176; Fig. 6), and has an estimated age of 1.80 Ma
based on the astronomical age of 1.806 Ma for the midpoint of sapropelic bed ‘e’ and
allowing for the delay in deposition of the overlying claystone (Cita et al., 2012). The
GSSP coincides with the transition from Marine Isotope Stage 65 to 64. The top of the
Olduvai Subchron is identified ~8 m above the GSSP, but diagenetic overprinting has
obstructed efforts to locate the boundary more precisely (Roberts et al., 2010). Primary
guides to global correlation are therefore marine isotope stratigraphy and
magnetostratigraphy, with sapropel stratigraphy available for correlation throughout the
eastern Mediterranean. Calcareous plankton bioevents are present as secondary markers
(Cita et al. 2012).

5. Subseries for the Pleistocene and Holocene series

Subseries are not currently represented in the International Geological Time Scale, the
closest comparison being the ratified subdivision of the Carboniferous System into
Mississippian and Pennsylvanian subsystems. The ICS-sanctioned 1989 Global
Stratigraphic Chart (Cowie and Bassett, 1989) shows subseries for the Miocene, Pliocene
and Pleistocene, and although no subseries are shown in the IUGS chart of Remane
(2000), they again appear in the (unofficial) GTS 2004 (Gradstein et al., 2004, 2005;
Lourens et al., 2005; Gibbard and van Kolfschoten, 2005). However, GTS 2004 is
inconsistent with regard to the Pliocene subseries, e.g., Piacenzian either as Late (with the
Gelasian) or Middle Pleistocene.

The subdivisions Lower, Middle and Upper Pliocene were indicated in the
respective definitions of the Zanclean (Van Couvering et al., 2000), Piacenzian
(Castradori et al., 1998), and Gelasian (Rio et al., 1998), even though these subdivisions
were not named explicitly as subseries. The Gelasian Stage is referred to the Upper
Pliocene in Lourens et al. (2005) and Upper Pliocene or Lower Pleistocene in Hilgen et
al. (2012).

The terms Lower, Middle, and Upper Pleistocene have been used quasi-formally
since the 1930s, beginning with the Second INQUA Congress in Lenningrad 1932
(Woldstedt, 1962), although they may have been used loosely before then (Gibbard and
van Kolfschoten, 2005). Zeuner (1935, 1959) and Hopwood (1935) were the first to use
these terms in English in a formal sense, based on the European vertebrate record. In the
former USSR and in Russia, essentially beginning with the Leningrad Congress, a
parallel terminology evolved for the subdivision of the Quaternary (Anthropogene in the
Russian literature), as reviewed by Gerasimov (1979) and Vangengeim (2010). The
Pleistocene is divided into two subseries, the Eopleistocene (initially equivalent to the
Calabrian Stage, now broadly equivalent to the Gelasian and Calabrian) and
Neopleistocene (approximately equivalent to the Middle and Upper Pleistocene). The
Neopleistocene has Lower, Middle and Upper subdivisions, the Upper Neopleistocene
being exactly equivalent to the Upper Pleistocene (Vangengeim, 2010, fig. 2; Shik,
2014).

The Holocene Series has long been divided into three informal units, and in 2010
a Joint Working group of SQS and INTIMATE (Integration of ice-core, marine and
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terrestrial records, an INQUA International Focus Group) was established to explore
whether the Holocene should be officially divided. The ensuing discussion paper
proposed that indeed it should (Walker et al., 2012), and the current view is that the
Holocene Series should be subdivided into three subseries and their corresponding stages.

6. The Lower—Middle Pleistocene Subseries boundary (0.7 Ma)

The Early-Middle Pleistocene transition (EMPT) is a major climatic transition in Earth’s
history occurring between 1.4 and 0.4 Ma and characterized primarily by a progressive
increase in the amplitude of climate oscillations and a shift from 41-kyr to quasi-100 kyr
frequency. Changes during this transition are perhaps most intense near to its midpoint at
around MIS 24-22 (900 ka) which is also close to the Matuyama—Brunhes boundary at
~773 ka. The EMPT is reviewed by Head and Gibbard (submitted).

Although several several positions for the Early—Middle Pleistocene boundary
have been suggested (see Head and Gibard, 2005 for discussion), support has been
greatest for the Matuyama—Brunhes boundary. For example, participants at the Burg
Wartenstein Symposium “Stratigraphy and Patterns of Cultural Change in the Middle
Pleistocene, held in Austria in 1973, recommended that “The beginning of the Middle
Pleistocene should be so defined as to either coincide with or be linked to the boundary
between the Matuyama Reversed Epoch and the Brunhes Normal Epoch of
paleomagnetic chronology” (Butzer and Isaac, 1975, appendix 2), and a similar
conclusion was reached by the INQUA Working Group on Major Subdivision of the
Pleistocene at the 12th INQUA Congress in Ottawa in 1987 (Richmond, 1996). The
Matuyama—Brunhes boundary (MBB) has since been widely used in defining the Early—
Middle Pleistocene boundary (e.g., Bowen, 1988; Berggren et al., 1995; Pillans, 2003;
Gradstein et al., 2005; Head and Gibbard, 2005; Head et al., 2008c; Gradstein et al.,
2012), and in their redefinition of Italian marine stages, Cita et al. (2006) and Cita (2008)
proposed the Matuyama—Brunhes boundary as the guiding criterion for the base of the
lonian Stage.

At the 14th INQUA Congress in Berlin in 1995, the search for a suitable
boundary stratotype section was narrowed to three sections in Japan, New Zealand, and
Italy. However, the New Zealand section contained unconformities and was removed
from consideration (Head et al. 2008c).

In 2002, a Working Group of SQS was established to review all aspects of the
boundary, including its position within the EMPT and selection of a suitable GSSP. At
the 32" International Geological Congress in Florence in 2004, the Working Group
recommended that (Head et al. 2008c):

“1. The E-M Pleistocene boundary be defined in a marine section at a point ‘close
to’ the Matuyama—Brunhes boundary. The definition of ‘close’ was agreed to mean

within plus or minus one isotope stage of the MBB.

2. The GSSP should be located in a marine section exposed on land, not in a deep sea
core.”
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With respect to the principle of “correlation precedes definition” (Remane et al., 1996),
these recommendations cemented the long-held tradition of accepting the Matuyama—
Brunhes boundary as the primary guide for the Early—Middle Pleistocene boundary
(Head and Gibbard, 2005; Head et al., 2008c¢).

Three candidate sections are presently being considered by the Working Group:
1. Montalbano Jonico section in Italy (Ciaranfi and D’ Alessandro, 2005; Marino et al.,
this volume).
2. Valle di Manche section in Italy (Capraro et al., 2005; Scarponi et al., 2014; Capraro et
al., this volume).
3. Chiba section in Japan (Kazaoka et al., this volume; Suganuma et al., 2015).

Of the first two, the Montalbano Jonico section is expanded relative to the Valle di
Manche section, but diagenesis has compromised the magnetostratigraphy at Montalbano
Jonico. All sections, however, have orbital stratigraphic control. Neither Mediterranean
site has sapropel stratigraphy close to the boundary because sapropels were not developed
in the Mediterranean at this time. Each candidate section is discussed in turn.

6.2 Montalbano Jonico (Basilicata, southern Italy)

Located in the Lucania Basin, a minor basin of the Bradano Trough, the Montalbano
Jonico composite section is about 450 m thick and consists of marine-deposited muddy
clays and muddy sands intercalated with nine volcaniclasic layers, V1 to V9 (Ciaranfi et
al., 2010). The composite section is divided into two intervals, a lower interval A (MIS
36-23) which contains sapropel layers, and an upper interval B (MIS 22-16) that does
not, with a gap of < 20 kyr between the two intervals. The composite section spans an
interval from 1240 to 600 ka, potentially allowing it to serve along with the Vrica section,
with which it just overlaps, as a unit stratotype for the Calabrian Stage (Miaorano et al.,
2010).

The Montalbano Jonico composite section (Fig. 1) is orbitally-resolved
throughout using benthic marine oxygen isotopes augmented with marine biostratigraphy
and radiometric dating of the volcaniclasic layers. The Montalbano Jonico composite
section therefore has an exceptionally well-resolved chronology, is very well studied, and
has very high sedimention rates (0.5-2.0 m/ka) in the vicinity of MIS 19 (Ciaranfi et al.,
2010; Marino et al., this volume).

Unfortunately the Matuyama—Brunhes boundary, the primary criterion for
recognizing the Early—Middle Pleistocene boundary, is not recognized owing to late
diagenetic remagnetization associated with the growth of greigite (Sagnotti et al., 2010).
However, it is known to occur within MIS 19, and this part of the composite section —
best exposed in the Ideale section (Fig. 7) — has been studied in exceptional detail for
pollen (Bertini et al., this volume) and ostracodes (Aiello et al., this volume). In addition,
the volcaniclastic layers V1-5 and 7 have been mineralogically characterized, and the V4
layer “°Ar/*°Ar-dated to 773.9 + 1.3 ka (Petrosino et al., this volume). The V4 layer is
significant because its age is close to the 770-773 ka age determined for the Matuyama—
Brunhes boundary elsewhere (Suganuma et al., 2015; Head and Gibbard, submitted). It
occurs in the upper part of MIS 19, and is questionably correlated with SUL2-16 (776.7 +
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2.3 ka) of the Sulmona Basin in central Italy. However, no correlative layer has been
found in the Valle di Manche section (below).

Latest research on the ldeale section shows the pollen stratigraphy and the
paleodepth reconstruction from ostracodes to be in good accord with the benthic 520
record, the paleodepth and temperate forest expansion both increasing just before the
initial peak of MIS 19. Marino et al. (this volume) make the case that even without the
previously agreed Matuyama—Brunhes boundary, the Montalbano Jonico composite
section should still be considered for the GSSP on account of its highly resolved multi-
proxy characterization of MIS 19, high sedimentation rate, and presence of the precisely
dated V4 volcaniclastic layer.

In summary, the positive features of the Montalbano Jonico composite section are:
1. Continuous marine sedimentation from 1240 to 600 ka.
2. Marine oxygen isotopes (benthic and planktonic) (MIS 36-16) recorded
throughout.
Detailed marine biostratigraphy including foraminifera and nannofossils.
Detailed pollen stratigraphy across boundary interval.
Extensive published record of the composite section.
Very high sedimentation rates of around 0.5-2.0 m/kyr in the ldeale section.
Nine tephra layers throughout, including V4 (773.9 + 1.3 ka) that matches the age
of the Matuyama—Brunhes boundary.
With the Vrica section, it could form a unit stratotype for Calabrian Stage.
9. The section has excellent preservation and access.
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The negative feature is:
1. No magnetostratigraphy due to diagenetic overprinting.

6.2 Valle di Manche (Calabria, southern Italy)

The Valle di Manche section (Fig. 1, 8, 9), near San Mauro Marchesato, is located
in a forearc basin known as the Crotone Basin that contains more than 3 km of Upper
Miocene through Pleistocene deposits. The San Mauro area lies within a fault-controlled
sub-basin that experienced persistent and high tectonic subsidence rates. The San Mauro
succession extends from ~1.5 Ma to ~0.3 Ma, becoming marginal- to non-marine from
~0.65 Ma. The Valle di Manche section extends from MIS 23 to ~MIS 18.3 based on the
interpretation of cyclothems. The ongoing work of Capraro et al. (this volume) updates
an earlier study by Capraro et al. (2005; see also Rio et al., 1996; Massari et al., 2007,
Scarponi et al., 2014) with a revised lithological log and higher-resolution sampling.

Particularly important features of this section are a detailed benthic marine
isotope stratigraphy from MIS 21 to 18.4, detailed pollen analysis throughout, the
identification of the Matuyama—Brunhes boundary, and the presence of a volcaniclastic
layer (the “Pitagora ash” of Rio et al., 1996; Fig. 9) within 0.5-1.0 m of the Matuyama—
Brunhes boundary. Unfortunately, the “Pitagora ash” is redeposited from an earlier ash
layer, and therefore has no correlative value beyond the San Mauro sub-basin, and no
potential for radiometric dating. It appears to be older than the V4 layer at Montalbano
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Jonico judging from its earlier position within MIS 19. Nonetheless, the “Pitagora ash”
does enable the horizon of the Matuyama—Brunhes boundary to be traced within the sub-
basin, and its base has therefore been suggested for the position of the GSSP (Capraro et
al., this volume). The sediment accumulation rate across the Matuyama—Brunhes
boundary is estimated to be ~13 cm/kyr (Capraro et al., 2005).

The occurrence of the Matuyama—Brunhes boundary before the peak of MIS 19 is
presently unexplained. A global survey of high-quality published records shows that the
Matuyama—Brunhes boundary usually occurs after the peak of MIS 19 (Head and
Gibbard, submitted). Paleobathymetry reconstructions based on benthic (mostly mollusc)
macrofossils show peak water depth above the Matuyama—Brunhes boundary (Scarponi
et al., 2014), in broad concurrence with the marine isotope stratigraphy. Furthermore, the
pollen record is in phase with the marine isotope stratigraphy. Some discrepancies exist
with the Montalbano Jonico pollen record, such as cool and wet (rather than arid)
conditions during glacial phases of MIS 20 and 18.4, but local environmental and
geographic factors seem to explain these discrepancies (Capraro et al., 2005; this
volume).

Although not relevant to its prospects as a GSSP, the Valle di Manche section
cannot be used with the Vrica section as unit stratotype for Calabrian Stage because there
is a gap between their respective records: The Valle di Manche section begins at MIS 23
whereas Vrica ends at MIS 37 (Cita et al., 2012, fig. 7).

In summary, the positive features of the Valle di Manche section are:

1. Matuyama—Brunhes boundary recognized.

2. Continuous marine sedimentation from 900 to ~750 ka (MIS 23 to ~MIS 18.3)
based on the interpretation of cyclothems.
Marine oxygen isotopes (benthic and planktonic) recorded from MIS 21 to 18.4.
A moderately high sedimentation rate of ~13 cm/kyr across the M—B boundary.
The “Pitagora ash” is within 0.5-1.0 m of the M—B boundary.
Detailed marine biostratigraphy including foraminifera and nannofossils.
Detailed pollen stratigraphy.
Section has good access.
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The negative features are:

1. No isotope stratigraphy above MIS 18.4, and short time span covered by the
section.

2. A cyclothem boundary close to the Matuyama—Brunhes boundary.

3. An unexplained stratigraphically low position of the Matuyama—Brunhes
boundary, before the MIS 19 peak.

4. Boundary layer (“Pitagora ash”) not amenable to radiometric dating or extra-
basinal correlation, and represents abrupt deposition.

