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ABSTRACT

The Anthropocene Working GroupAWG) has concluded that the Anthropocene
represents geological reality and should be linked with the plethestradigraphic
proxies that initiate or show marked perturbations at around the 1950s, and should be
defined using a Global boundary Stratotype Sectiod Point (GSSP). We propose
formalizing the Anthropocene as series/epdeiminatingthe Holocene Series/Epoch

with a single Crawfordian stage/age. The GS8Ruld belocatedat the level where

the primary marker shows a rapid increas&3*Pu concatrations(coinciding with

a globally recognisable, isochronosignal ofthe first aboveground thermonuclear
tests)

The stratigraphic signature of the Anthropocene comprises: a) lithostratigraphic signals,
including many new proxies, such agnthetic inorganic crystalline minerdike
compoundsmicroplastics, fly ash and black carbon, in addition to direct modification
through human terraforming of landscape and indirect influences on sedimentary facies
through drivers such as climate chandg chemostratigraphic signals including
inorganic and organic contaminants and isotopic shifts of carbon and nitrogen; c) fallout
from aboveground nuclearweaponstesting; d) stratigraphic effects of climate
warming, sedevel rise and ocean acidificati; and e) biostratigraphic signals,
especially range and abundance changes characterised by unprecedented rates and
extents of nomative species introductions, increased population and species extinction
and extirpation rate3hese correlative markersegresentn many kinds of geological
deposits around the worl@his ubiquity of signals verifies that the Anthropocene can

be widely delineated as a sharply distinctive chronostratigraphic unit in diverse
terrestrial and marine depositional environmgeatsd reflects a major Earth System
change that will have geologically lasting consequences.

As background, the Anthropocene was suggested as a new epoch by Paul Crutzen in
2000. The AWG was established in 2009 by the Subcommission on Quaternary
Stratigraohy to examine the evidence for the potential inclusion of the Anthropocene in
the International Chronostratigraphic Chart (ICC) and, if warranted, to formulate a
definition and proposal. Various suggested start dates were considered, and-the mid
20" cenury was foundto be the only one associated with an extensive array of

effectively globally isochronous geol ogi cal
of population, industrialization and globalization. Alternative interpretations of the
Anthropoceme, i ncluding as an informal O0event 6,

and found to be inconsistent with the stratigraphic evidence.

This documents a nonpeer reviewed preprint submitted to EarthArXénd has not
beensubmitted to a journal for peesview.
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1. INTRODUCTION
Ant hropocene (meaning O6human newbo, from t
(anthropog andcene fromkainos f or Onewd or Oérecent o6 ti me
proposed here for the most recent interval of Earth histatgnding from the mi@Q"
century (specifically 1952: see Part 2) to the present day. It is proposed as the third
series/epoch of the Quaternary System/Period, following the Holocene Series/Epoch
(Figure 1.

IUGS/ICS time scale with Anthropocene added
o

% Anthropogenic
System / Period Series / Epoch Stage / Age 0] GSSP primary guide episode
. present
Anthropocene Crawfordian .., ¢ -
44— (GA event array) —————————p
Meghalayan 4
4250 yr b2k = (Paleoclimate: 4.2 ka event)
Holocene  Northgrippian 4 ,
: 8236 yrb2k  4—— (Paleoclimate: 8.2 ka event)
uaternar Greenlandian
Q y - 11,700 yr b2k = (Paleoclimate: abrupt warming)
Stage4 g
. ] ~129 ka 4— (Palecclimate: Termination 11?)
. Chibanian ¢
Pleistocene - 0.774 Ma 4— (Paleomagnetic: Matuyama—Brunhes)
Calabrian
2 1.80 Ma 4—— (Paleomagnetic: top Olduvai)
Gelasian g ]
2.58 Ma 44— (Paleomagnetic: Gauss—Matuyama)

Figure 1 Chronostratigraphic subdivisioof the Quaternary System/Period showing
the position of the proposed Anthropocene Series/Epoch. Black type and yellow golden
spike symbols indicate ratified names and Global boundary Stratotype Sections and
Points (GSSPs); grey type and grey golden spik@abols indicate names not yet
approved (Stage ¥ aplaceholder) and GSSPs in progress. Abbreviations yr b2k =
years before 2000 CE; GA = Great Acceleratiomgifiedfrom Head et al., 2022a).

With the effective introduction of the Anthropocene termyvecently in 2000 (see
Section 2)there has not been a long history of practical use, and no tradition among
geologists of recognizing and distinguishing a coherent unit of time and strata in what
was simply regarded as the latest part of the HolocpoelEof the Quaternary Period
(Zalasiewiczet al,, 2023).

