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Auxiliary boundary stratotypes have unquestionable
value in extending the knowledge of a Global boundary
Stratotype Section and Point (GSSP) between continents,
biogeographic provinces, climatic zones, depositional facies
and preservational states. Two kinds of such stratotypes
are in use, the Auxiliary Stratotype Point and the Auxil-
iary Stratotype Section, although only the Auxiliary Stra-
totype Point is recognised by the International Commission
on Stratigraphy (ICS). The Standard Auxiliary Boundary
Stratotype, which is based on the Auxiliary Stratotype Sec-
tion, is proposed here as a formal replacement for the Auxil-
iary Stratotype Point. As such, it would provide a detailed
complementary expression of the boundary interval with-
out the designation of a specific point — no such points can
replicate the precise level defined by a GSSP either conceptu-
ally or in practice. We recommend that requirements for
Sfuture Standard Auxiliary Boundary Stratotypes broadly
Jfollow ICS guidelines for GSSPs but be applied with greater
flexibility. Past practice reveals inconsistency in the pro-
tocols used for approving such auxiliary boundary stra-
totypes. We propose that in future they require approval
by the respective ICS subcommission. More than one Stan-
dard Auxiliary Boundary Stratotype may support a single
GSSP but restraint should be exercised in approving them,
and each will always be subordinate to the GSSP itself.

Introduction

Auxiliary stratotypes can play a valuable role in extending the cor-
relative potential of a Global boundary Stratotype Section and Point
(GSSP) between continents (e.g., Molina et al., 2009), biogeographic
provinces (e.g., Wang et al., 2021), climatic zones (e.g., Walker et al.,
2009, 2019), depositional facies (e.g., Miller et al., 2015a, b) and pres-
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ervational states (e.g., Hilgen et al., 2005). However, while an increasing
number of GSSPs are being supported by such auxiliary stratotypes,
the selection and approval of GSSPs themselves remain the primary
task of the International Commission on Stratigraphy (ICS) and its
various subcommissions. This process is rigorous. One or more can-
didate GSSPs undergo scrutiny and selection by a boundary task
(working) group of the relevant subcommission before being submit-
ted to that subcommission for further examination. Upon recommen-
dation by the subcommission, the selected candidate GSSP is submitted
to the ICS voting membership for approval. All decisions require a 60%
supermajority vote for approval. Once approved, the GSSP must be
ratified by the Executive Committee of the International Union of
Geological Sciences (IUGS EC) before it becomes effective.

With respect to GSSPs and other global chronostratigraphic stan-
dards, the procedures followed by the ICS and its constituent subcom-
missions are currently set out in its revised guidelines (Remane et al.,
1996). These formally regulate the procedures for chronostratigraphic
boundary definition. Operating alongside these guidelines are ICS
statutes that are periodically updated, with the most recent version enter-
ing into force on 25 April 2017 and published on the ICS website
(International Commission on Stratigraphy, 2017). The previous (and
first) edition of the ICS guidelines included the ICS statutes (Cowie et
al., 1986). The revised guidelines (Remane et al., 1996) are the first docu-
ment on stratigraphic procedure to be approved by the full voting member-
ship of the ICS and they remain the fundamental authority in regulating
procedures to define global chronostratigraphic boundaries.

The International Stratigraphic Guide (ISG), published by the ICS
International Subcommission on Stratigraphic Classification, first appeared
in 1976 (Hedberg, 1976) and is currently in its second edition (Salvador,
1994). It offers a recommended approach to stratigraphic classifica-
tion, terminology and procedure. While the ISG avowedly is not binding in
any way, it wields significant influence and provides an invaluable
resource for areas not specified by the ICS guidelines.

We provide for the first time a comprehensive review of auxiliary
stratotypes as they relate to GSSPs, and examine their utility and authority.
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Table 1. Terms and definitions of stratotypes of layered stratigraphic units (verbatim from Salvador, 1994, p. 28; largely taken from Hedberg, 1976, p. 26)

Holostratotype. The original stratotype designated by the original author at the time of proposing a stratigraphic unit or boundary.

Parastratotype. A supplementary stratotype used in the original definition by the original author to illustrate the diversity of heterogeneity of the
defined stratigraphic unit or some critical feature not evident or exposed in the holostratotype.

Lectostratotype. A stratotype for a previously described stratigraphic unit selected later in the absence of an adequately designated original stra-

totype (holostratotype).

Neostratotype. A new stratotype selected to replace an older one which has been destroyed, covered, or otherwise made inaccessible.

Hypostratotype (also called reference section, auxiliary reference section). A stratotype proposed after the original designation of the holostrato-
type (and parastratotype) in order to extend knowledge of the unit or boundary to other geographic areas. It is always subordinate to the holostra-

totype.