5. Potential problems with preservation due to regolith creep.

6.3 Chiba section (Chiba Prefecture, central Japan)

The Chiba composite section is exposed along deeply incised river valleys on the Boso
peninsula just south of the city of Chiba in central Japan. Here the Kazusa Group, which
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is Early to Middle Pleistocene (2.4-0.5 Ma) in age, is ~3 km thick and continuously
deposited, and mostly consists of marine sands and silts (Fig. 10). It is subdivided into
14 formations that are intercalated with around 50 tephra layers of which at least 18 are
widespread. The Kazusa Formation is constrained by foraminiferal, calcareous
nannofossil, and diatom biostratigraphy, and by benthic and foraminiferal oxygen isotope
stratigraphy from MIS 34 to the MIS 16/15 transition. Magnetostratigraphy is recorded
throughout, including the top of the Olduvai Subchron, the Jaramillo Subchron, and the
Matuyama—Brunhes Chron boundary. A large literature exists on the Kazusa Group but
is published mostly in Japanese and therefore not readily accessible. Kazaoka et al. (this
volume) have addressed this limitation by synthesizing the geology of the Kazusa Group,
including the Kokumoto Formation which spans the Early—Middle Pleistocene boundary.

The Kokumoto Formation varies from 350 to 400 m in thickness and was
deposited on the slope and shelf edge. It contains the Matuyama—Brunhes Chron
boundary, which has recently been studied in detail for magnetostratigraphy, marine
isotope stratigraphy, and tephra analysis. The Matuyama—Brunhes boundary is located
above the initial MIS 19 peak, and a distinctive tephra later, the Byakubi-E, which occurs
~0.8 m below the midpoint of the boundary, has a U-Pb zircon age of 772.7+7.2 ka.
Based on a sedimentation rate of 32.0+9.3 cm/ky for this part of the section, the
Matuyama—Brunhes boundary is estimated to have an age of 770.2+7.3 ka (Suganuma et
al., 2015), which is in agreement with most published high-sedimentation rate records
(Head and Gibbard, submitted). The Matuyama—Brunhes directional transition has a
duration of 2.8 kyr (not 3.1 ka as stated in Suganuma et al., 2015), which is within the
range of reported durations. The primary magnetization carrier is magnetite
(titanomagnetite). Takeshita et al. (2015) have shown that the Byakubi-E tephra can be
traced widely across central Japan and is derived from the Older Ontake volcano ~250
km to the west (Takeshita et al. (2015). It serves as a potential marker for the GSSP, and
a useful guide for the Matuyama—Brunhes boundary particularly between the Tabuchi
(proposed location of GSSP), Yanagawa, and Kogusabata sections that comprise the
Chiba composite section (Suganuma et al., 2015 supplementary data).

In summary, the positive features of the Kazusa Group / Chiba composite section are:
1. Kazusa Group is ~3 km thick, 2.4-0.5 Ma.
2. Marine oxygen isotopes (benthic and planktonic) recorded from MIS 34 to MIS
16/15.
Detailed marine biostratigraphy including foraminifera and nannofossils.
Extensive published record of the composite section.
High sedimentation rates of ~32.0 cm/ky near the boundary.
Around 50 tephra layers present in the Kazusa Group, of which at least 18 are
widespread.
Matuyama—Brunhes boundary recognized, and transition documented in detail.
8. The Byakubi-E tephra has a U-Pb zircon age of 772.7+7.2 ka and occurs ~0.8 m
below the midpoint of the Matuyama—Brunhes boundary.
9. The Byakubi-E tephra can be traced across central Japan.
10. The section has excellent access and preservation, and is only 80 km from Tokyo.
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The negative features are:
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Most of the older primary literature is in Japanese.

There is no detailed pollen record across the boundary interval.

3. Not able to serve as the unit stratotype for the Calabrian Stage, but the Kazusa
Group does extend below base of Calabrian.

N

7. The character of the Matuyama-Brunhes paleomagnetic transition

The literature on the Matuyama—Brunhes boundary has been reviewed by Head and
Gibbard (submitted) who show that most high-quality records estimate the boundary at
around 772—773 ka, rather than the often cited age of 780—781 ka. These ages are mostly
based on astronomically-tuned deep ocean records that place the Matuyama—Brunhes
boundary in the middle to upper part of MIS 19 (above the initial MIS 19c peak), with a
typical directional polarity duration of 2.9-7.0 kyr for the North Atlantic (Head and
Gibbard, submitted). Most records show a relatively smooth directional transition,
although a well documented “precursor” event precedes the boundary by ~18 kyr
(Suganuma et al., 2015).

Not all records, however, are consistent with the above observations (Head and
Gibbard, submitted). For example, the Matuyama—Brunhes boundary in the Valle di
Manche section in southern Italy occurs before the peak of MIS 19c (see above). The
directional polarity change in the lacustrine deposits of Sulmona in central Italy (Fig. 1)
has an estimated duration of less than 100 years (Sagnotti et al., 2014).

Hyodo and Kitaba (this volume) have examined the MIS 19 and the timing of the
Matuyama—Brunhes boundary from a long marine core taken from Osaka Bay in Japan.
This record is unusual in that there are several paleomagnetic reversals through MIS 19c,
and the peak in temperature, as determined from the rise in pollen of temperate trees
(Quercus), occurs in the latter half of MIS 19c, representing a delay of 4000 years
between the peak in sea level and the climatic thermal maximum. Hyodo and Kitaba
attribute this delay to cooling caused by a weak magnetic field intensity, whereby an
increased flux of cosmic radiation causes an enhanced cloud cover (see also Kitaba et al.,
2013). These and other anomalies clearly require further investigation.

8. The Middle—Upper Pleistocene Subseries boundary (0.7 Ma)

It was during the 2" INQUA Congress in Leningrad in 1932 that a decision was made to
define the base of the Upper Pleistocene at the base of the last interglacial (Eemian Stage
in Europe). The 12th INQUA Congress in Ottawa in 1987 approved a proposal of the
INQUA Working Group on Major Subdivision of the Pleistocene to use the base of MIS
5 to define the boundary (Anonymous, 1988; Richmond, 1989).

This presupposed a synchronicity between the base of MIS 5 and the base of the
last interglacial, as implied by the general equivalence between MIS 5e, the lowest
substage of MIS 5, and the Eemian Stage (Shackleton, 1977). However, a detailed
palynological study of a marine core off Portugal (Sanchez-Gofii et al., 1999) later
showed that the base of the Eemian pollen stage is about 6 kyr younger than the base of
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MIS 5 and about 2 kyr younger than the plateau of lightest isotopic values for MIS 5e
(Shackleton et al., 2003).

8.1 Eemian (Amsterdam Terminal) proposal

Consequently, Gibbard (2003) and Litt and Gibbard (2008) proposed that the
Upper Pleistocene GSSP should be placed in a core from the Amsterdam Terminal,
Netherlands — which is both the parastratotype and unit-stratotype for the Eemian Stage
(van Leeuwen et al., 2000) — as this would respect the original definition of the boundary.
This borehole had been drilled specifically by the Rijks Geologische Dienst (The
Netherlands Geological Survey) in 1997 to document the Eemian as fully as possible
(van Kolfschoten and Gibbard, 2000). The borehole was sited in the Amsterdam glacial
basin, revealing a succession of Late Saalian lake and finally shallow pool deposits
passing into Eemian freshwater and then brackish and shallow marine sediments (van
Leeuwen et al., 2000). The proposed GSSP in this core was placed at the steep rise in
tree pollen, especially that of Betula, that marks a synchronous response to climatic
amelioration and characterizes the beginning of the Eemian across Europe (Pillans and
Gibbard, 2012). Stratigraphically, the proposed GSSP was placed at 63.50 m depth at the
base of a laminated greyish green diatomite underlain by a thin sand layer. The sand
layer was interpreted to have been redeposited following erosion of coarse material from
the nearby margins of what by now was a shallow pool (van Leeuwen et al., 2000). This
ceased when denser vegetation cover associated with an ameliorating climate stabilized
the margins (Litt et al., 2008). The deposition of a laminated greyish green diatomite
above the thin sand layer marks the beginning of the Eemian, diatom assemblages
reflecting a return to a deeper lake proper in the earliest Eemian (van Leeuwen et al.,
2000), although there is no evidence of emergence at the boundary.

The proposal by Litt et al. (2008), representing the SQS Working Group on the
Middle/Upper Pleistocene Boundary, received a 100% vote in favour by the SQS (18
voting, two not responding) and a 71% vote in favour by the ICS Full Commission (10 in
favour, 4 against) (Ogg and Bown, 2008). The proposal was submitted by ICS to the
IUGS Secretariat on 26 August, 2008 for ratification (Ogg and Bown, 2008). This request
was denied by the IUGS EC on 22 September, 2008 (Riccardi, 2008) for various reasons,
among which the observation that the proposed GSSP did not respond to the required
“absence of vertical facies changes at or near the boundary” (Remane et al., 1996, p. 79),
and the unclear potential of the proposed GSSP for precise long-range correlation, were
particularly intractable. It may also be noted that a GSSP should represent a marine
section (Salvador, 1994) whereas the proposed GSSP was placed in freshwater deposits,
although it is pertinent of course that the Holocene GSSP, which is the next highest
ratified GSSP, has been placed in an ice core (Walker et al., 2009). A revised version of
the Litt et al. proposal was not submitted to the IUGS EC, and it was made clear that a
revised version of the Litt et al. (2008) proposal would require resubmission to the SQS
as a new proposal (Head et al., 2013). Hence, the search for an Upper Pleistocene GSSP
was reopened.

8.2 Tarentian (southern Italy) proposal

20



The Tarentian is a regional (Italian) marine stage first proposed (as “Tarantian”)
by Cita and Castradori (1994, 1995) and Van Couvering (1995) for the interval spanning
the MIS 6/5 transition to the base of the Holocene (Cita, 2008), and hence the Upper
Pleistocene Subseries. It is a substitute for the Tyrrhenian stage, which is conceptually
different (Cita, 2008). The Tarentian, from Tarentum the ancient Roman name for the
type locality of Taranto, Apulia, southern Italy, has not yet been formally defined even
for local application, and a reference section has not yet been designated. The Tarentian
is hence a nomen nudum (Negri et al. this volume). The Tarentian is well exposed along
the Fronte composite section in the vicinity of Taranto.

The paper by Negri et al. (this volume) follows Antonioli et al. (2008) in
proposing the Tarentian deposits from the Fronte composite section as a potential GSSP
for the Upper Pleistocene (Figs. 1, 11, 12). The Fronte section has been described in
detail by Amorosi et al. (2014). The base consists of Middle Pleistocene Blue Clay, the
upper part of which is assignable to MIS 13 (about 0.5 Ma). It is unconformably overlain
by a thin fine-sandy bioclastic mud (unit 1), a highly fossiliferous shallow-marine grey
mud (unit 2), a cemented, fossiliferous calcarenite regionally called panchina that is
characterized by a warm-water “Senegalese” fauna mostly represented by molluscs (unit
3), a thick reddish to greenish open-shelf mud (unit 4), and a second fossiliferous
calcarenite (unit 5) at the top. Units 1-5 span most of MIS 5e. The Garitta section is an
adjacent exposure described by Negri et al. (this volume). It is just 20-30 m east of the
section already detailed by Amorosi et al. (2014), but contains a thicker unit 4 (6.25 m vs.
4.5 m in Amorosi et al., 2014) that is shown from foraminiferal, dinocyst, and benthic
§'%0 studies to represent the MIS 5e peak/plateau. From a sequence stratigraphic
perspective, the base of unit 1 represents a sequence boundary, units 1, 2, 3 and the base
of unit 4 represent a transgressive systems tract, the lower part of unit 4 (but excluding its
lowermost part) represents the maximum flooding zone, and the upper part of unit 4 and
unit 5 represent a highstand systems tract (Amorosi et al., 2014; Negri et al., this
volume). No erosional surface was recognized at the top of unit 3. From a promising
pilot study, Negri et al. show that unit 4 could yield a detailed paleomagnetic record
including the Blake excursion at 123+3 ka (see below) that would aid in marine and
terrestrial global correlation of this potential global stratotype section. These authors
suggest that the GSSP could be placed at the base of the maximum flooding zone, which
is recognized ~70 cm above the base of unit 4, and ~3.7 m above the base of the Late
Pleistocene deposits. It is identified by an increase in the planktonic/benthic
foraminiferal ratio, and a shift in the benthic foraminiferal assemblage composition.
Negri et al. (this volume) interpret this to represent the second of two global sea-level
rises documented for the last interglacial by Hearty et al. (2007, fig. 10, sl#4) which these
authors dated to 124-121 ka. However, the pattern of eustatic highstands for MIS 5e is
uncertain (Avila et al., 2015) and there are also uncertainties in the global %0 signature.
The suggested position of the GSSP occurs within the MIS 5e plateau. Unfortunately, the
benthic &'%0 record from the Fronte section is available only through unit 4, and shows
little change. It is presumably entirely within the MIS 5e plateau, and does not capture
the steep inflection characterizing the MIS 6-5 boundary.

8.3 Northern European versus North American Last Interglacial records

21



Otvos (this volume) assesses the northern European and North American Last
Interglacial records, known respectively as the Eemian and Sangamonian regional stages,
and discusses the problems arising from the confusion of these terms on the two
continents. This confusion owes its origin to the fact that in North America, the
Sangamonian Stage was originally identified from fossil soil in the mid-western states,
whereas in northern and latterly southern Europe, the evidence is based principally on
palynological subdivision. The result has been that the Sangamonian includes what in
Europe is regarded as the Early Weichselian (glacial or cold) regional Substage
sequences. That the latter includes two stadial and intervening interstadial events which
are instead included within the Sangamonian in North America, means that the “Last
Interglacial” on the two continents is of significantly different duration, causing
unfortunate confusion. This article considers this problem from the perspective of the
author who has studied coastal and littoral sequences along the southern coasts of the
USA.: it therefore brings a fresh approach to its resolution — the sea-level record being
important in the absence of long pollen profiles from the North American continent.