The Anthropocene Working Group (AWG) was established in 2009 by the International
Commi ssion for Stratigraphydés Subcommi ssio
analyse the Anthropocene as a qutal addition to the International
Chronostratigraphic Chart (ICC), which forms the basis for the Geological Time Scale
(GTS). The AWG was appointed to investigate whether this term and concept had
geological validity and, if so, to then propose a formefinition consistent with
established stratigraphic practice. With this remit, it has analysed, publishaddon
widely and openly discussed diverse aspects of this new stratigraphic concept,
including: the origins and application of the term; the saatkétiming of anthropogenic
drivers and their subsequent reflection in the lithostratigraphic, chemostratigraphic and
biostratigraphic records, including determination of a preferred primary marker; the
most appropriate rank; the need for the term anthitieh to represent geological and
Earth System reality; consideration of the relative merits of a Global Standard
Stratigraphic Age (GSSA), or a Global boundary Stratigraphic Section and Point
(GSSP); assessment of the optimal age of onset of the Aontleog; the practical
recognition of the Holoceii@&nthropocene boundary in different kinds of archive; and
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a detailed proposal of a candidate GSSP and recommended supporting Standard
Auxiliary Boundary Stratotypes (SABSS).

This submissiofiPart 1)represents the formal proposal to SQS, presenting the case for
the Anthropocene to be recognised as the youngest series/epoch of the ICC, terminating
the Holocene Series/Epoch. Section 2 covers the origin of the term Anthropocene and
role of the AWG in resarching the merit of the term as a chronostratigraphic unit.
Section 3 describes the diverse range of stratigraphical proxies that provide a means to
identify the Anthropocene and help delineate the base, and Section 4 discusses the
nature of the physicakcord of the Anthropocene presentaimange ofedimentary
environments. Section 5 provides the evidence in support of the Anthropocene at
series/epoch rank, based upon assessment of the key stratigraphic markers in relation
to the Holocene Series/Epoahd component stages/ages. Detdilhecurrent AWG
membership and theoting results for all decisions by the AWG are supplieBant 1
Appendix 1 and 2, respectively. Bsponses to critiques of the Anthropocene as a
chronostratigraphic uniare summased in Appendix 3 SeparatelyPart 2 of the
submission providean assessment of candidate séadthe formal proposals for a
GSSP (at Crawford Lake, Canada) and three SAB&bB recommended reference
sectiongdetailed in an appendix ®art 2.

2. ORIGIN OF THE TERM AND BRIEF HISTORY OF RESEARCH AS A
STRATIGRAPHIC UNIT

The Anthropocene originated as a geological time term and concept at the 15
Scientific Committee meeting of the International GeospBgvephere Programme
(IGBP) from 2225" Febuary 2000. Paul J. Crutzen (then \4Chair of IGBP)
improvised the term during an oral exposition of PAGES (Past Global Changesf

| GBPo6s initial c lect tiee gnowirg jealaian shpt ardhaopogenit o r
changes to the atmosphere, aice and biosphere had intensified following the
Industrial Revolution, to take the Earth System outside of the conditions and variability
prevalent during the Holocene. He-poblished an article first referring to the
OANnt hropocened i n sl2tero(Orutzemn& Stoermer, QE®), ahde w
subsequently in 2002 iNature (Crutzen, 2002). Though originating in Earth System
science (ESS), the Anthropocene was expressly indicated in these publications as a
geological time term, an epoch to follow the Haoe. This differed from earlier
notions of humanity as a transformer of natareEarth processeshich have been
around for several centuriesnd whi ch had i ncluded the
subsequently had become conflated with geologically resteatta and formed part of

the characterisation of the Holocene Epoch (see Grinevald et al., Bi9)his
association did not form part of the definition of the Holocameits component stages,
which were defined based upon ramthropogenic climatic ariations and with a
realisation that human activity was not significantly modifying the Earth Syéstem
which is evidently correct at least until the laté Tentury.

The Anthropocene began to be widely used and published among the ESS community
(e.g.,Meybeck, 2001, 2003; Steffat al, 2004, 2007). Continued research within the
IGBP community led to the recognition that the time since ~1950 CE has seen the most
rapid transformation of the human relationship with the natural world in the history of
humankind (Stefferet al, 2004). A sharp upward inflexion of many trends of global

[5]
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significance in the mi@0" cent ur y was recogni sed and
Accel er at iebal,006) Hnd br&t aseddn a journal article in 2007 (Steffen
etal, 2000 ) , in which it was regarded as a O0sec:

The emerging visibility of the Anthropocene led to a preliminary analysis by the
Stratigraphy Commission of the Geological Society of London (Zalasiestic,

2008) in which they sygested that a stratigraphic case might exist for the Anthropocene
and that the term should be investigated further as a potential new unit of the
International Chronostratigraphic Chart. This study resulted in an invitation by the
Chair of the SQS to sefp the AWGIin 2009. The AWG developed as a considerably
more diverse body than is typical of ICS working groups, as the Anthropocene time
interval is one where geological processes overlap not only with a range of human
forcings but with an increasingly @@led and sophisticated observational record of both
humandriven and Earth processes: henchasincludel not only stratigraphers but
Earth System scientists, oceanographers, historians, archaeologists, geographers and an
international lawyer, to inclle consideration of questions of potential wider societal
relevance and application (e.g., Vidas, 2015; Whitmee, 2015).