The auxiliary stratotype point, the only such geostandard formally
recognised by the ICS, is specifically critiqued. Examples of auxil-
iary stratotypes and auxiliary stratotype points established explicitly
to support GSSPs are analysed, particularly with respect to underly-
ing concepts and procedures. A new concept, the Standard Auxiliary
Boundary Stratotype, is then proposed, and supporting procedures are
advanced.

The International Stratigraphic Guide

The initial (Hedberg, 1976) and current versions (Salvador, 1994;
Murphy et al., 2021) of the ISG describe the various kinds of stratotype
(holostratotype, parastratotype, lectostratotype, neostratotype, hypostrato-
type) in use (Table 1). In particular, an auxiliary stratotype is referred
to as a hypostratotype (also as a reference section or auxiliary refer-
ence section) and is “a stratotype proposed after the original designa-
tion of the holostratotype (and parastratotype) in order to extend knowledge
of'the unit or boundary to other geographic areas. It is always subordi-
nate to the holostratotype (Salvador, 1994, p. 28; see also Hedberg,
1976, p. 26). However, neither the initial nor current versions of the
ISG address the use of an auxiliary stratotype specifically for a GSSP.

ICS Guidelines

With respect to the various kinds of stratotypes listed and defined
by the ISG (Hedberg, 1976; Salvador, 1994; Table 1), the initial edition of
the ICS Guidelines (Cowie, 1986; Cowie et al., 1986) dismissed their
sanctioning by ICS as a means to assist the definition of a GSSP. This
edition favoured confining the nomenclature for ICS candidates to: 1)
the GSSP itself, and 2) the auxiliary stratotype point which would be
particularly useful for assisting correlation away from the GSSP and
in markedly different facies (Cowie, 1986, p. 79; Cowie et al., 1986, p. 5).

The revised ICS guidelines (Remane et al., 1996) reiterated the
position of Cowie et al. (1986) that “if reference sections and points
seem necessary in order to give a better understanding of the bound-
ary in another facies or paleobiogeographic context, an auxiliary stra-
totype point may be defined. Such auxiliary points are subordinate to
a GSSP.” (Remane et al., 1996, p. 78; our italics). The procedure for
approval and ratification of a GSSP is described in detail by Remane
et al. (1996) but no such procedure is specified for an auxiliary strato-
type point. There is indeed no further mention of auxiliary stratotypes

or auxiliary stratotype points in Remane et al. (1996) and no refer-
ence to them in the current ICS statutes.

GSSPs and Auxiliary Stratotype Points Compared

As accepted by Remane et al. (1996), the definition of a GSSP pro-
vided by Cowie et al. (1986) remains valid for the Phanerozoic: “This
Boundary Stratotype Section and Point is the designated type of a
stratigraphic boundary identified in published form and marked in the
section as a specific point in a specific sequence of rock strata and
constituting the standard for the definition and recognition of the
stratigraphic boundary between two named global stratigraphic (chro-
nostratigraphic) units” (Cowie et al., 1986, p. 5). The GSSP is placed at
or close to a marker horizon within the stratotype section that allows
global correlation to the GSSP. Nonetheless, it is the position of the
GSSP in the stratotype section that fixes the definition, not the marker
horizon, about which new knowledge may arise even at the stratotype
section itself. The GSSP represents a unique instant in geological time
at a specific unique geographical locality (Cowie et al., 1986) and is
therefore “the only place where we actually know (by definition) that time
and rock coincide within our classification” (Holland, 1984, p. 149).

Some GSSPs are easier to correlate precisely on a global scale than
others. The Danian Stage GSSP is based on ejecta from a large extra-
terrestrial impact (Molina et al., 2006), and arguably has the potential
for global correlation with a precision estimated in years or less.
GSSPs dated by counting annually layered deposits from the present
day, such as the Greenlandian and Northgrippian stage GSSPs of the
Holocene Series (Walker et al., 2018) have such precision measured
prospectively in decades. Other GSSPs, however, have far lower poten-
tial for precise correlation globally. In particular, the lowest occur-
rences of fossil taxa, commonly used in the Paleozoic, reflect intrinsic
delays in migration away from an initial centre of evolution.

In order to reduce these various limitations, auxiliary stratotypes
are intended to support GSSPs by assisting in their global correlation.
We examine the two current approaches used to define such auxiliary
stratotypes: 1) the ICS-recognised Auxiliary Stratotype Point (and its
unofficial variant term Auxiliary boundary Stratotype Section and Point,
ASSP) — which we consider methodologically and conceptually unten-
able; and 2) the Auxiliary Stratotype Section (also known as an Auxiliary
Section, Auxiliary Boundary Stratotype, Global Auxiliary Stratotype
etc.) which is not recognised by ICS and is here renamed as the Stan-
dard Auxiliary Boundary Stratotype (SABS) (Table 2).
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Table 2. Terms used for auxiliary stratotypes (and points) prop
Only the Auxiliary Stratotype Point is presently recognised by the ICS

d or established to support Global boundary Stratotype Sections and Points (GSSPs).