The concept of the “Last Interglacial” has evolved considerably since its early
establishment by Harting in the Netherlands in the late nineteenth century. Today, we are
in the somewhat awkward situation whereby the original meaning, and therefore origin of
the term “Eem(ian)”, taken from the Eemnes area from where it was originally described,
has been applied over large regions of the world, often without a clear understanding of
the term’s first use or definition. Running in parallel with the terrestrial (chrono-)
stratigraphy is the marine isotope stratigraphy with the term Marine Isotope Stage (MIS)
5, the subdivisions of this stage being defined from the earliest works by Emiliani and
Shackleton. In North America, the Sangamonian Stage was defined from the Sangamon
Geosol but has been taken as the equivalent of the whole of MIS 5, whereas the Eemian
is broadly equivalent only to MIS 5, Substage e. Attempts to correct the mismatch
between the Eauropean and North American sequences by proposing an Eo-Wisconsinan
Substage have not found favour. As Otvos rightly notes, the current usage is confused
and inconsistent and certainly requires modification.

Central to the problem of the “Last Interglacial” sensu lato relates to the role
of climate in the division and correlation of the events, which is addressed in this
article. The desirability of separating time (i.e. chronostratigraphy) and climate (i.e.
climatostratigraphy) is repeatedly stressed, as different events could then be placed
more meaningfully on a time scale and rates of change, diachronism etc., could be
properly assessed.

As Otvos states, there is evidence for glaciation during the Early
Weichselian/Wisconsinan (or ~MIS 5, substages a—d) interval. Indeed, according to
Hughes et al. (2013) “In numerous mountainous regions at high-, mid- and low-
latitudes across the world, glaciers reached their maximum extent before Marine
Isotope Stage (MIS) 2, in MIS 5, 4 and 3. This is in contrast to most sectors of the
Laurentide Ice Sheet, the Cordilleran Ice Sheet, the SE sector of the
Fennoscandinavian Ice Sheet and the Alpine Ice Sheet in central Europe, which
appear to have reached their maximum close to the global LGM in MIS 2.” These
points strongly support Otvos’ thesis concerning the status of the Early
Weichselian/Eo-Wisconsinan Substage.
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A single inshore—nearshore marine sediment and highstand interval is well-
documented in the region he studied in the southern USA, correlating with varied Eemian
marine and paralic MIS 5e deposits encountered along northern and western European,
Siberian, and additional shores. Apart from reliably dated Sangamonian South Florida
coral reefs, identification and dating of Last Interglacial highstand deposits remain highly
problematical in southeastern Atlantic shore terraces.

Problems of correlation for the Eemian interglacial event nonetheless remain.
They have arisen following detailed paleomagnetic studies by Sier et al. (2011, 2015) and
Sier and Dekkers (2013) that have identified and compared the palacomagnetic Blake
Event at sites in northwestern, central, and southern Europe. This event can be applied as
a chronostratigraphic marker for comparison of records from marine and terrestrial
sequences, and between high and low latitudes, although published durations vary from
~1 kyr to more than 7 kyr. Sier et al. (2015) determined from an analysis of a research
core at Rutten, about 75 km northeast of the Amsterdam terminal borehole, that the Blake
Event has a minimum duration of 8000 years, but that there is also large geographic
variability in the nature of this event. These authors concluded that it began ~121.5 ka
and lasted to at least 113.5 ka. The results presented by Sier et al. (2015) suggest that the
start of the Eemian interglacial climatic event was delayed by 5000 years in northwest
Europe compared to that in southern Europe — a point originally proposed by Kukla et al
(2002). The latter authors suggested that the Eemian Stage interglacial in western Europe
lasted for 17,000 or even 23,000 yr based on comparison of the marine and southern
European terrestrial biostratigraphies. However, this interpretation was catagorically
rejected by Turner (2002) who demonstrated that the event lasted no more than 13,000 yr
from sites north of the Alps and Pyrenees, based upon the counting of annually laminated
lacustrine sediment sequences. The implication in any case is that the onset of the Eemian
in northwestern Europe occurs later than the global sea-level highstand of MIS 5e. If
correct, this could mitigate against adopting the Northwest European climatic template.

It should be noted, however, that the Greenland ice sheet shows highest temperatures
from ~127 ka (NEEM Community Members, 2013), suggesting that the Eemian in
northwestern Europe did not start later than this. Clearly the resolution of this dilemma
of the duration of this interglacial event and the timing of its associated marine
transgression must await further clarification.

Notwithstanding this, Otvos concludes that adoption of the general European
practice that asymmetrically splits MIS 5 into a short MIS 5e interglacial and a long early
Wisconsinan Glacial (MIS 5d-a) interval is preferred in North America. Subdivisions in
the normalized 5'®0 curve that serve as the chronological framework and the wealth of
European pollen data support this approach. This potentially important problem has
implications for understanding the climatic evolution and terminology in the Late
Pleistocene Subseries.

8.4 Future proposals
Regarding any future proposal for the Upper Pleistocene GSSP, the following
points obtain.

(1) The most unambiguously recognized part of the marine isotopic signature for
MIS 5e is the steep inclination at the MIS 6-5 boundary (Termination Il; 130 ka based
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orbital tuning in Lisiecki and Raymo, 2005), and the inception of the subsequent plateau.
But isotope stratigraphy is not necessarily isochronous, and Lisiecki and Raymo (2009)
documented Atlantic over Pacific leads of several thousands of years for the past six
terminations.

(2) Modeling simulations incorporating ice core data from both Greenland and
Antarctica show asynchronous peak temperatures, with North Atlantic high-latitude
temperatures lagging southern hemisphere records by several thousand years (Capron et
al., 2014).

(3) The Blake Event has an inherently unstable nature, and its expression varies
with geography (Sier et al., 2015).

(4) The eustatic signature should be a globally synchronous proxy for ice volume,
but is best observed in shallow and marginal marine settings that may have an incomplete
stratigraphy.

(5) An Antarctic ice core should be considered for the GSSP. The abrupt methane
rise seen in ice cores at Termination Il is a distinctive global event (Capron et al., 2014)
and could serve as the primary guide to the boundary. Methane rise is related closely to
rising temperatures in the higher northern latitudes (methane lagged temperature rise by
less than 3070 years for the last glacial period in Greenland; Wolff and Spahni, 2008,
Wolff, 2011), and the abrupt increase during Termination Il is considered to reflect
synchronous abrupt warming of the air above Greenland (Capron et al., 2014, p. 119).
Termination 11 is well recorded in Antarctic ice cores, and has a gas orbital age of 132.4
ka at its midpoint, with a subsequent steep methane increase at 128.51+1.72 ka in the
EPICA Dome C core (Bazin et al., 2013) that leads the onset of the Eemian in southern
Europe by about 2 kyr (e.g. Brauer et al., 2007).

(6) Speleothem records of the last interglacial from East Asia and elsewhere
provide supporting detailed information on ice core records, including radiometric dating
of Termination Il that supports, within published errors, the gas orbital chronology of the
Antarctic ice cores (Bazin et al., 2013; Genty et al., 2013).

9. The GSSP for the Holocene Series/Epoch

The Holocene (Greek: “wholly recent”) refers to the percentage of extant
organisms in the fossil record, and was defined by Gervais (1867-1869) “for the post-
diluvial deposits approximately corresponding to the post-glacial period” (Bourdier,
1957, p. 101; Gibbard and van Kolfschoten, 2005). It compares approximately in extent
to Lyell’s (1839) “Recent” (see Walsh, 2008 for discussion), and to Forbes’ (1846) “Post-
glacial”. The International Geological Congress (IGC) in 1885 formally adopted the term
Holocene in favour of “Recent”, the latter term having no chronostratigraphic legitimacy.

An otherwise unremarkable interglacial, the Holocene has always been associated
with the presence of humans. Charles Lyell defined his Recent as “[the time] elapsed
since the earth has been tenanted by man” (Lyell, 1833, p. 52).

The base of the Holocene Series/Epoch was ratified by the IUGS EC on 8 May,
2008. It was the outcome a proposal submitted by a joint working group of the INQUA
international focus group INTIMATE (Integration of ice-core, marine and terrestrial
records) and the SQS. The GSSP is located at 1492.45 m in the NorthGRIP 2 (NGRIP2)
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Greenland ice core (Walker et al., 2009; Fig. 13), this being the first time an ice core had
been used to define a GSSP. The GSSP reflects the first indications of climatic warming
at the end of the Younger Dryas/Greenland Stadial 1 cold phase, and is marked by an
abrupt decline in deuterium excess values as the primary guide. Other indicators include a
short-term shift to heavier 8'°0 values (but longer-term shift to lighter 5'°0), shifts in
other chemical proxies, a trend towards lower dust concentrations, and a sharp increase
annual ice-layer thickness. The deuterium excess decline corresponds to an ocean
surface temperature drop of 2—4°C. This is interpreted to reflect a change in the source of
precipitation from the mid-Atlantic Ocean during the glacial latest Pleistocene to colder
higher latitudes in the early Holocene. It seems to have been caused by a rapid northward
movement of the polar front, and hence represents a major and rapid climatic
reorganization. Using multi-parameter annual layer counting, the base of the Holocene is
dated to 11,700 calendar yr b2k (before AD 2000) with a maximum counting error of 99
yr (2o) (Walker et al., 2009). As officially defined, the Holocene does not begin with the
termination of the last cold stage (at 14, 500 cal. yr BP) but at the end of the Younger
Dryas cooling event that interrupts post-glacial warming. The last cold stage termination
can be difficult to detect precisely in marine records owing to the large quantities of cold
meltwater being released, thereby complicating the warming signal. The ratified age of
11,700 calendar yr b2k is closer to the 10,000 **C yr BP age favoured during the 1960s as
a potential chronometric definition (i.e. a Global Standard Stratigraphic Age; GSSA) for
the Holocene prior to the acceptance that a GSSP would be more desirable (Walker et al.,
2009). Although defined in a Greenland ice core, the base of the Holocene can be
identified precisely in Global Auxiliary Stratotypes designated in lake deposits from
Germany, eastern Canada, Japan, and New Zealand, and a deep marine core from the
Cariaco Basin, Venezuela (Walker et al., 2009).

The Holocene extends to the present day, and there is interest in predicting when
it would end in the absence of anthropogenic forcing. Based on analogy with MIS 19,
which has similar orbital characteristics, the end of the present interglacial would occur
within the next 1500 years (Tzedakis et al., 2012), and may have already been prolonged
by human-induced greenhouse gasses, including pre-industrial-age emissions (Giaccio et
al., 2015).

10. Subdivision of the Holocene Series/Epoch

The concept of subseries for the Holocene Series has been discussed above (Section 5). A
formal threefold subdivision of the Holocene was proposed by the INTIMATE/SQS joint
working group in a discussion paper (Walker et al., 2012). This paper advocated the 8.2
ka cooling event as the primary guide for the Early—Middle Holocene boundary, with a
suggested GSSP in the Greenland NGRIP1 ice core. The event is expressed in several
Greenland ice cores by a pronounced brief (~150 year) interval of heavier 5'%0 values,
along with a decline in ice-core annual layer thickness and deuterium excess, a minimum
in atmospheric methane, and subsequent CO, increase. A distinct acidity peak likely
representing an eruption from an Icelandic volcano was proposed as the marker horizon
and has an age of 8,236 years b2k. The 8.2 ka event is most conspicuous in mid- to high
latitudes but is a near-global phenomenon and is detected in the tropics. It is recognized
in marine (benthic and planktonic) as well as lacustrine, speleothem, and ice core records.

25



In the South Atlantic and Southern Ocean, it may be expressed by a brief warming phase
(Walker et al., 2012).

The discussion paper (Walker et al., 2012) also proposed the 4.2 ka aridification
event as the primary guide for the Middle—Late Pleistocene boundary. This event has
been linked to cultural disturbance and collapse in North Africa, the Middle East and
southern Asia (deMenocal, 2001; Walker et al., 2012). It is exemplified by a speleothem
record (KM-A) with a five-year sample resolution from Mawmluh Cave in Cherrapuniji,
Meghalaya, north-east India. This record is based on §'20, the variability of which is
used as a proxy for monsoon strength. It is constrained by U/Th dating, and spans 3600
to 12,500 years B.P. The heaviest 520 values are between 4071+18 and 3888+22 years
B.P. (midpoint 3.98 ka B.P.), representing an interval of 183 years, and represent a brief
shift in Indian monsoon dynamics. This pronounced excursion is almost synchronous
with the widely recognized low-latitude aridity event. Hence, as a novel departure from
tradition, the stalagmite KM-A from the Mawmluh Cave (Berkelhammer et al., 2012)
was suggested by Walker et al. (2012) as a potential GSSP for the base of the Upper
Holocene subseries. The location of this potential GSSP is considered appropriate as the
4.2 ka event is considered primarily a low-latitude phenomenon. Following a period of
consulation and revision, it is expected that a formal proposal to approve the boundaries
identified will be made to SQS and ultimately ICS shortly.

Kalnina et al. (this volume) have analyzed studies of peat stratigraphy and shifts
in peat formation to assess the evolution of peatland in Latvia. Changing water levels in
peatland affects rates of deposition and decomposition of the peat, as well as the
vegetation, allowing the climate to be reconstructed in detail. Peatlands were established
in the Early Holocene with cool, wet conditions characterizing the late Early Holocene.
Warm and dry conditions in the Middle Holocene were replaced by wetter conditions in
the Late Holocene, with a large number of bogs being established at this time.
Significantly, the changes in peatland stratigraphy broadly follow the tripartite proposal
of Walker et al. (2012), although the Middle—Late Holocene boundary is transitional in
nature.

The 4.2 ka event was not specifically recognized in the study of Kalnina et al.
(this volume). In higher latitudes of the northern hemisphere and also in South America,
it is often paradoxically expressed by cooler and/or wetter conditions (Roland, 2012,
Roland et al., 2014), highlighting the complexity of processes responsible for this event.
A detailed multiproxy analysis of the peatland record in Northern Ireland does not
provide compelling evidence of a 4.2 ka event, suggesting further spatial complexity for
this event (Roland et al., 2014). Moreover, although the 4.2 event is recognized in
marine deposits in lower latitudes owing to changes in the monsoon system, there is no
evidence for extensive freshwater release into the North Atlantic or of significant
northern hemisphere ice sheet growth (Walker et al., 2012). Accordingly, there is no
clear global expression in the marine realm. Of course, in practice both the 8.2 and 4.2
boundaries can be determined using **C dating.