1. Auxiliary Stratotype Point

Auxiliary Stratotype Point (ASP) (Cowie, 1986; Cowie et al., 1986; Remane et al., 1996; e.g., Pavia and Enay, 1997).

Auxiliary Stratotype Section and Point (ASSP) — a preferred term for an Auxiliary Stratotype Point according to Fernandez-Lopez et al. (2009).
Auxiliary boundary Stratotype Section and Point (ASSP) (e.g., Ergaliev et al., 2014; Miller et al., 2015b, 2020; Wang et al., 2021; Figs. 1, 4b).
Auxiliary boundary Stratigraphic Section and Point (ASSP) (Miller et al., 2015a, 2015b, 2020).

Auxiliary Global Stratotype Section and Point (ASSP) (Ma et al., 2021).
Auxiliary GSSP section (e.g., Chen et al., 2017).

2. Auxiliary Stratotype Section

Auxiliary Stratotype Section (e.g., Yu, 1988; Paproth et al., 1991; Becker and Paproth, 1993; Chen and Zhang, 2017; Chen et al., 2017).
Global Auxiliary Stratotype Section (e.g., Chen and Wang, 2003; fig. 2-2B in Chen et al., 2017; Fig. 4a).

Auxiliary Boundary Stratotype (e.g., Hilgen et al., 2005).
Principal Auxiliary Section (Brack et al., 2005).
Auxiliary Section (e.g., Molina et al., 2009; Walaszczyk et al., 2021).

Global Auxiliary Stratotype (e.g., Walker et al., 2009, 2019; Chen and Zhang, 2017; Figs. 2, 3).
Standard Auxiliary Boundary Stratotype — proposed here to replace the Auxiliary Stratotype Point.

Examples of Published Auxiliary Stratotypes Used
to Support GSSPs

Auxiliary stratotypes have been proposed increasingly to support
GSSPs, with at least 40 such auxiliary stratotypes having been approved
or proposed from the Cambrian to Quaternary, and with as many as
seven for a single GSSP (the Danian Stage GSSP) (Table 3). Four exam-
ples, from the Tremadocian, Northgrippian, and Meghalayan stages,
are examined here to illustrate the two contrasting approaches used.

The Tremadocian Stage and Ordovician System GSSP is sup-
ported by two Auxiliary boundary Stratotype Sections and Points
(ASSPs). The first is at the Lawson Cove section in the northern Wah
Wah Mountains, Ibex Area, west-central Utah, USA, at 160.6 m in the
measured section (Miller et al., 2015b). This ASSP was approved in
2016 through supermajority vote by the Subcommission on Ordovi-
cian Stratigraphy (SOS) (Subcommission on Ordovician Stratigra-
phy, 2017, p. 8). The second ASSP is in the Xiaoyanggiao section,
Dayangcha, North China, at a point given as 19.9 m (£0.2 m) in the
measured section (Wang et al., 2021). In 2019, it was likewise approved
through supermajority vote by the Subcommission on Ordovician
Stratigraphy (Wang et al., 2021).

Walker et al. (2019) published two Global Auxiliary Stratotypes,
without accompanying points, to support their newly designated
GSSPs defining the Northgrippian and Meghalayan stages/ages and
equivalent Middle and Upper/Late Holocene subseries/subepochs
(Walker et al., 2018). These auxiliary stratotypes extend knowledge of
the short-lived climatic events at 8.2 ka and 4.2 ka whose stratigraphic
signals serve as the respective marker events of the GSSPs. These global
auxiliary stratotypes were approved by the joint SQS/INTIMATE
(Integration of ice-core, marine and terrestrial records) working group
on the subdivision of the Holocene, all members being co-authors of
Walker et al. (2019).

Ordovician GSSP and Auxiliary boundary Stratotype Sec-
tions and Points (ASSPs)

The GSSP for the Tremadocian Stage and Ordovician System is at
Green Point, western Newfoundland, at a level of 101.8 m within Bed
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23 of'the Lower Broom Point Member, Green Point Formation (Fig. 1a).
It represents a base-of-slope depositional environment. The GSSP
was determined to align with the lowest occurrence (LO) of the cono-
dont Iapetognathus fluctivagus Nicoll et al., 1999a (Cooper et al., 2001),
although Terfelt et al. (2012) reassigned specimens at the GSSP level
to lapetognathus preaengensis Landing in Fortey et al., 1982. The GSSP
is 4.8 m below the LO of planktonic graptolites, and aligns closely
with a positive peak in the §"°C record (Cooper et al., 2001). Terfelt et
al. (2012) reported lapetognathus fluctivagus to have its LO above
that of planktonic graptolites at the Green Point section. Miller et al.
(2014) rejected the taxonomic judgements of Terfelt et al. (2012), but
Miller (2020) noted that lapetognathus fluctivagus had been recorded
previously in Bed 22 at Green Point (Miller and Taylor, 1995, p. 109;
Nicoll et al., 1999b, Table 2, item 19), extending its range below the
level of the GSSP. There are also concerns about substantial rework-
ing of Cambrian conodonts near the level of the GSSP at Green Point
(Miller, 2020). A detailed study of the GSSP interval shows a signifi-
cant geochemical anomaly in the middle of Bed 22 (Azmy et al.,
2014, 2015), suggesting that this horizon, about 2.5 m below the GSSP,
would be a better position for it. Above this level, a rapid shift to posi-
tive 8"°C values occurs in the middle of Bed 23. If the shift to positive
8"C values in the upper part of Bed 23 is used to identify the present
GSSP level, then the GSSP occurs ~70 cm below peak §'°C.,, values
(appendix 1 of Azmy et al., 2014). It is not known whether redeposi-
tion within Bed 23 has affected its geochemical signature but this
must be considered possible. The GSSP as it stands is problematic,
even if taxonomic issues are set aside.