11. Fine-scale division of the Quaternary
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The principal work of the SQS until now has rightly been the formal division of the
Quaternary at the rank of stage or above, but these efforts have also highlighted the need
to define chronostratigraphic terms of lower rank with greater precision. Many such
terms in constant use in Quaternary research have either been inadequately defined or are
applied in ways for which they were never originally intended. They include terms for
short-term climate oscillations that have proliferated during the last two decades, in
particular those used to identify the rapid changes now detected in ice-core and marine
sediment sequences. Although such terms are of lower hierarchical status than the stages
in which they occur, some have attainted a significant profile in stratigraphical and
especially chronological communications (see Pillans and Gibbard, 2012).

11.1. The “Last Glacial Maximum”

The outstanding example of fine-scale division is the “Last Glacial Maximum”, a
term which, as Hughes and Gibbard (this volume) discuss in their contribution, has
attained iconic status in Quaternary science. This term, equally familiar as the acronym
LGM, is now ubiquitous in discussions of the last glaciation where it refers to the episode
when global ice volume last reached its maximum, and the associated glacio-eustatic sea
level stood at its lowest. It would be reasonable, therefore, to assume that this interval
had been precisely defined, but in fact its boundaries are ill-defined and it has no formal
stratigraphical basis. Despite a previous proposal to define it as a chronozone in the
marine records on the basis of oxygen isotopes and sea levels, spanning the interval 23—
19 or 24-18 ka and centred on 21 ka (e.g. Mix et al. 2001), the unit remains
problematical. It is now questionable whether the criteria originally chosen by these
authors still fall within their suggested chronozone time span, but the real issue concerns
whether the boundaries can be time-correlated and so have any practical utility. In
terrestrial records the LGM is poorly represented since many sequences show a
diachronous response to global climate changes during the last glacial cycle. Indeed, the
imprecision of the term has become increasingly apparent with the advent of numerical
dating, which has demonstrated the asynchroneity of global glaciation (summarized in
Hughes et al. 2013). The combined asynchrony and diachroneity of responses to global
climate fluctuations in differing environmental settings inevitably provide potential
pitfalls when the oscillations themselves are used as the basis for correlation.

As noted above, the LGM has been proposed as a chronozone based on marine
isotope sequences. However, because the LGM (and isotope stage boundaries in general)
does not have reliably isochronous boundaries as recognized within a marine sediment or
ice-core sequence, it is difficult to use as a chronostratigraphic unit (Salvador, 1994;
Ehlers et al., 2011). Moreover, the fact that glaciers around the world reached their
maximum extents at different times during the last glacial cycle implies that the concept
of a global LGM is of limited chronostratigraphical value when used to correlate glacial
deposits and landforms (Hughes et al. 2013). This situation highlights the problems of
using the marine isotopic record of global ice volume for correlating terrestrial sequences
(Gibbard and West, 2000). This dilemma is not restricted to the glacial record, but also
has relevance to any profile that is correlated with the marine isotope sequence based on
assumptions of paleoenvironmental causation and counting backwards or forwards from
apparent climatic marker events. Instead, the marine isotope record has the greatest value
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for terrestrial correlation simply as a broad foundation reference scale for global time-
equivalence.

It is therefore more expedient to define a global LGM within event stratigraphy
comparable to that already adopted for the Greenland ice-core sequence (see discussion
in Hughes and Gibbard, this volume). These authors show that the global LGM can be
defined as an event coeval with Greenland Stadial 3 (27.540-23.340 ka) in the NGRIP
Greenland ice-core stratigraphy. This event spans several critical environmental global
markers, including the global sea-level low-stand (Peltier and Fairbanks, 2006;
Thompson and Goldstein, 2006) and peaks in dust concentrations or dust flux recorded in
the Greenland and Antarctic ice-core records (Ruth et al., 2007; Lambert et al., 2012),
which coincide with the extension of the Laurentide Ice Sheet, and other major ice sheets,
to their maximum.

As Hughes et al. (2013) noted, one of the major implications of the asynchroneity
of maximum glacial extent apparent in the last glacial cycle is the possibility that this
pattern might have been repeated during earlier glaciations, particularly during the
Middle Pleistocene (Ehlers et al., 2011). If this occurred it could explain why some
glaciations are represented in one region of the world, whilst elsewhere they seem to be
unrepresented.

On a larger scale, Hughes and Gibbard (this volume) raise an important matter
concerning the definition of climate events and their correlation on a global or at least
extra-regional scale. Difficulties and potential pitfalls can arise when climatic changes
are used to correlate strata or landforms based on fundamental assumptions of time-
equivalence (i.e. climatostratigraphy), even when based on an event as significant as the
LGM. The obvious lesson is that problems comparable to those outlined by Hughes and
Gibbard are very likely to hold for most, if not all, potentially global events. The
implication, therefore, is that in most cases, a climate signal cannot be assumed to have a
simple coeval record across the world.

11.2. Subdivision of regional stages

A further matter concerns the general issue of the subdivision of the regional
chronostratigraphic stages. The last glacial stage (Weichselian, VValdaian, Devensian,
Wisconsinan and equivalents) has been divided into three, or previously four, substages
(Early, Middle or Pleniglacial, Late Weichselian, etc., and Late-glacial), using
geochronology (mainly **C). Similar divisions were proposed for the North American
Wisconsinan Stage (Chamberlin, 1895; Leighton, 1933). The most workable proposal to
sub-divide the European Weichselian Stage is that by Mangerud et al. (1974). They
proposed that the Early Weichselian/Middle Weichselian Substage boundary be placed at
the Early Glacial/Pleniglacial boundary of van der Hammen et al. (1971) at ~70 ka, and
likewise that the Middle Weichselian/Late Weichselian Substage boundary be placed at a
level corresponding to ~13 ka, although the latter is now placed at ~25 ka **C B.P. in
order to correspond with the MIS 3/2 boundary (Thompson and Goldstein, 2006). They
also proposed that the climatostratigraphic stadials and interstadials, formerly recognized
within the Weichselian, should be redefined as chronozones in a formal
chronostratigraphy. At the time, however, the terminology was deemed to be incomplete.
In their system, the Late Weichselian Substage corresponded to the classical Late-glacial
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of northwestern Europe (beginning ~13 ka), comprising the Oldest Dryas, Bglling, Older
Dryas, Allergd, and Younger Dryas chronozones (Hartz and Milthers 1901; Iversen 1942,
1954, 1967, 1973; see Pillans and Gibbard, 2012). However, Mangerud et al. (1974)
stated categorically that the term Late-glacial (and also Post-glacial) should not be used
for formal stratigraphic units. These boundaries are based principally on dates and as
such would be comparable to standard stratigraphic ages (i.e. regional standard
stratigraphic ages or RSSAS) if they were formally defined. However, the definition of
regional substages would preferably be from stratotype sections and points (RSSPs) for
each boundary in common with the higher rank units.

The conventional three-fold division has not been proposed for the regional pre-
Weichselian (and equivalent) glacial stages in Europe. However, with increasing
knowledge of events, the potential for considering a comparable division of earlier stages
can be feasible. By contrast, the biostratigraphic subdivision of European interglacial
events is long established (e.g. Jessen and Milthers 1928; Turner and West 1968;
Zagwijn, 1963).

The NW European Saalian/Wolstonian Stage (broadly equivalent to MIS 11b?-6)
spans the period from the end of the Holsteinian / Hoxnian temperate (interglacial) Stage
to the beginning of the Eemian/Ipswichian temperate (interglacial) Stage (Litt and
Turner, 1993). It therefore represents an interval of approximately 260 ka, i.e. twice the
duration of the Weichselian Stage. Division of the Saalian Stage would therefore seem
obvious. The most efficient way to achieve this would be to divide it into early, middle
and late substages, respectively, based broadly on the equivalent marine isotope stage
divisions; MIS 11b-10, MIS 9-8 and MIS 7-6, respectively. Events within the substages
could then be identified using the same approach as those within the Weichselian
substages. The basal boundaries of these substages, in common with those mentioned
above, would also require definition at stratotype reference localities.

While substage divisions are chronostratigraphic, i.e. they are based on “time-
rock” classification, it is important to restate that event stratigraphy has much to offer for
communication of climate-driven sequences, such as those that characterize the
Quaternary. The LGM exemplifies the value of adopting parallel classifications that serve
subtly different functions. However, in this context, it is interesting that glacial
maximum events (GMs) have not been formally recognized for earlier glaciations,
although Margari et al. (2014) did note that for MIS 6 “eustatic sea level records and
glacial geological evidence suggest that ice sheets expanded, with global ice-volume
reaching its maximum extent towards the end of MIS 67, i.e. ~140-136 ka (within MIS
6a; “PGM” — “Penultimate Glacial Maximum”, sensu Stirling et al. 1998); or ~149-140
ka (Railsback et al., 2014; unpublished). Previous glaciations also show GM peaks of
similar duration, e.g. within MIS 12a (~437-430 ka) and MIS 16a (~640-625 ka), where
marine isotope substage divisions follow Railsback et al. (2015).

Whether these events are as significant as the LGM remains to be seen, but the
need for precision and consistency in the application and definition of stratigraphic
terminology for small-scale divisions is unquestionably as important as for those of a
larger scale. The definition of the units represents an important future task for the SQS.

12. “Anthropocene”
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The discussion has focused to this point on the definition of existing chronostratigraphic
units, but the recent proposal to establish an “Anthropocene” division in latest Quaternary
time, has seen the term increasingly adopted by a range of workers, informally to identify
the current interval of anthropogenically-driven global Earth system change. Zalasiewicz
et al. (2015a [this volume]), which includes members of the SQS Anthropocene Working
Group (AWG,; strictly a “task group” according to ICS statutes), evaluate the need to
determine whether the term “Anthropocene” could, or should, be defined as a formal
series/epoch, based on the recognition of a suitable marker horizon or event. Following
standard procedures, such a recognition would require the “Anthropocene” to have a
global signature distinct from that of the Holocene or of previous interglacial events of
the Pleistocene, and be marked by significant and potentially irreversible biotic (i.e.,
biostratigraphic), sedimentary and geochemical indicators. Notwithstanding the
indisputable evidence in recent geological records of anthropogenic effects in natural
environments, there are disagreements among workers whether the stratigraphic signature
of these trends is sufficiently distinct and adequately dated at the global scale, for the
proposal to be substantiated on stratigraphic grounds. Moreover there are strong
variations of opinion on where in both time and place such a boundary could be located.
Bearing in mind these considerations, Zalasiewicz et al. recognize that humans
began developing an increasing, but generally regional and highly diachronous, influence
on the Earth System thousands of years ago. With the onset of the Industrial Revolution,
humankind became a more pronounced geological factor, but they take the view that it
was from the mid-20th century that the worldwide impact of the accelerating
industrialisation and population growth became both global and near-synchronous.

12.1. The onset of the “Anthropocene”

The AWG members outline three potential options they are considering for a
definition for the onset of the “Anthropocene”: 1) an “early Anthropocene” some
thousands of years ago (see Smith and Zender, 2013); 2) the beginning of the Industrial
Revolution at ~1800 CE (Common Era)(see Crutzen and Stroemer, 2000); and 3) the
“Great Acceleration” of the mid-twentieth century (see Steffen et al., 2007). Of these, the
last has the most pronounced and globally synchronous signal. In the light of these
possibilities, Zalasiewicz et al. propose that the onset of the “Anthropocene” be marked
not by a GSSP, as is established practice in the Phanerozoic part of the formally ratified
global Geological Time Scale (GTS), but rather by a Global Standard Stratigraphic Age
(GSSA), in other words a particular point in time, defined in this case in terms of the
human calendar. They suggest that the boundary be recognized in geological (specifically
chemostratigraphic) records by radiogenic fall-out from atmospheric nuclear explosions,
and dated at the timing of the detonation of the first nuclear bomb at Alamogordo, New
Mexico, USA, on 16" July 1945. While this may not be a perfect marker, it offers the
potential to resolve the multiple lines of evidence on human-driven planetary change.

This event is favoured because standard stratigraphic practice requires definition
of a significant, globally widespread and abrupt signature to identify the boundary event
worldwide, and fallout from nuclear weapons testing seems most suitable (Waters et al.,
2015). >°Pu is the preferred isotope, being rare in nature, a significant component of
fallout, with a long half-life (24 kyr), low solubility and high particle reactivity, making it
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a stable marker in sedimentary successions. A GSSP is therefore feasible to define the
unit and would ideally be located about 30-60° north of the Equator, where fallout was
greatest and within anoxic or hypersaline environments associated with minimal
bioturbation or sediment reworking (Waters et al., 2015). Waters et al. (2015) therefore
prefer a GSSP to a GSSA as the means of definition, and for this purpose they point out
that the initial nuclear weapons test at Alamogordo in 1945 lacks a clear radiogenic
signature in the geological record. They note instead that the most pronounced rise in
plutonium dispersal begins in 1952, resulting from a series of bomb tests that took place
in the atmosphere, and that this would provide a more practical guide to the start of the
“Anthropocene”.

However, discussion of the “Anthropocene” definition question has moved
forward rapidly. Of particular significance is a recent publication by Lewis and Maslin
(2015), written apparently without knowledge of the Zalasiewicz et al. paper, that offers
two different possible boundary dates, either 1610 or 1964. The former, represented by
what they term the “Orbis spike”, is a sharp dip in atmospheric CO? production,
attributed to a massive decline in the human population of the Americas with the arrival
of Europeans. More broadly, the “Orbis spike” is thought to reflect colonialism, global
trade, and the burning of coal that initiated the increased human impact on the
environment that Lewis and Maslin suggest characterizes the “Anthropocene”. “Broadly,
this highlights social concerns, particularly the unequal power relationships between
different groups of people, economic growth, the impacts of globalized trade, and our
current reliance on fossil fuels. The onward effects of the arrival of Europeans in the
Americas also highlights a long-term and large-scale example of human actions
unleashing processes that are difficult to predict or manage” (Lewis and Maslin, 2015, p.
177). Alternatively, they examine the ***Pu radiogenic proposal of the AWG, preferring
instead to locate the potential boundary later in 1964 near the peak of the atomic bomb
testing era. In fact the peak of testing occurs in 1962—-1963 just prior to the partial
(atmospheric) test ban treaty of 1963. Interestingly, they suggest a potential GSSP in a
tree ring sample from a pine (Pinus sylvestris) collected from Poland, to coincide with a
pronounced spike in **C (another ubiquitous product of nuclear weapons testing but with
a half-life of 5,730 years). They conclude that linking the “Anthropocene” to the onset of
nuclear weapons testing “tells a story of an elite-driven technological development that
threatens planet-wide destruction”, but that a GSSP coinciding with the outcome of a test
ban treaty will “highlight the ability of people to collectively successfully manage a
major global threat to humans and the environment” (Lewis and Maslin, 2015, p. 178).

The Lewis and Maslin (2015) proposal has not met with universally positive
acceptance, however. In a response to these authors, the AWG (Zalasiewicz et al.,
2015h, 2015c¢) discuss both suggested GSSPs but point out that in order to fulfill the
requirements of internationally recognized stratigraphical conventions, the proposed
“Anthopocene” should reflect a unique stratigraphic unit characterized by anthropogenic
signatures that are unambiguous, widespread and essentially permanent. They regard
neither of the two dates proposed by Lewis and Maslin (2015) as being suitable to define
the start of the event under these criteria. They do not consider the short-lived decline in
1610 of atmospheric CO; to be a stratigraphically ideal marker for an epoch-scale
boundary because it is within the range of natural variability for the Holocene, unlike the
post-industrial signature, and the dip at 1610 neither matches the match the suggested
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regional anthropogenic trigger, nor matches global trends. Regarding the suggested date
of 1964, the “Great Acceleration” in human activity had already started, and 1964
postdates the upturn seen in many physical and socio-economic trends and their
stratigraphic signals that occurred around 1950 (Zalasiewicz et al., 2015b, c). Moreover,
placing the boundary at the peak of the signal rather than at its inception does not follow
normal stratigraphical practice (Zalasiewicz et al., 2015c¢). On these bases, the AWG
have concluded that the Lewis and Maslin proposals bring useful perspectives and ideas,
but do not resolve the issue of definition for the Anthropocene.

12.1. The question of the status and rank (if any) for the “Anthropocene”

Meanwhile discussions have continued on whether or not it is even possible to
define a single horizon or start date, given that human activity began at markedly
different times around the world. This was originally highlighted by Ruddiman (2003)
and recently re-emphasized by the same author (Ruddiman et al. 2015), who questioned
the wisdom of selecting 1945 as the start of the “Anthropocene” when this would exclude
extensive agricultural and early-industrial modifications such as clear-cutting of forests in
arable regions for agriculture, irrigating rice paddies, and ploughing and planting of
prairie and steppe grasslands. A 1945 start would also exclude the important rise in CO;
and CH, concentrations that stem from agricultural and industrial emissions. Ruddiman
et al. (2015, p. 39) note that “forest cutting and grassland conversion are by far the two
largest spatial transformations of Earth’s surface in human history. From this viewpoint,
the ‘stratigraphically optimal” choice of 1945 as the start of the Anthropocene does not
qualify as ‘environmentally optimal’”. Ruddiman et al. (2015) do conclude, however,
that the term “Anthropocene” is clearly here to stay but that it might be used informally
to avoid the confinement of a rigidly defined term while acknowledging humanity’s
environmental transformations of our planet.

This latter view is reinforced by other skeptical writers. For example, Walker et
al. (2015) remark that “whilst there is a movement towards the recognition of a new
period that acknowledges, and may indeed be characterised by, the influence of humans
on much of the natural environment, the fact remains that we continue to live within the
same climatic- and biologically-defined time interval for which the term ‘Holocene’ was
proposed and formally ratified by the [UGS”.

However, there is a potential danger that any one boundary definition would
divide the research community, not serve its needs. “A ‘late’ boundary would reinforce
problems that arise when change modeling is undertaken with too brief a time
perspective” (J. Lewin, personal communication, 2015). Moreover, Finney (2014) has
questioned the usefulness of defining an “Anthropocene” as a material unit for
representation on geological maps. He also questions whether, and how, the useful
designation “made ground” on maps and geological sections would be separated into
“Anthropocene” and Holocene components. Walker et al. (2015) continue that “in the
absence of a globally identifiable anthropogenic marker event that can be clearly
recognized in a range of depositional contexts, that can be mapped in a conventional
geological sense, and that can provide a consistent stratigraphic basis for detaching the
‘Anthropocene’ from the preceding Holocene, there is, in our view, no justification for
formally defining the ‘Anthropocene’ as a new stratigraphic unit (of whatever status)
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within the established Geological Time Scale”. In the absence of a distinctive and
recognizable marker horizon, the geologist is left to “map a unit conceptually rather than
conceptualizing a mappable stratigraphic unit” (Autin and Holbrook, 2012, p. 61).

Accepting that the “Anthropocene” is here to stay, and if it is to be regarded as a
formal chronostratigraphic unit, then there is the question of its rank. The
“Anthropocene”, if defined as an epoch/series as is currently preferred by the
Anthropocene Working Group, would truncate the Holocene Series and require
stratigraphers to discriminate between the two. In routine mapping, this would be
impractical, and the utility of the Holocene would then be diminished, with many
surficial deposits of necessity being labeled “Holocene—Anthropocene”. To avoid this
inelegant terminology, it would make more sense to define the “Anthropocene” at the
rank of stage or substage (if formalized at all), as this would maintain the Holocene in its
useful, entire, traditional and historical contexts. It is not a trivial point that the Holocene
has included modern deposits since its original inception in the late nineteenth century
(Gervais, 1867-1869). The term “Anthropocene” as a stage (or substage) would need to
carry the appropriate “-ian” ending.

Clearly there is a choice between two major, although very different
interpretations of “Anthropocene” (Waters and Zalasiewicz, written communication
2015; Steffen, written communication 2015). Either it could be defined as a
synchronously-bounded geological time unit describing a major change in the Earth
system, reflected and recorded by changes in strata (whether human-made or not). As
with all of geology, no stratigraphic signals are precisely synchronous, but some
approach synchrony closely, and these are the ones most used in defining and locating a
boundary. This is effectively the “Anthropocene” as originally proposed by Paul Crutzen
(Crutzen and Stoermer, 2000) and then developed by Earth systems scientists. The
stratigraphers’ brief is to examine whether there is sufficient evidence in recent strata that
reflects this change, and to recommend whether or not such a time unit might be
formalized, and if so, how.

Alternatively it could be defined as a diachronously-bounded time unit, identified
from those sediments that have been clearly reworked by or originate from human
activity (Edgeworth et al. 2014). It follows that this “human imprint” is present earlier in
some parts of the world than in others. It has been developed in the archaeological and
related communities as a reinterpretation of the “Anthropocene” concept. It is a viable
concept within the archaeological and related disciplines and is consistent with extant,
culturally-based archaeological quasi-time unit divisions (Neolithic, Iron Age etc.) and in
effect sums all of these. Conversely, it is not consistent with chronostratigraphic units nor
viable as one.

Both concepts are valid within their respective spheres, and indeed, comparisons
and correlations can be made between them. Both deserve names. But they cannot be
hybridised in any effective way to make a single type of boundary, or share the same
name “Anthropocene” if that name is to have any precise scientific meaning.

Discussions have so far centred on the northern hemisphere but a recent review by
Lowe and Bostock (2015) offers an Australasian perspective. They conclude that of the
potential boundaries suggested so far, only the Tambora eruption in Indonesia (AD 1815,
and triggering brief global cooling), the “Great Acceleration” (AD ~1950), and the
nuclear weapons testing events (start AD 1945, peak 1964) are appropriate to Australasia.
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Whatever the ultimate decision, the AWG accepts that the process of boundary
selection may encourage the historical and environmental communities to engage more
effectively in the emerging interdisciplinary science basis of the “Anthropocene”.

13. Climate and Quaternary GSSPs

The Quaternary represents a unique testing ground for chronostratigraphic concepts,
including the selection of GSSPs. For example, no other geological period has an ice
core record, and many quantitative dating methods do not extend beyond the Quaternary
(Pillans and Gibbard, 2012). The range of GSSPs suggested, proposed, and ratified for
the Quaternary illustrates the diversity of possibilities, and emphasizes the importance of
Earth-system evolution, especially climate change, in formal chronostratigraphy.

The Gelasian and Calabrian Stage GSSPs are both orbitally constrained through
marine isotope stratigraphy and sapropel stratigraphy, and both are positioned close to
magnetostratigraphic boundaries. All three candidates for the Middle Pleistocene GSSP
have marine isotope stratigraphy, two of the three (Chiba and Valle di Manche) have
magnetostratigraphy, and two of three (Chiba and Montalbano Jonico) have an
independent geochronology based on tephra dating (Section 6). All the above GSSP
selections are based on outcropping marine deposits. They follow “conventional”
concepts, in the sense of those generally followed in the Neogene, and they substantially
meet ICS guidelines (Cowie, 1986; Cowie et al., 1986; Remane et al., 1996).
Nonetheless, the original intent for both Calabrian and Gelasian stages was to recognize
pronounced cooling in and beyond the Mediterranean (Aguirre and Pasini, 1985; Rio et
al., 1998), and the Middle Pleistocene GSSP will acknowledge a major shift in Earth’s
climate system (Head and Gibbard, submitted).

The Upper Pleistocene GSSP has been proposed within a non-marine interval in
drilled core from the Amsterdam terminal borehole in the Netherlands (accepted by ICS
but not ratified by IUGS; Section 8). A conventional onshore marine section, the Fronte
Section in Taranto, Italy, has also been suggested (Negri et al., this volume). We suggest
(Section 8) that an Antarctic ice core also be considered for the GSSP. The primary
guide for the GSSP is the base of the last interglacial (base of MIS 5e), which is the
warmest pre-Holocene interglacial since the Pliocene, and orbitally-constrained
stratigraphy therefore is crucial.

The Holocene GSSP has been defined in the NGRIP Greenland ice core, using
geochemical signals of warming after the Younger Dryas cold event as the primary guide
for the GSSP. The precisely defined GSSP (Walker et al., 2009) can also be recognized
globally by **C dating. Varved lake deposits in Sweden had been discussed previously
for the Holocene GSSP (Walker et al., 2009). Suggestions for the Middle and Late
Holocene subseries GSSPs are a Greenland ice core and an Indian stalagmite, repectively
(Walker et al., 2012).

Whether the “Anthropocene” should be treated as a formal chronostratigraphic
unit is currently under discussion, but both a GSSA (Zalasiewicz et al., this volume) and
a GSSP (Waters et al., 2015) based on atomic weapons testing have been suggested.
Lewis and Maslin (2015) suggested a tree ring sample from Poland as a GSSP for the
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“Anthropocene”, as it could mark a pronounced spike in **C which is a ubiquitous
product of nuclear weapons.

Creative approaches to GSSPs, especially for the later Quaternary, have been
driven by the increasing demand for precise chronology, which is itself needed to
understand millennial- or even centennial-scale leads and lags in the Quaternary climate
system. This demand forces a departure from orthodox pre-Quaternary approaches.
Nonetheless, GSSPs, regardless of the primary guides they represent, must be
characterized by an array of markers to facilitiate global recognition in diverse
sedimentary settings. Ultimately, the physical GSSP in the sedimentary record (the
“golden spike”™) is the true global standard for chronostratigraphy, not the marker it is
putatively represents.

14. Summary and Conclusions

The Quaternary, one of the earliest terms to enter the chronostratigraphic lexicon, was
one of the last systems/periods to be satisfactorily defined, in 2009. Historically, it has
been defined on climatic and biostratigraphic grounds, but its early connection with ice
ages from the mid-nineteenth century onwards led to the misconception that it was not a
legitimate chronostratigraphic unit and ultimately to its disappearance from the
Geological Time Scale in 2004. Five years of fraught and often acrimonious interaction
between INQUA/SQS and ICS/SNS ensued. Only with the appointment of a new ICS
Executive in 2008, and the subsequent adherence to due process, was the situation
resolved.

It is ironic that the chief objection to treating the Quaternary as a
chronostratigraphic unit was based on its conceptual link to climatic deterioration, when
both the Pleistocene (King and Oakley, 1949) and the Gelasian (Rio et al. 1998) were
driven by the same concept. Assertions that the Neogene extends to the present day
(Berggren, 1998) are based on an unjustified certainty about the original definition, and
on the impractical assumption that original definition supercedes later use and custom
(Walsh, 2006, 2008). As noted by Walsh (2008), objections to the Quaternary as a
chronostratigraphic unit also arise from an outdated view that marine biochronology
should hold a monopoly in defining Phanerozoic standard global geochronologic
boundaries (Berggren, 1998, p. 125; Van Couvering, 2006, p. 310). With these
prejudices removed, and with the strong support of INQUA, the Quaternary was ratified
as a system/period with its base defined by the Gelasian GSSP at 2.6 Ma, in 2009.

The base of the Pleistocene was simultaneously lowered from the Vrica GSSP
(1.8 Ma) to that of the Gelasian (2.6 Ma), not only to satisfy the hierarchical requirements
of the timescale but also to rectify the mistaken claim that significant cooling in the
Mediterranean began at 1.8 Ma. The Vrica GSSP was nonetheless used to define the
Calabrian Stage, effectively the second stage of the Lower Pleistocene, in 2011. Itis
emphasized that while subseries are not currently represented in the International
Geological Time Scale, they have long been used in Quaternary subdivision. Hence, it is
agreed within SQS that the major divisions of the Pleistocene, Lower (Early), Middle and
Upper (Late), should be subseries (subepochs). This quasi-formal tripartite subdivision
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has been in use since the 1930s. The definition of these subseries will be achieved in
parallel with the definition of the “standard stages”.

The Middle Pleistocene GSSP is a high priority for SQS and is near resolution,
with three excellent candidate sections under consideration. These are the Montalbano
Jonico and Valle di Manche sections in Basilicata and Calabria, respectively, in southern
Italy, and the Chiba section in Japan. The Matuyama—Brunhes boundary, which serves as
the primary guide for the Early—Middle Pleistocene boundary, is recorded only in the
Valle di Manche and Chiba sections.