Two ASSPs have been approved for the Ordovician and Tremado-
cian GSSP. The Lawson Cove ASSP in Utah, USA is placed at 160.6
m within an inner carbonate platform succession (Miller et al., 2015b;
Fig. 1c). The ASSP is marked by the LO of lapetognathus fluctivagus.
The Lawson Cove ASSP provides a useful shallow-water expression
of'the GSSP. However, to assume the two are exactly time-equivalent
faces three difficulties: 1) the LO of lapetognathus fluctivagus (or 1.
preaengensis) at Green Point is below, not at, the GSSP regardless of
whether reworking is invoked; 2) Green Point and Lawson Cove rep-
resent very different paleoenvironments: it cannot be certain that the
lapetognathus fluctivagus animal invaded both areas at precisely the
same time; 3) the Lawson Cove section records the LO of lapetog-
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Table 3. Auxiliary stratotypes (and points) proposed or established to support Global boundary Stratotype Sections and Points (GSSPs). Each listed

stratigraphic section is followed by the term used by the author(s)

CAMBRIAN SYSTEM

Jiangshanian Stage

Kyrshabakty section, Kazakhstan — Auxiliary boundary Stratotype
Section and Point (ASSP) (Ergaliev et al., 2014).

ORDOVICIAN SYSTEM

Tremadocian Stage

Lawson Cove section, Utah, USA — Auxiliary Boundary Strati-
graphic Section and Point (ASSP) (Miller et al., 2015a, b).

Xiaoyanggqiao section, Dayangcha, North China — Auxiliary Bound-
ary Stratotype Section and Point (ASSP) (Wang et al., 2019, 2021).

Sandbian Stage

Dawangou section, Kalpin, China — Global Auxiliary Stratotype Sec-
tion / Auxiliary Stratotype Section (Chen and Wang, 2003; Chen
and Zhang, 2017; Chen et al., 2017).

CARBONIFEROUS SYSTEM

Tournaisian Stage

Hasselbachtal section, Sauerland, Germany — Auxiliary Stratotype
Section (Paproth et al., 1991; Becker and Paproth, 1993; Becker,
1996).

Nanbiancun section, near Guilin, Guangxi Province, South China —
Auxiliary Stratotype Section (Yu, 1988; Paproth et al., 1991;
Wang, 1993).

PERMIAN SYSTEM

Asselian Stage

Usolka (Krasnousolsk) section, southern Ural Mountains, Russia —
proposed Auxiliary stratotype section (Ramezani et al., 2007).

Sakmarian Stage
Kondurovsky section, Russia — potential Auxiliary stratotype
(Chernykh et al., 2020).

Wuchiapingian Stage

Tieqiao section, Laibin, South China — Supplementary reference sec-
tion (Jin et al., 2006); Auxiliary Global Stratotype Section and
Point (ASSP) Ma et al., 2021).

TRIASSIC SYSTEM

Ladinian Stage

Seceda section, northern Italy — Principal auxiliary section (Brack et
al., 2005).

JURASSIC SYSTEM

Bajocian Stage

Bearreraig Bay section, Isle of Skye, Scotland, UK — Auxiliary stra-
totype point (Pavia and Enay, 1997).

Bathonian Stage
Cabo (Cape) Mondego section, Portugal — Auxiliary Stratotype Sec-
tion and Point (ASSP) (Fernandez-Lopez et al., 2009a, b).

CRETACEOUS SYSTEM

Coniacian Stage

Shupia Nadbrzezna section, central Poland — Auxiliary section
(Walaszezyk et al., 2021).

Stiele¢ section, Czech Republic — Auxiliary section (Walaszczyk et
al., 2021).

El Rosario section, northeastern Mexico — Auxiliary section
(Walaszezyk et al., 2021).

PALEOGENE SYSTEM

Paleocene Series

Danian Stage

Ain Settara section, central Tunisia — Auxiliary section (Molina et
al., 2009).

Ellés section, central Tunisia — Auxiliary section (Molina et al.,
2009).

Caravaca section, southern Spain — Auxiliary section (Molina et al.,
2009).

Zumaya section, northern Spain — Auxiliary section (Molina et al.,
2009).

Bidart section, southwestern France — Auxiliary section (Molina et
al., 2009).

El Mulato section, northeastern Mexico — Auxiliary section (Molina
et al., 2009).

Bochil section, southeastern Mexico — Auxiliary section (Molina et
al., 2009).

Selandian Stage
Loubieng section, France — Auxiliary section (Steurbaut and Sztrakos,
2008; Schmitz et al., 2011).

Eocene Series

Ypresian Stage

Zumaia—Getaria section, northern Spain — prospective Auxiliary
stratotype section and point (Payros et al., 2016).

Forada section, northeastern Italy — suggested Auxiliary Boundary
Stratigraphic Section and Point (ASSP) (Boscolo-Galazzo et al.,
2019).

Lutetian Stage

Agost section, southern Spain — prospective Auxiliary stratotype sec-
tion and point (Molina et al., 2012; Payros et al., 2016).

Otsakar section, western Pyrenees, Spain — prospective Auxiliary
stratotype section and point (Molina et al., 2012; Payros et al.,
2016).

Sejnen section, Tunisia — prospective Auxiliary section (hypostrato-
type) (Karoui-Yaakoub et al., 2015).

Oligocene Series

Rupelian Stage

Jhaff section, Cap Bon peninsula, northeastern Tunisia — potential
Auxiliary section (hypostratotype) (Karoui-Yaakoub et al., 2017).

Tanzania Drilling Project, site 12, southern Tanzania — potential
Auxiliary section (hypostratotype) (Karoui-Yaakoub et al., 2017).

Fuente Caldera section, Spain — potential Auxiliary section
(hypostratotype) (Karoui-Yaakoub et al., 2017).

NEOGENE SYSTEM

Miocene Series

Tortonian Stage

Monte Gibliscemi section, Sicily, Italy — Auxiliary boundary strato-
type (Hilgen et al., 2005).

Pliocene Series

Zanclean Stage

Loulja-A section, Bou Regreg area, Morocco — Auxiliary boundary
stratotype (suggested by van der Laan et al., 2006).

QUATERNARY SYSTEM

Holocene Series

Greenlandian Stage

Eifelmaar Lakes succession, Germany — Global auxiliary stratotype
(Walker et al., 2009).

Splan Pond succession, eastern Canada — Global auxiliary stratotype
(Walker et al., 2009).

Lake Suigestu succession, Japan — Global auxiliary stratotype
(Walker et al., 2009).

Lake Maratoto succession, New Zealand — Global auxiliary strato-
type (Walker et al., 2009).

Cariaco Basin succession, Venezuela — Global auxiliary stratotype
(Walker et al., 2009).

Northgrippian Stage
Gruta do Padre speleothem, Brazil — Global auxiliary stratotype
(Walker et al., 2019).

Meghalayan Stage
Mount Logan plateau ice field, Yukon, Canada — Global auxiliary
stratotype (Walker et al., 2019).
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Figure 1. The GSSP for the Tremadocian Stage and Ordovician System, and its two Standard Auxiliary Boundary Stratotypes (SABS), each
designated as an Auxiliary boundary Stratotype (or Stratigraphic) Section and Point (ASSP) in the original publication. a) 6”C,,, profile
across the GSSP at Green Point, western Newfoundland (from figs. 2 and 6 of Azmy et al., 2014). Note the geochemical anomaly just below
the GSSP (Azmy et al., 2014) and the disputed lowest occurrence (LO) of the conodont 1apetognathus fluctivagus as the primary guide to the
GSSP. b) SABS (ASSP) at Xiaoyangqiao, Dayangcha, North China, showing lithostratigraphic details and the 6"C,,,, profile (from fig. 6 of
Wang et al., 2021). Iapetognathus fluctivagus has not been recorded from this section; correlation to the GSSP being assisted by the 6°C,.,.,
record. ¢c) SABS (ASSP) at Lawson Cove section, Utah, USA, showing lithostratigraphic units and 6"C profile. The LO of lapetognathus
fluctivagus at a level of 160.6 m marks the base of the ASSP horizon, and lies ~15 cm above the highest positive values in the 6"C record
(from fig. 14 of Miller, 2015b). The occurrence of the planktonic graptolite Anisograptus matanensis is shown for Green Point (a) and
Xiaoyangqiao (b); it is not recorded from Lawson Cove (c) but occurs at a horizon 2.4 m above the base of 1. fluctivagus at Lava Dam North
located 25 km to the northeast. In detail, precise correlations of these two auxiliary stratotype points to the GSSP are not possible even disre-

garding problems with the GSSP itself.

nathus fluctivagus about 15 cm above the highest positive values in
the 8"°C record (Miller et al., 2015b) as compared with the GSSP at
Green Point which occurs ~70 cm below peak §'Ce,, values. Further-
more, the planktonic graptolite Anisograptus matanensis Ruede-
mann, 1937 occurs ~2.4 m above the LO of lapetognathus fluctivagus
at the Lava Dam North section near Lawson Cove (Miller et al.,
2015b) but its LO is ~17 m above the GSSP at Green Point (Cooper et
al., 2001). The ASSP can therefore be considered no more than to
approximate closely the level of the GSSP.