Since 1932, the base of the Upper Pleistocene has been defined by the base of the
last interglacial, and this approximates the base of MIS 5e (Termination Il, ~130 ka). A
proposal to define the Upper Pleistocene GSSP in the Amsterdam Terminal borehole in
the Netherlands in 2008 was not approved by the IUGS EC, ultimately requiring that the
search be reopened. The Fronte section in the vicinity of Taranto, Basilicata, southern
Italy, serves as the potential reference for the Tarentian, a presently undefined regional
(Italian) marine stage. It is also being considered as a potential GSSP for the Upper
Pleistocene, although the interglacial marine deposits rest unconformably upon the ~500-
ka Middle Pleistocene Blue Clay. Any of several Antarctic ice cores should be evaluated
as an alternative GSSP, given that an abrupt methane rise seen in ice cores at Termination
Il is a distinctive global event. This could serve as the primary guide to the Middle—
Upper Pleistocene boundary, with speleothem records providing detailed supporting
information. Defining the base of the Upper Pleistocene, while obviously an important
advance, will not solve all the problems of detailed interregional correlation within Last
Interglacial deposits, especially where terrestrial deposits have recorded diachronous
climatic events. In this regard, a greater understanding of the Blake Event (~123 ka)
could be of particular value, although it seems to be an unstable interval at the temporal
resolution required.

The Holocene Series, ratified in 2008, was defined by a GSSP in the NorthGRIP 2
Greenland ice core. This was the first time an ice core had been used to define a GSSP.
The base of the Holocene, at 11,700 calendar yr b2k, does not represent the termination
of the last cold stage (at 14, 500 cal. yr BP) but at the end of the Younger Dryas cooling
event that interrupts post-glacial warming. Counterintuitively, the primary guide, which
is the deuterium excess decline, corresponds to an ocean surface temperature drop which
is interpreted as a rapid northward movement of the polar front during global warming.

Attempts to subdivide the Holocene Series have a long history, but no formal or
widely agreed scheme exists. A formal threefold subdivision of the Holocene has been
proposed in a discussion paper by Walker et al. (2009), based on a Lower—Middle
Holocene boundary at 8.2 ka and a Middle—Upper Holocene boundary at 4.2 ka. The 8.2
ka event is a near-global cooling event with a suggested GSSP in the Greenland NGRIP1
ice core. The 4.2 ka event is an aridification event primarily recognized in lower
latitudes. This event may be difficult to recognize in higher latitude and the marine
realm, although that may not be critical as this part of the time scale is well within the
range of *C dating.

An important task of the SQS is to examine the fine-scale chronostratigraphic
division of the Quaternary. The “Last Glacial Maximum” (LGM) exemplifies
terminology that has assumed chronostratigraphic status with insufficient testing.
Gibbard and Hughes (this volume) have shown that the LGM as a chronozone has
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questionable utility owing to the fact that glaciers around the world reached their
maximum extents at different times during the last glacial cycle. Using event
stratigraphy, the global LGM is more usefully defined as an event coeval with Greenland
Stadial 3 (27.540-23.340 ka) in the NGRIP Greenland ice-core stratigraphy.

The “Anthropocene” is the latest division in Quaternary time. Although presently
without rank or definition, it attempts to identify the current interval of
anthropogenically-driven global Earth system change. The SQS Anthropocene Working
Group has taken the view that the global and near-synchronous acceleration in
industrialisation and population growth during the mid-20th century, the “Great
Acceleration”, is the most meaningful and practical definition for its onset. The formal
rank of epoch/series is currently preferred. Zalasiewicz et al. (this volume) propose that
the onset be marked by a Global Standard Stratigraphic Age (GSSA) dated at the timing
of the detonation of the first nuclear bomb at Alamogordo, New Mexico, USA, on 16"
July 1945, although a GSSP using ?*°Pu as the principal guide has also been recently
suggested. Other definitions recently suggested include the “Orbis spike”, a sharp dip in
atmospheric CO? production in 1610 linked to human population decline in the Americas,
and the 1964 2*°Pu peak near the peak of the atomic bomb testing era. Then there is the
question of rank. A formally defined “Anthropocene” at the rank of epoch/series would
truncate the Holocene Series, and destabilize the geological time scale. A lower rank of
stage, or substage, for the “Anthropocene” would circumvent this disturbance. Some
authors have questioned whether it is even possible to meaningfully define a single
horizon or start date, given the diachroneity of human activity around the world, and
suggest an informal usage for the “Anthropocene”.

Regardless of how the “Anthropocene” is finally resolved, it will have
demonstrated, along with other boundaries discussed in this review, the enormous scope
for creativity that the Quaternary offers in subdividing Earth’s history.
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FIGURE CAPTIONS

Fig. 1. Southern and central Italy showing the location of ratified GSSPs and proposed
or suggested GSSPs, as well as other sites discussed in the text. Monte San Nicola =
GSSP for Gelasian Stage, Pleistocene Series, Quaternary System. Vrica = GSSP for
Calabrian Stage. Montalbano Jonico and Valle di Manche = proposed GSSP for Middle
Pleistocene Subseries GSSP. Fronte section = suggested GSSP for Late Pleistocene
Subseries GSSP.
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Fig. 2. The current official time scale for the Quaternary, as sanctioned by the
International Union of Geological Sciences (IUGS), including both ratified and suggested
and proposed GSSPs. No subseries for the Pleistocene or Holocene have yet been
ratified.

Fig. 3. The geological time scale for the Quaternary, from the year 2000 to the present
ratified time scale. a) IUGS-sanctioned time scale of Remane (2000), which became the
“status quo” option during ICS voting in 2009. b) geological time scale with the
Quaternary excluded as a formal unit, as proposed by Gradstein and Ogg (2004) and
Gradstein et al. (2004, 2005), but appearing in Gradstein et al. (2005) as an informal unit.
c) compromise scheme proposed by Pillans (2004) and Pillans and Naish (2005). d)
scheme proposed by the ICS during the Leuven workshop in 2005, following Aubry et
al., 2005 but excluding the Tertiary. e) scheme proposed by Head et al. (2008a),
reflecting the “Quaternary” proposal but acknowledging the existence of the Tertiary
System/Period. f) proposal submitted by the Subcommission on Neogene Stratigraphy
during ICS voting in 2009. g) alternative scheme submitted by the Subcommission on
Neogene Stratigraphy in their proposal (see also Aubry et al, 2005; Aubry et al., 2009,
text-fig. 1) but not included on ballot. h) scheme advanced by the Subcommission on
Quaternary Stratigraphy (SQS) from 2004 and INQUA from 2006 and proposed by SQS
during ICS voting in 2009. This became the official (IUGS-ratified) version of the
geological time scale for the Quaternary in 2009. The Calabrian Stage GSSP was to be
ratified later, in 2011 (Cita et al., 2012).

Fig. 4. The Monte San Nicola section, near Gela, in Sicily. The GSSP for the Gelasian
Stage, Pleistocene Series, and Quaternary System is placed at the base of the marly layer
overlying the sapropelic “Nicola bed”, indicated by an arrow. The GSSP has an age of
2.58 Ma. Photograph courtesy of John Clague.

Fig. 5. Detail of the sapropelic “Nicola bed” at the Monte San Nicola section, near Gela,
in Sicily. The GSSP for the Gelasian Stage, Pleistocene Series, and Quaternary System is
placed at the base of the overlying marly layer, as indicated by an arrow. The GSSP has
an age of 2.58 Ma. Photograph courtesy of John Clague.

Fig. 6. The Vrica section near Crotone, Calabria, southern Italy. The GSSP for the
Calabrian Stage and former GSSP of the Pleistocene Series. The GSSP is placed at the
base of the marine claystone conformably overlying sapropelic bed ‘e’, indicated by an
arrow in the closeup of the section in (b). Photograph by llka Von Dalwigk (June, 2000);
supplied by Luca Capraro.

Fig. 7. The “Ideale section” at Montalbano Jonico, Basilicata, southern Italy, a GSSP
candidate for the Middle Pleistocene Subseries. Shown are the volcaniclastic layers V3
(801.2 £ 19.5 ka) and V4 (773.9 £ 1.3 ka) and the position of maximum flooding.
Photograph by MJH (October, 2014).

Fig. 8. A panorama of the Valle di Manche section, near San Mauro Marchesato,
Calabria, southern Italy, a GSSP candidate for the Middle Pleistocene Subseries. The
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position of the “Pitagora ash” is shown by the arrow. Photograph by MJH (October,
2014).

Fig. 9. The Valle di Manche section showing the “Pitagora ash”, a marker horizon for
the Matuyama—Brunhes boundary with is within 0.5-1.0 m of this bed. The “Pitagora
ash” is a redeposited layer, and about 3.5 cm thick at this locality. Photograph by MJH
(October, 2014).

Fig. 10. A typical outcrop of the Lower—Middle Pleistocene Kazusa Group in the Boso
Peninsula, Japan. Photograph by MJH (January, 2011).

Fig. 11. The Fronte section, in the vicinity of Taranto, Apulia, southern Italy, a
suggested GSSP for the Upper Pleistocene. Here, last interglacial marine deposits
unconformably overly Middle Pleistocene (MIS 13, ~500 ka) blue clay. Photograph by
MJH (October, 2014).

Fig. 12. The Fronte section, in the vicinity of Taranto, showing Upper Pleistocene
molluscs and the “cushion coral” Cladocora caespitosa characteristic of the warm-water
“Senegalese” fauna. Photograph by MJH (October, 2014).

Fig. 13. The Holocene GSSP in the NGRIP ice core from Greenland: a) is an
enlargement of b) at the critical GSSP. The image is reversed so that impurities in the
ice, including dust particles from eastern Asia, appear white. Annual banding is visible
in the ice. Note a sharp increase in annual ice-layer thickness above the GSSP. The
primary guide is a sharp decline in deuterium excess values (not visible), and the GSSP is
dated at 11,700 calendar yr b2k with a maximum counting error of 99 yr (2c). A break in
the ice core, just above the red box in (b), has been masked out but represents continuous
deposition. Modified from Walker (2009, fig. 4).

TABLES

Table 1. Requirements for a GSSP as broadly relevant to the Quaternary System, based
on the revised guidelines issued by the ICS (Remane et al., 1996, based on Cowie et al.,
1986 and Salvador, 1994. p. 90, 91) that remain the primary authority.

1. Best possible record of the relevant marker events — especially the primary event,
but also any relevant auxiliary markers, in order to achieve maximum correlation

potential.

2. Exposure over an adequate thickness of sediments — this will allow an adequate
number of auxiliary markers to be recognized in relation to the boundary.

3. Continuous sedimentation — there should be no gaps, condensation, or mass flows,
close to the boundary.
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4. The rate of sedimentation should be sufficiently high to separate successive,
including near-contemporaneous, events.

5. Absence of synsedimentary and tectonic disturbance — so as to facilitate
unambiguous interpretation of the sedimentary sequence both vertically and laterally.

6. Absence of metamorphism and strong diagenetic alteration — to allow the
recognition of primary geochemical and paleomagnetic signals, relatively free from
serious overprinting.

7. Abundance and diversity of well-preserved fossils throughout the critical interval.
Diverse biotas will offer the best possibility of precise correlations, and therefore an
open-marine continental shelf setting is best as both oceanic and neritic species,
and indeed pollen and other small fossils washed in from rivers may co-occur,
allowing the integration of multiple marine and terrestrial records. The presence of
oceanic species is important because they are more likely to have global geographic
ranges useful for long-range correlation.

8. Absence of vertical litho- or biofacies changes at or near the boundary. This
minimizes the risk of a break in sedimentation, and also the risk that a local
paleoenvironmental perturbation is responsible for a biofacies change. Deeper-water
settings are therefore favourable.

9. Non-biostratigraphic methods of correlation have seen great progress in recent years
and should be given more weight than biostratigraphic methods when choosing boundary
levels and type-sections.

10. Radiometric dating — whenever possible, a GSSP should be amenable to direct
quantitative calibration, such radiometric dating of an interbedded ash layer at the GSSP.

11. Magnetostratigraphy — a paleomagnetic reversal is a desirable feature of any GSSP
because it potentially allows precise correlation both in marine and terrestrial sequences,
and even in ice cores using the °Be flux as proxy for paleomagnetic field intensity (e.g.
the Matuyama—Brunhes boundary in the EPICA Dome C Antarctic ice core; Dreyfus et
al., 2008).

12. Astrochronology — it is highly desirable, in the Quaternary record at least, for a
GSSP to be tuned to the orbital time scale. Records amenable to tuning may include
sedimentological cycles such as sapropels in the eastern Mediterranean, physical
properties such as magnetic susceptibility, geochemical cycles such as the 5'%0 record
from benthic foraminifera, and biostratigraphic cycles as revealed, for example, by
repetitive changes in assemblage compositions.

13. Chemostratigraphy — in addition to its use in astrochronology, the

chemostratigraphic record may yield secular excursions of direct or indirect global
correlative value. An example would be the sharp increase in deuterium excess values in
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the Greenland NGRIP ice core that serves as the primary guide to the base of the
Holocene (Walker et al., 2009).

14. Intensive research — the section should be well studied, with the results published in
the peer-reviewed literature (and preferably international literature), allowing the GSSP
to have maximum utility for local, regional, and global correlation.

15. Accessibility —a GSSP should normally be easily accessible, both physically and
politically, for all stratigraphers regardless of nationality. It should be available for
responsible re-sampling by bona fide geologists.

16. Protection —the GSSP should be protected from degradation and development so
that it can continue to serve its purpose as a standard reference indefinitely.

Notes:

1. Not every global stratotype section will meet all requirements. Common sense and
experience usually determine what compromises can be made in order to avoid
eternalizing the search for the perfect section. With younger parts of the time scale, there
may have been insufficient time for a relatively deep-sea section to become uplifted as a
subaerial exposure. The placement of the Holocene GSSP in an ice core is partly for this
reason.

2. The International Stratigraphic Guide (Hedberg, 1976, p. 82; Salvador, 1994, p. 88)
notes specifically with regard to Quaternary chronostratigraphic units that while the basic
principles should be the same as for older Phanerozoic deposits, certain methods used for
time correlation, e.g. climatic, paleomagnetic, and isotopic, may be given greater
emphasis.

Table 2. Milestones in the recognition and (re-)definition of the Quaternary
System/Period.

1759  Quaternary introduced as a “fourth order” (quarto ordine) by Giovanni Arduino.

1829  The term Quaternaire applied by J. Desnoyers for deposits younger than the
“older Tertiary” of the Seine (Paris) Basin.

1830  Quaternaire considered by M. de Serres as synonymous with the term Diluvium,
and humans contemporaneous with these deposits.

1833  Quaternary defined on paleontological grounds by H. Reboul.

1839  Pleistocene introduced informally by Charles Lyell on biostratigraphic grounds:
considered equivalent to older strata of Desnoyers’ Quaternary.

1840  New Glacial Theory proposed by Louis Agassiz.

1851  The term “Neogene” is coined by M. Hornes.

1854/56 Quaternary is defined and subdivided by A. Morlot on the basis of glaciation.
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1948

1982

1985
1989

1996
1999

2000
2001
2002
2004
2004
2004
2004

2004
2005

2005

2005

2005

2006

2006

2007

2007

18" International Geological Congress in London: Pliocene—Pleistocene and
Tertiary—Quaternary boundaries linked to one another and to climatic
deterioration in the Italian Neogene succession.

11™ INQUA Congress in Moscow, the Vrica section approved to define the
Neogene—Quaternary boundary.

Vrica GSSP established to define the base of the Pleistocene.

Quaternary appears on an ICS/IUGS-sanctioned global stratigraphic chart
(Cowie and Bassett, 1989).

GSSP for the Gelasian Stage ratified as the highest stage of the Pliocene.
Pleistocene GSSP reaffirmed at Vrica by IUGS EC following ICS minority vote:
10-year moratorium on Pliocene—Pleistocene boundary.

Quaternary appears on an lUGS-sanctioned global stratigraphic chart (Remane,
2000).

Attempts to subsume SQS within SNS.

SQS re-established as an ICS subcommission independent of INQUA.
Quaternary ommitted from the Geologic Time Scale 2004, ostensibly issued
under ICS but breaching ICS’s own statutes.

INQUA EC expresses interim preference for the Quaternary to remain as a
period/system.

SQS business meeting at the 32nd International Geological Congress in Florence
affirms prevailing support for the Quaternary as a system/period.

ISSC email survey similarly affirms support for the Quaternary as a
system/period.

Joint ICS-INQUA Task Group formed.

Joint ICS-INQUA Task Group meeting in Cambridge achieves broad consensus
that the Quaternary should have full system status, and begin at 2.6 Ma.

Joint ICS-INQUA Task Group report recommends that the Quaternary should
begin at 2.6 Ma and have the rank of System or Sub-erathem.

INQUA EC responds that only the rank of System, above the Neogene, is
acceptable. It requests the establishment of a joint ICS-INQUA working group
to lower the base of the Quaternary, with two options for the Pleistocene.

ICS workshop in Leuven agrees to Quaternary as a formal chronostratigraphic
unit with a base at 2.6 Ma but at the rank of Sub-erathem. Submits
recommendations to INQUA EC and IUGS EC.

INQUA EC having canvassed its members declares that 1) the Quaternary must
be full formal chronostratigraphic unit at the rank of Period, 2) the base of the
Quaternary should be defined by the Gelasian Stage GSSP and 3) base of the
Pleistocene should be lowered to 2.6 Ma, coincident with that of the Quaternary
boundary, allowing for a 10-year statutory moratorium ending in 2009. This is
INQUA'’s final (and SQS’s consistently-held) position.

IUGS EC rejects ICS recommendations. Enforces status quo of Quaternary as
period starting at 1.8 Ma. ICS urged to maintain dialogue with INQUA.

IUGS EC rebukes ICS for procedural irregularities, and withholds financial
support to ICS.

ICS holds new ballot, approves SQS—-INQUA position without regard to the 10-
year moratorium, and submits recommendation to IUGS EC.
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2007  1UGS EC accepts recommendation for Quaternary as period/system but cites
procedural irregularities regarding other recommendations.

2007 17" INQUA Congress in Cairns, Australia, unanimously endorses the SQS—
INQUA position.

2008  Stanley Finney takes the helm as new chair of ICS.

2008  Joint ICS—1UGS open discussion meeting on the Quaternary at the 33"
International Geological Congress (IGC) in Oslo.

2008  ““Quaternary” proposal submitted by Phil Gibbard and Martin Head was based
on the SQS-INQUA position. A “Neogene” counterproposal submitted by Fritz
Hilgen and colleagues splits the Pliocene Series into two series named Lower
Pliocene and Upper Pliocene, with the later comprising the Gelasian Stage, and
the Quaternary is changed in rank to subsystem.

2008  Both proposals voted upon and overwhelmingly approved by respective
subcommissions.

2009 ICS conducts intense open discussion via email and the ICS website.

2009  SNS submits rebuttal of “Quaternary” proposal (Appendix 1) to ICS, Martin
Head and colleagues representing SQS respond to rebuttal (Appendix 2), these
effectively representing closing arguments for SNS and SQS.

2009  Just prior to voting, SNS asks ICS to modify its proposal, but request denied.

2009  ICS holds ballot on 1) the “Quaternary” proposal, 2) the “Neogene” proposal,
and 3) the status quo. Only the “Quaternary” proposal achieves a supermajority.
A second round of voting considering the “Quaternary” proposal alone achieves
an 89% (supermajority) approval.

2009  IUGS EC ratifies “Quaternary” proposal. Statutory 10-year moratorium begins.

APPENDICES

Appendix 1. Response by the ICS Subcommission on Neogene Stratatigraphy to the
“Quaternary” proposal (published in Gibbard and Head, 2009a, box 1), dated 17 February
2009.

The case for compromise: coping with the destabilizing impact of the Quaternary as a
standard chronostratigraphic unit.

Dr Stan Finney, Chair International Commission on Stratigraphy
Dear Stan,

This is in response to the request by the Subcommission on Quaternary Stratigraphy,
submitted on September 1, 2008, to define the Quaternary in a GSSP at the base of the
Gelasian Stage, and furthermore to move the base of the Pleistocene to coincide with this.
You also have in hand an alternative proposal from our Subcommission for a
compromise that minimizes the disruption created by imposing this antique and
fundamentally irrelevant term on the established chronostratigraphy. We feel that without
such a compromise, the only alternative is complete exclusion of the Quaternary from the
formal time scale (Gradstein, et al., 2004). There are three main problems with the SQS
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request:

1. The SQS request violates the basic principle of hierarchical definition, in creating a
boundary for the Quaternary a priori, and then requiring that the Pleistocene, a
supposedly basic component, be redefined to fit the preconceived boundary.

2. The SQS request, in proposing a formal GSSP in the marine type section of the
Gelasian, justifies this as conforming to a concept for the Quaternary that is expressly
rooted in evidence for a traditionally favored climate change in continental
lithostratigraphy. This is wholly irrelevant to the standard time scale, which is based on
the paleontology of marine deposits. The imposition of the incongruous Quaternary
boundary in the relationship proposed by SQS needlessly disrupts standard
chronostratigraphy and has a destabilizing effect on the literature.

3. The SQS request fails to recognize that despite a loose consensus following the 1948
IGC, the marine-defined Pleistocene has not been formally established as a hierarchical
component of the climate-defined Quaternary (point 1). On the contrary, various
formalistic definitions of the Quaternary put forth by SQS and INQUA omit
consideration of the Pleistocene, except after the fact, and focuses on the exclusive
paleoclimatic meaning instead. The System/Period status of the Quaternary claimed by
SQS, which leads to so much conflict, is not justified.

In recognition of the importance of the field of Quaternary studies, and with a sincere
desire to end the endless controversy and discord, we have suggested that the Quaternary
can be accommodated in a compromise that gives it formal status, with the characteristics
and boundary desired by the leaders of the Quaternary community. We sincerely trust
that the advantages of such a compromise will be honestly considered.

We would like to take the opportunity below, to address the 13 points advanced
by our colleagues Phil Gibbard and Martin Head in support of the SQS request.

Point 1. While the concept of the Quaternary was already recognized by Arduino as the
fourth and youngest subdivision of the geological succession in the Apennines
(1759/1760), the term Quaternary was not formally introduced until 1829 by Desnoyers
for a stratigraphic interval (e.g., marine and fresh water deposits of Touraine and
Languedoc region of western France) that approximately corresponds with the current
Neogene (Berggren and VVan Couvering, 1982; Berggren, 1998). It was immediately
modified by de Serres (1830) to refer to Diluvial deposits only. Quaternary, like Tertiary,
originated in the outdated Neptunian system that recognized the age of rocks by their
degree of lithification — in fact it is still the case that unconsolidated alluvium is
automatically mapped as Quaternary. Paleogene and Neogene are subdivision of the
stratigraphic record based on paleontology. The two models are unrelated, and
precedence is thus irrelevant. The terms Tertiary and Quaternary may predate Paleogene
and Neogene, but so also Primary and Secondary predate Paleozoic and Mesozoic.

Point 2. The step by step lowering of the base of the Quaternary over the past decades
(see our Fig. 2) has reflected shifting ideas in the Quaternary community as to where the
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traditional concept of “first glacial climate” should be identified. That there is a present
consensus in this regard does not validate this procedure of starting with a preconceived
idea and looking for its stratigraphic manifestation. It is inconsistent with first
chronostratigraphic principles in which boundaries are objectively derived from
stratigraphic features.

Point 3. While Walsh (2008) made the point that Hornes did not include strata of Recent
age in the Neogene, he also admitted (ibid., p. 51) that among the various “Newer
Pliocene” deposits that Hornes specifically did include were some that are now
considered to be early, middle, and possibly even late Pleistocene in age, in the heart of
the same time interval ascribed to Quaternary paleoclimates. More to the point, Walsh
stated that the “meaning of almost all standard global geochronologic names have
evolved since they were first used, and whatever Moriz Hornes’ original meaning of the
Neogene was, this original meaning is fundamentally irrelevant to the modern
classification of the Cenozoic” (italics ours). While Walsh used this line of reasoning to
dismiss the case for the current use of Neogene by the marine community, he should have
recognized that it applies with equal force to the case for the current use of Quaternary. In
other words, if original definitions are irrelevant, the fact that the “first glaciation” is the
traditional criterion for the beginning of the Quaternary does not justify an inflexible
adherence to this characterization if it conflicts with an otherwise well-established and
functional consensus.

Point 4. Our proposal does not treat the Holocene as a subdivision of the Pleistocene,
although that has been a valid option in the past.

Point 5. The Vrica GSSP, contrary to the SQS assertion, is in fact widely correlated (cf.
Van Couvering, 1997), in close association with the top of the Olduvai Chron and
significant faunal changes in the marine and continental realms (not least the earliest
Homo, at Olduvai Gorge itself). As for it being arbitrarily selected, the program to define
the base of the Pleistocene in a physical reference point was set in motion by the 1948
resolution and continued for over 40 years (!!!) in IGCP 41, as detailed in the volume
cited above. Whether this level is associated with a climatic change greater or less than
that evidenced at the Gelasian GSSP, or indeed at any other level in the Neogene, is
irrelevant under the principles of chronostratigraphy.

Point 6. We accept that the base of the Quaternary is now defined at 2.6 (2.588) Ma,
while noting that the placement of the boundary is plainly a matter of taste. The phrase
“first climatic deterioration”, as the basis for the present discussion, was introduced in the
resolution of the 1948 London IGC. However, the phrase does not refer to the Italian
Pliocene-Pleistocene but to the Italian Neogene (King and Oakley, 1949b). In this context
the first signs of climatic deterioration are in the Miocene (i.e. Neogloboquadrina FO at
~11.78 Ma and the Globorotalia miotumida (=conomiozea) group FO at 7.25 Ma), while
typical large sinistrally coiled Neogloboquadrata atlantica, cited as evidence of major
deterioration at 2.72 Ma, in fact invaded the Mediterranean at ~7.9 Ma as well. Prominent
glacial episodes between 6.3 and 5.5 Ma have been reported by e.g. Van der Laan et al.
(2005) with amplitudes in 8*°0 (max 0.8, average 0.5 %o) that are not fundamentally
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different from the amplitudes reached by Late Pliocene - Early Pleistocene glacial cycles
(max 1.0, average 0.6-0.7 %o). The Messinian glacials are marked by repeated invasions
of sub-polar dinoflagellate assemblages into middle latitudes and ice-rafted debris, seen
in North Atlantic cores. To refer to such clearly evidenced events as these, or to the
Mammoth event, as “precursors” merely because climate improved afterward is
disingenuous. All such events (including the Gelasian event) are cold climate maxima in
a fluctuating system.

Point 7. We agree that the Monte San Nicola GSSP is widely correlatable because it is
associated with a major paleoclimatic event. The Gelasian global stage was not proposed
for this reason, however, but to replace the inadequate concept of the Astian with a new
unit having a stratotype in direct superpositional relationship with the stratotypes of the
Lower Pliocene global units in the same part of Sicily. This was done with the explicit
intention of creating a unified Pliocene mega-stratotype in one marine sequence. Thus it
IS incongruous to reassign the Gelasian to the Pleistocene.

Point 8. The status of the Quaternary remains open for discussion, like everything else
that was “prematurely decided” in 2005 and 2007. It should be stressed that the inclusive
compromise of Aubry et al. (2005) was approved by ICS before being rejected by IUGS.
The main objection, lack of hierarchy, has been addressed in the present proposal, but the
previous compromise remains available as well.

Point 9. There is no fundamental difference between the SQS and SNS positions on the
age of the base of the Quaternary, when this is defined in the Monte San Nicola GSSP.

Point 10. The standard global chronostratigraphic scale is the responsibility of ICS /
IUGS. In this regard, we stress that the basic principles expressed in the ICS guidelines
has to be followed in the final decision on this controversy.

Point 11. We fail to see why a Quaternary Subperiod (or Superseries) would be as
disruptive as a Quaternary Period that requires decapitation of the Neogene and
redefinition of the Pleistocene.

Point 12. We did not intend to have two separate time scales but, in case an inclusive
solution is found undesirable, to have a separate chart for the Quaternary with its own —
dominantly - continental subdivision outside the global chronostratigraphic scheme. This
solution refers to option 6 in Figure 1 in Pillans and Naish (2004). In our opinion such a
chart can have a formal status, like any regional chart, and its basic units will exactly
match the marine stages of the global chart.

Point 13. We emphasize that in contrast to the SQS proposal, we favour a solution that
addresses the concerns of both the marine and Quaternary communities. We believe that
it is possible to find a compromise that incorporates the Quaternary as a standard unit
with the boundaries and character essentially as proposed by the SQS, while preserving
the basic structure of the established Cenozoic time scale. We repeat that a rejection of
such a compromise by the leaders of the Quaternary community, in favor of a rigid and
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needlessly disruptive arrangement such as the proposal submitted by SQS, will meet with
little sympathy from the profession as a whole, and will unquestionably lead to a
continuation of the schism that presently divides us.