The Xiaoyanggiao ASSP, Dayangcha, North China (Fig. 1b), was
deposited in an outer shelf to shelf margin setting, and therefore com-
plements both the GSSP and Lawson Cove ASSP (Wang et al., 2019,
2021). It also extends the expression of the GSSP horizon to a differ-
ent paleogeographic province. It generally supports correlation of the
boundary based on biostratigraphy and correspondence of sea-level
lowstands, and accords with the §"°C record. In detail, however, cor-
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relation to the GSSP is approximate, as neither lapetognathus fluc-
tivagus nor lapetognathus preaengensis (if one adopts the taxonomy
of Terfelt et al., 2012) occur in the Xiaoyanggqiao section. This and the
relatively low stratigraphic resolution of the §'*C record make it diffi-
cult to match geochemical excursions with certainty, and especially to
identify at Xiaoyanggiao the peak of §"°C values close to the GSSP.
Wang et al. (2021) specify a 40-cm interval (19.9 m + 0.2 m) rather
than an actual point to represent the most likely correlation with the
GSSP horizon.

Northgrippian GSSP and Global Auxiliary Stratotype

The Northgrippian GSSP is defined in the NorthGRIP1 Greenland
ice core at a depth of 1228.67 m corresponding to a significant shift in
the oxygen isotope record to more negative 8'*0 and 8D values,
reflecting abrupt cooling (Fig. 2¢, d). The duration of this cooling epi-
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Figure 2. The GSSP for the Northgrippian Stage and Middle Holocene Subseries, and its Standard Auxiliary Boundary Stratotype (SABS). a)
speleothem PADO?7 represents the SABS at the Gruto do Padre site, Brazil (originally designated as a Global Auxiliary Stratotype by Walker et
al., 2019). The age model is based on U-Th dating, and the horizontal yellow bar shows the abrupt decrease in 6"°0 values from 293 to 287
mm depth around 8200 £ 25 yr BP. b—d) GSSP in the NGRIPI ice core, Greenland. The age model is based on layer counting. The 8.2 ka cli-
matic event serves as the primary guide to the GSSP and is approximately synchronous at the SABS. In detail, however, the GSSP is placed at
1228.67 m within a double acidity peak in electrical conductivity measurements (ECM) in the NGRIPI ice core (d). This level most likely rep-
resents atmospheric fallout from a volcanic eruption (Walker et al., 2018, 2019) and cannot be precisely determined in a record from Brazil.
The SABS (a) nonetheless provides an exemplary expression of the 8.2 ka climatic event at a low-latitude site.

sode is about 160 yr. More specifically, the GSSP is placed in the mid-
dle of a double acidity peak which is from a volcanic eruption. This
double peak is found in all deep Greenland ice cores, allowing the
GSSP to be traced precisely across this territory. The most precise dat-
ing of the GSSP comes from the Greenland DYE-3 core, where the
annual layer situated in the middle of the double peak was deposited
8236 yr before the year 2000 CE (b2k) with a maximum counting error
of 47 yr (i.e., true age is within £47 yr of 8236 yr b2k with more than
95% probability; Walker et al., 2019). This of course is a high north-
ern latitude cooling signal.

The auxiliary stratotype for the Northgrippian Stage is speleothem
PADO7 from the Gruto do Padre in northeastern Brazil, designated by
Walker et al. (2019) to extend knowledge of the 8.2 ka climatic event
into the low latitudes (Fig. 2a, b). The §'*O profile in this speleothem
contains a record of the 8.2 ka event, which in this case is an expres-
sion of the South American monsoon and increase in rainfall. The inter-
val in the PADO7 speleothem is constrained by U-Th dates with a
precision of about 20 years or better. This yields a best age estimate
for the onset of the 8.2 ka event of 8200 = 25 yr BP (26 uncertainty; where
BP here and elsewhere means before 1950 CE) and agrees closely

with the age of 8186 yr BP (8236 b2k) in the NGRIP1 ice core (see
above). However, the absence of a correlatable double-peak volcanic
signature in the Gruto do Padre record conceals the precise position of
the GSSP level.

Meghalayan GSSP and Global Auxiliary Stratotype

The Meghalayan GSSP is defined in the KM-A speleothem from
the Mawmluh Cave, Meghalaya, northeast India (Walker et al., 2018;
Fig. 3a), at a depth of 7.45 mm from the top of the unweathered inter-
val of the KM-A speleothem (Head, 2019). The 4.2 ka climatic event
is clearly seen in the '*O profile of this speleothem in which less neg-
ative §'%0 values reflect reduced rainfall signalling a weakened mon-
soon. The GSSP is placed midway between the onset and intensification
of this climate event (Head, 2019; Walker et al., 2019). Constrained
by U-Th dates, the GSSP has a modeled age of 4200 + 30 yr BP (where
BP =1950 CE) and 4250 + 30 yr b2k, based on the Berkelhammer et al.
(2012) time scale (Walker et al., 2019).

This climate event, lasting two to three centuries, is strongly expressed
in proxy records of many mid- and low-latitude regions where it often
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Figure 3. The GSSP for the Meghalayan Stage and Middle Holocene Subseries, and its Standard Auxiliary Boundary Stratotype (SABS). a)
GSSP in the KM-A speleothem from Mawmluh Cave, northern India. b) SABS represented by the Prospector Russell Col ice core record from
the Mount Logan plateau ice field, Yukon, Canada (originally designated as a Global Auxiliary Stratotype by Walker et al., 2019). The pri-
mary guide to the GSSP is the 4.2 ka climatic event (indicated by the grey bar) which is expressed in the KM-A speleothem by an onset, an
intensification, and a termination in the 6*0 record. The GSSP is constrained by U-Th dating and placed at the approximate midpoint
between onset and intensification (a). The Mount Logan ice core is constrained by tephrochronology. This ice core provides an outstanding
high-latitude record of the 4.2 ka climatic event, complementing that of the low-latitude GSSP (Walker et al., 2019), but differences in the
0"0 signature of this event along with small errors in the age models prevent a precise identification of the GSSP horizon. Adapted from fig.

10 of Walker et al. (2019).

represents aridification (Walker et al., 2018). A low-latitude GSSP is
therefore appropriate. However, the event is expressed differently at
higher latitudes, explaining the choice of an auxiliary stratotype in the
plateau ice field on Mount Logan in the Yukon (Walker et al., 2019;
Fig. 3b). The signature of the 4.2 ka event here includes lowered §'%0
values and higher deuterium excess and calcium values between 4250
and 3950 yr b2k. This signal appears to represent enhanced moisture
transport from the tropical Pacific during pronounced El Nifio events
(Walker et al., 2019). The 4.2 ka isotopic event in the Mount Logan
ice field is tied by a tephra layer to the Greenland ice core record, the
chronology of which allows dating between 4250 and 3950 yr b2k with
an error of £70 years. This is remarkably close to the age of the 4.2 ka
event at the GSSP (Walker et al., 2019). However, there was no inten-
tion to locate the precise GSSP level in the Mount Logan isotope record
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because its 4.2 ka event signature is not identical with that of the
GSSP, and the age estimates at both records have errors measured in
decades.

Discussion

It is clear from the examples discussed above that the concept of an
auxiliary stratotype supporting and extending the knowledge of a GSSP
is a valuable one. Auxiliary stratotypes are now firmly established
tools in the development and application of formal chronostratigraphy.
However, the current ICS guidelines recognise explicitly the Auxiliary
Stratotype Point (ASP; Remane et al., 1996), or according to Fernan-
dez-Lopez et al. (2009a) more appropriately an Auxiliary Stratotype
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Section and Point, or an Auxiliary boundary Stratotype Section and Point
(Ergaliev etal., 2014).

An auxiliary stratotype point nonetheless faces a conceptual chal-
lenge. As Odin et al. (2004, p. 6) observed, “The unique character of a
GSSP is its guarantee that the boundary it defines is conclusive”, and
as noted by Harland (1992, p. 1234). “A synchronous boundary can-
not be defined in rock at more than one point”. We contend that it is
impossible to identify a point elsewhere that represents the same
instant in time as a GSSP. Even in the Xiaoyanggiao section, where an
ASSP is ostensibly defined, the auxiliary point is a 40-cm interval
(19.9 + 0.2 m) that most likely correlates to the GSSP. The approach
used for the Holocene and its stages is more pragmatic. Sections are
designated and described, and the 8.2 ka and 4.2 ka climatic events
used as primary guides for the Northgrippian and Meghalayan GSSPs
are identified without the designation of a point. To define an auxil-
iary point would be meaningless anyway as both GSSPs have dating
errors measured in decades and the climatic signals contain lags and
leads that make precise correlation impossible. In the case of the
Northgrippian, the volcanic layer at the GSSP has not been traced
beyond the Greenland ice cap. Many pre-Quaternary GSSPs rely on a
biostratigraphic datum — typically the lowest occurrence of a speci-
fied taxon — as the primary guide. But such datums have temporal
value only if demonstrated by rigorous analysis and independent age cal-
ibration. They will always be influenced by imperfectly known local
ecological controls, adding uncertainty when correlating to an auxil-
iary stratotype.