We are grateful to you, and the ICS, for the opportunity to respond, and for your
impartial consideration of our presentation.

Appendix 2. Rebuttal by M. J. Head and colleagues (for SQS) to the response by the
Subcommission on Neogene Stratatigraphy (reproduced in Appendix 1), dated 27
February, 2009.

Prof. Stan Finney, Chair International Commission on Stratigraphy
Dear Stan:

Response to objections by the SNS to the SQS proposal that the base of the
Quaternary System/Period be lowered to the Gelasian Stage GSSP (at 2.588 Ma),
and that the base of the Pleistocene Series be lowered to the same position

We thank you and our colleagues in the Subcommission on Neogene Stratigraphy (SNS)
for this opportunity to yet further clarify our position regarding the timing and status of
the Quaternary and associated units. We are pleased to address comments raised by the
SNS in their letter of 17 February 2009 in response to the proposal of the Subcommission
on Quaternary Stratigraphy (SQS) dated 28 August 2008, and we briefly address
proposals advanced by Aubry et al. (in press [2009]). Before doing so, however, we
would like to emphasize several key points:

1. The Quaternary, which traditionally comprises Pleistocene and Holocene, has long
been used in both popular and official time scales, including the current lUGS-
sanctioned time scale of Remane (2000; Figure 1). This time scale places the
Quaternary as a period/system above the Neogene, so that the base Quaternary
defines its top. Such a configuration reflects an overwhelming body of recent and
historical literature (Salvador, 2006a, b), and would have been evident to anyone
visiting the International Geological Congress in Oslo last summer (SQS
proposal). Our proposal does not truncate the Neogene because the orthodox view
it espouses has never acknowledged an extended Neogene.

2. The IUGS has already ratified the Quaternary as a period/system (IUGS email of 28
May 2007 to ICS). Contrary to assertions by the SNS and Aubry et al. (in
press[2009]), the status and rank of the Quaternary are not in debate. We confine
our proposal deliberately and appropriately to the position of the base Quaternary
and bases of relevant subordinate units (Pleistocene Epoch/Series, Gelasian
Age/Stage).

3. We propose that the base Quaternary be lowered from its present [IUGS-sanctioned
position (Remane, 2000) at the base Pleistocene Vrica GSSP (1.8 Ma) to the
Gelasian Stage GSSP (2.588 Ma; Figure 1). This acknowledges fundamental and
profound changes to Earth’s climate system at around 2.6 Ma, and the manifold
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associated biotic and physical responses (Head et al., 2008a).

This lowered position can be correlated globally across and between marine and
terrestrial realms. No concentration of global events occurs at the current boundary at
Vrica (1.8 Ma). Understandably, the ICS has already agreed with our proposed
redefinition of the base Quaternary (Ogg and Pillans, 2008), and we note that the SNS
themselves “accept that the base of the Quaternary is now defined at 2.6 (2.588) Ma”
(SN letter of February 17, 2009, point 6). We therefore trust that no objections are
accorded to this part of our proposal.

4. Any serious proposal must respect the hierarchical nature of the geological time scale.
Accepting an age of around 2.6 Ma for the base Quaternary and utilizing a ready-
made GSSP (the base Gelasian GSSP), hierarchical principles demand that the
base of the Pleistocene be lowered to that of the Quaternary. The Gelasian Stage
then becomes the lowermost stage of the Pleistocene, and its establishment by Rio
et al. (1998) effectively anticipated this outcome.

5. Users of the geological time scale must be considered, and the Quaternary community
numbers 50,000 worldwide with INQUA serving as its voice. INQUA, which has
equal status with the IUGS under the International Council of Science (ICSU),
unanimously endorses the SQS proposal in its entirety.

Our closing remarks are given at the end of this letter, but we now take this opportunity
to briefly counter the 13 points of objection listed by the SNS in their letter of 17
February, 2009.

Point 1. We make the point that the Quaternary as a general concept (Arduino, 1760) and
even as a formal term (Desnoyers, 1829) is sanctioned by a long tradition of usage, with
its roots predating both the Pleistocene (Lyell, 1839) and Neogene (Hornes, 1853). The
term Quaternary may be etymologically distasteful to some, but to others it is an
instructive reminder that stratigraphic classification is dynamic and carries an interesting
history. Similar objections might be leveled at the terms Cretaceous and Carboniferous,
as these also belonged to once-popular but since abandoned lithology-based
classifications (Walsh, 2006). Understandably, the terms Primary, Secondary, Oolitic,
Lias and others have fallen out of service because they were not useful; whereas the
Cretaceous, Carboniferous, and for that matter Quaternary and Tertiary, have survived
because they clearly are (Salvador, 2006a, b; Walsh, 2006). No one would seriously try to
suppress the Cretaceous or Carboniferous on grounds that these terms were “antique” or
“irrelevant”.

Point 2. We are pleased the SNS acknowledges that our proposal represents the current
consensus, but we reiterate that this simply reflects a long-held traditional view in which
the Quaternary is placed above, not alongside, the Neogene (Harland, 1989 [Harland et
al., 1990]). Scientific advances often result from deductive reasoning, and this holds too
for modern stratigraphy. An important event or transition in Earth history is initially
recognized (often following a “preconceived idea”). The precise lithological position of
the boundary (the GSSP) is then selected with due regard to the practicalities of
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correlation. This exact methodology was employed for the selection of the Gelasian Stage
GSSP (Rio et al., 1998), which was championed by the SNS itself. We use this same
boundary and same methodology for the base Quaternary.

Point 3. The SNS seems not to dispute the conclusion of Walsh (2008) that the notion of
a Neogene extending to the present day is indeed based on flawed historical
interpretation. While most standard global geochronological names have undeniably
shifted from their original meaning over the centuries (Walsh, 2008), we note that the
Quaternary has always extended to the present day, and has been exclusively associated
with glacial conditions for at least the past 60 years, as our proposal acknowledges.

Point 4. We are pleased that the SNS accepts the decision of the IUGS and does not treat
the Holocene as a subdivision of the Pleistocene.

Point 5. We strenuously uphold our assertion that the Vrica GSSP, which presently
defines the base Pleistocene, is fundamentally flawed as a boundary of epoch/series rank
owing to the paucity of biostratigraphic and physical events at and near the boundary.
The “recognition” of this boundary owes mostly to its proximity to the top of the Olduvai
Subchron, although this is a full 10 m above the boundary at Vrica. The boundary is even
more elusive in the absence of a continuous paleomagnetic record, and especially in
continental deposits, but even in high-latitude marine deposits where calcareous
microfossils are sparse to absent and marine isotope stratigraphy unavailable. These
deficiencies all explain the long history of dissatisfaction with the present base of the
Pleistocene (e.g., Suc et al., 1997) and its continuance to the present time only by
minority vote (Bowen and Gibbard, 2007). Contrary to the assertion of the SNS, the
emergence of the genus Homo is not associated with the Olduvai Subchron, but dates to
around ca. 2.6—2.45 Ma (Deino et al., 2006; Prat, 2007). This date is closer to our
proposed redefinition of the base Pleistocene at 2.6 Ma.

Point 6. We have difficulty in understanding the SNS’s objections to the placement of
the base Quaternary at 2.6 Ma, when the SNS avowedly accepts this very position. The
base Quaternary is coincident with the Gelasian GSSP, which the SNS states as being
“widely correlatable because it is associated with a major paleoclimate event”. We have
already noted that cold events occur before the major onset of Northern Hemisphere
glaciation. But one simply cannot compare, for example, the isolated event of Marine
Isotope Stage M2, occurring as it does within an otherwise stable mid-Pliocene warm
interval (e.g., Dowsett, 2007), with the intense, rapidly recurring glacial events at around
2.6 Ma. These later glacial events, and their attendant biotic and environmental
manifestations, best serve as a general guide for the base Quaternary, but with the
Gelasian GSSP offering the most practical actual definition. The ICS, SQS, SNS, and
INQUA all agree with this placement of the base Quaternary.

With respect to the International Geological Congress (IGC) held in London,
1948, King and Oakley (1949a, b) noted that the Pleistocene should include the
Villafranchian regional mammal stage. Nearly half of this stage is presently in the
Pliocene, and lowering the Pleistocene to include the Gelasian Stage will bring the
Pleistocene in closer agreement with the 1948 IGC decision (Ogg and Pillans, 2008).
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Point 7. Since it is agreed by ICS, SQS, SNS, and INQUA that the base Quaternary
should be placed at 2.6 Ma, which coincides with the Gelasian GSSP, then the base
Pleistocene must be lowered to that of the base Quaternary in order to maintain
hierarchical order within the time scale (Figure 1). The Gelasian then becomes the
lowermost stage of the Pleistocene. It would be incongruous and confusing to have the
Gelasian Stage in the Pliocene Series and the Quaternary System.

Point 8. The status of the Quaternary is in fact closed for discussion. The “IUGS EC
unanimously approves the recommendation [of the ICS] to recognize the ‘Quaternary’ as
a formal system/period of the international geological scale” (IUGS to ICS, 28 May,
2007 [IUGS Executive Committee, 2007b]). This decision, far from being premature,
resulted from long discussions between the ICS and INQUA, and was facilitated by a
special joint working group established for this purpose. The duration of the Quaternary
remains open for discussion, but we emphasize that ICS, SQS, and INQUA, and the SNS
itself, all agree that the Quaternary should begin at 2.6 Ma.

Point 9. We are heartened that the SNS agrees with our proposal to use the existing
Monte San Nicola GSSP (base Gelasian) to define the base Quaternary.

Point 10. We accept that in general terms the standard global chronostratigraphic scale is
the responsibility of the ICS/IUGS. However, responsibility for the Quaternary lies
jointly with the IUGS and INQUA, as they are equal Science Union members of the
International Council for Science. Indeed it might be argued that INQUA has greater
jurisdiction over the Quaternary, and therefore the past 2.6 million years of Earth history,
because of its larger pool of expertise. In any case, it is important to note that INQUA
fully endorses the SQS proposal, which we might add does follow ICS guidelines (e.g.,
Remane et al., 1996).

Point 11. It is disingenuous to claim that the Neogene is being decapitated. The SQS
proposal merely reflects the orthodox scheme in which the Quaternary overlies the
Neogene. But this is moot because the IUGS has already ratified the Quaternary as a
period/system.

Point 12. We have every confidence that the ICS will reaffirm its earlier full support of
the SQS proposal (Ogg and Pillans, 2008). The alternative could bring IUGS and INQUA
into direct conflict, which would serve no useful purpose. We consider that the prospect
of two independent time scales, one for Quaternarists and another for the remainder of
the geological community, as ominously raised by Aubry et al. (in press [2009] — their
invocation of the NOMA principle), would be a monumental failure of common sense
and cooperation. It would be completely unacceptable to us, and no doubt also to IUGS
and INQUA.

Point 13. The implication that the SQS does not address the concerns of the marine

Quaternary community is fallacious. Since INQUA has a membership of around 50,000,
the Quaternary community undoubtedly has many more marine geoscientists than the

69



Neogene community, and much consideration of the SQS position is based on the marine
record (e.g., Head et al. 2008a). The SQS and INQUA, in fact, have an uncompromising
mandate to provide a solution that will satisfy marine and non-marine geoscientists alike.

Closing remarks

The SQS proposal to lower the base Quaternary to 2.6 Ma has the support not only of
INQUA, but also ICS and the SNS itself. Lowering the base Pleistocene to 2.6 Ma simply
follows rational and hierarchical principles: the Gelasian, Pleistocene and Quaternary all
then share the same GSSP (at Monte San Nicola, 2.588 Ma). The SNS counterproposal
appears driven more by desperation than logic: this may explain why just 65% of its
members voted in favour of their own proposal.

The publication by Aubry et al. (in press [2009]) illustrates two muddled schemes.
Both place an Early Pliocene Epoch exclusively in the Neogene, and a separate and
independent Late Pliocene Epoch in a Neogene/Quaternary overlap. Thus, two Pliocene
epochs are invoked with each occurring counterintuitively in a different unit of higher
rank. The Piacenzian is moved from the Middle or Late Pliocene to the Early Pliocene,
for which there is no modern precedent. The Quaternary is awkwardly sidelined to the
rank of sub-period in one scheme and sub-era in the other, each scheme violating the
recently ITUGS-re-approved rank of the Quaternary as a period/system. For the Pliocene,
a completely unnecessary schism is created that will only assure future confusion
(Figure 1). Both Aubry et al. schemes, in their defense, acknowledge that the Quaternary
can be justified only if starting at around 2.6 Ma. This one crucial point of agreement is
of course the basis for the SQS proposal, and from which our own small adjustments
logically follow.

Regarding the Pleistocene, this term was introduced by Lyell in 1839 to represent
“ice age” deposits that postdate his already established Pliocene. Because the Pliocene
was the last unit of the Tertiary, this opened the possibility for a post-Pliocene
Quaternary (Harland et al., 1989 [1990], p. 68). The Pleistocene has therefore always
been the lowest division of the Quaternary, the correspondence of their bases has existed
for more than a century, and our proposal correctly maintains this historical relationship.
The proposal by Aubry et al. (in press [2009]) places much weight on the fossil record,
and we do not downplay its historical role in the creation of the time scale (although we
do note that their fig. 5 suggests stronger evidence of adaptive radiation in the Quaternary
than Neogene!). But ultimately, if Earth’s history is to be subdivided into natural units,
this requires our planet to be treated as an evolving system that includes its climate, along
with other factors. We adopt this more holistic approach in acknowledging fundamental
changes to planet Earth at around 2.6 Ma.

In closing, the IUGS has ratified the Quaternary as a system/period, and the
lowering of the base Quaternary to 2.6 Ma is already accepted by ICS, SNS, SQS and
INQUA. Our proposal simply and rationally requests that small adjustments be made in
accordance with hierarchical principles: that the base Pleistocene Epoch/Series be
lowered to that of the Gelasian Age/Stage and Quaternary Period/System, with each
defined/redefined by the GSSP at Monte San Nicola (dated at 2.588 Ma). We trust that
the ICS will continue to support this proposal.

Martin J. Head (Brock University, Canada), Philip L. Gibbard (University of
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