In those cases where an ASSP is defined, the point within the ASSP
section may need to be moved as new information is revealed either
about the ASSP section or the GSSP itself. In the case of the Lawson
Cove ASSP, this seems inevitable so long as the Green Point (Ordovi-
cian) GSSP remains at its current position. Given all the uncertainties
discussed, an ASSP can never serve as a stable reference point.

In view of these considerations, we propose replacing the auxiliary
stratotype point with an auxiliary boundary stratotype, exemplifying
the boundary interval without designating an actual point. We recom-
mend it be known as a Standard Auxiliary Boundary Stratotype (SABS)
rather than one of the existing terms using ‘global’ (Table 2) because
while these sections are nodes in a global network of correlation, their
practical relevance is of geographically limited scope. Only the GSSP
has truly global applicability. The term ‘standard’ nonetheless identi-
fies these stratotypes as geostandards officially selected to support the
GSSP.

Procedures for defining, approving, and ratifying a GSSP are detailed
in Remane et al. (1996). The ICS voting membership should not be
diverted from its more urgent tasks of scrutinising GSSP proposals.
Final approval of proposed GSSP-supporting auxiliary stratotypes has
in the past been granted either by the relevant boundary working group
(e.g., Paproth et al., 1991; Walker et al., 2009, 2019) or by the relevant
ICS subcommission. We consider the latter as providing a more appro-
priate level of oversight and authority. The Cambrian (Ergaliev et al.,
2014) and Ordovician subcommissions (Subcommission on Ordovi-
cian Stratigraphy, 2017, p. 8; Miller, 2015b, 2020; Wang et al., 2021)
have already approved such auxiliary stratotypes. Indeed, they are regarded
within the Cambrian subcommission as serving not only as important
regional standards but as functional global standards in the event that
a GSSP is later deemed unusable (Ergaliev et al., 2014).

After a Standard Auxiliary Boundary Stratotype has been approved
by the appropriate subcommission, an announcement with details of
the stratotype has, in some instances, been published in the IUGS
journal Episodes (e.g., Ergaliev et al., 2014; Wang et al., 2021). Episodes
with its wide circulation seems appropriate for the publication of such
geostandards. We know of two instances where either a permanent plaque
has been cemented into the outcrop (Dawangou section, China; fig. 2-
2b in Chen et al., 2017; Fig. 4a) or an impressive monument (Xiaoy-

Figure 4. Examples of permanent markers for Standard Auxiliary Boundary Stratotypes (SABS). (a) Plaque inscribed “Upper Ordovician
Global Auxiliary Stratotype Section” at the Darriwilian—Sandbian stage interval, Dawangou, showing the boundary approximately at the feet
of Chen Xu who is figured (fig. 2-2B in Chen et al., 2017). (b) Monument at the Xiaoyanggqiao section in the Cambrian—Ordovician protection
zone, marking what is described as the “global Auxiliary Boundary Stratotype Section and Point (ASSP)” for the base of the Ordovician Sys-

tem (fig. 144 in Wang et al., 2021).
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angqiao section, China; fig. 14 in Wang et al., 2021; Fig. 4b) has been
erected at the auxiliary stratotype site. While such features can some-
times attract unwanted attention, they provide valuable information
for those Earth scientists wishing to access the site, and they promote
the science of stratigraphy more broadly.

The current ICS-sanctioned Auxiliary Stratotype Point is impracti-
cal, and this has led to the introduction of at least nine competing
terms (Table 2). The introduction of a Standard Auxiliary Boundary
Stratotype with procedures in place for its selection and formalization
will end confusion and allow such stratotypes to be used more effec-
tively in supporting GSSPs.

Recommendations

In recognising the value of those auxiliary stratotypes approved to
support GSSPs, we recommend that:

1. Standard Auxiliary Boundary Stratotype be the term used to
identify its sanctioned role in specifically supporting a GSSP in con-
trast to auxiliary reference sections used in a more general sense (Sal-
vador, 1994; Table 1).

2. Standard Auxiliary Boundary Stratotypes broadly follow require-
ments established for GSSPs although greater flexibility may be war-
ranted depending on circumstances and with respect to the desirability
for a range of continents, (bio)geographic provinces, climatic zones,
depositional facies, and preservational states to be represented.

3. The boundary interval be indicated clearly, but without a spe-
cific point designated.

4. Future Standard Auxiliary Boundary Stratotypes require the
supermajority approval of the voting membership of the appropriate
ICS subcommission.

5. While multiple Standard Auxiliary Boundary Stratotypes may be
approved to support a single GSSP, restraint be exercised to avoid a
confusing proliferation. These stratotypes will always be subordinate
to the GSSP itself.

6. Following approval by the respective subcommission, each Stan-
dard Auxiliary Boundary Stratotype be listed on the ICS website as
well as that of the respective subcommission, and an announcement
published in the IUGS journal Episodes.

7. An informative monument or plaque be erected at the stratotype
if possible and desired.
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