Over the past decade, it has become one of the most intensively studied intervals of
geological time with several new scientific joalmlaunched, includingnthropoceng

The Anthropocene RevigwAnthropocene ScienceAnthropocene Coastsand

Elementa: Science of the AnthropoceAs of 3F' August 20237 Ant hr opoceneo
appeared in the title in 9,592 publications recorded by Web of &cfeéare Collection

since 2001Given theacceleration inciting Ant hr opocened i n the sci
formal definition clarifies and increases the utility of a term thatirsentlywidely, but

potentially ambiguouslyused(Vidas et al, 2019; Zalasiewicet al, 2021). In this

sense the AWG has aimed to address the major task of commissions and
subcommi ssi onw® establishtstanelards d @dfpropiiate fiebdds a tod
promote public awareness of the geoscietiasdto follow the aims of IUGS as stated

i n the st at uappyingahe desulisyof thesesstudie$ to sustia Ear t hdé s
natural environmené f or t he benefit of society in th
cultural and social goals .

The remit of the AWG from theutset was to analyse the Anthropocene as a potential
chronostratigraphic/ geochronologic unit, using standard stratigraphic criteria to
evaluate whether it would be comparable to other units of the GTS.tifesopncept

can be consistently and unambigsiywsed in both geological and wider discussions.
As part of this evaluation process, the AWG compiled several thematic volumes and a
book summarizing the first decade of AWG analysis (Williahal,, 2011, Waterst

al., 2014, Zalasiewicet al, 2019,Waterset al, 2023) along with an additionaB0
multi-author AWG peereviewed publications, some of which are listed in the
references.

The broad scope of AWG publications has undoubtedly contributed to the proliferation

of use of the Anthropocene asterm, not least because it has been widely discussed

and adopted as a concept by disciplines well outside of the Earth sciences, and ranging

across the social sciences, humanities and arts (e.g., Biermann, 2014; Clark, 2014;

Davis & Turpin, 2015). Intemgtation has also expanded well beyond the original ESS

meaning and its chronostratigraphic interpretation (which are essentially congruent: see
Steffenet al., 2016; Zalasiewicet al 2017c) into a -Chernotardeedr6 r ar
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meanings (Zalasiewiczt al, 2021).The term Anthropocene has even been applied to
lunar geochronology, with suggestion of a Lunar Anthropocene commencing ~1959
CE (Holcombet al, 2023).

These wider meanings of the term arestlynot consistent with a chronostratigraphic
definition, for instance including a lorand loosely constraingadi me r ange (e. g. ,
Ant hropocenebd i nterpretations stretching
Pleistocene), and/or having globally diachronous and vaguely defined limits reflecting

the slow growth and spread of human colonization of the Earth over many millennia

(e.g., Smith & Zeder, 2013; Ruddiman, 2013; Bauer & Ellis, 2018). Among suggestions

as a potenti al GSSP was to use the ~1610 C
CO, as recorded ian Antarctic ice core (Lewis & Maslin, 2015) as a marker for the
effects associated with the arrival of Eurc
human population loss, increased globalization of human foodstuffs, regional forest
recoveries and associated carbon sequestration, and influx of neobiota. However, the

Orbis spike is not correlatable in most geological archives and has questionable linkage

to an anthropogenic cause. The magnitude of the Orbis dip insCfwarfed by the

later increaseparticularly since the mi@0" century (see Zalasiewia al, 2015b),

and associated proxy signals are diachronous over centuries.

A recent suggestion is for aretal 2OR2a,rbma l 6An
Merritts et al, 2023), a humaifiocused (i.e., not geologically grounded), diachronous
interdisciplinary phenomenon (somewhat similar to other diachronous developments of

human culture, e.g., the Neolithic and Middle Ages) extending back variably some 50
millennia or moreThe &éeventd concept of Gibbard and
different to the chronostratigraphic Anthropocene concept of the AWG, being
formulated within a nostandard interpretation of event stratigrapdtypical of how

geological events are clagei in Quaternary andhanyo | d e r strata. The
suggestion obscures and minimises the clear2@idcentury transformation of the

Earth System evident in sedimentary strata (e.g., fig. 1 of Gilddaal] 2022a, b), a
transformation that may be clhaand quantitatively expressed (Headal, 2022c,

2023b; Waterset al, 2022, 2023b; see also Syvitsd al, 2020). Nevertheless,

recognizing the slow unfolding of human history as an Anthropogenic Modification

Episode (Waterst al, 2022), distinctfrom a chronostratigraphic Anthropocene that

signals a geologically sudden and lasting change in the Bgstem, is helpful in

labelling how humans have progressively changed the planet.

These nofchronostratigraphic suggestions were triggered by chemgent with the
brevity, ongoing nature, and novel and geologically unusual nature of many of the
signal s associated wi t h the Anthropocene,
associations have attracted criticism from among both geological (e.g., Fitiay
Gibbard & Walker, 2014; Head & Gibbard, 2015; Walker et al., 2015; Finney &
Edwards, 2016; Gibbard & Lewin, 2016; Swindktsal, 2023) and noigeological

(e.g., Autin & Holbrook, 2012; Braje, 2016; Ruddiman, 2018; Bauer & Ellis, 2018;
Nielsen, 2@1, 2022) communities. All criticisms made to date have been effectively
answered on stratigraphical grounds (Zalasiewical,, 2017b, 2018, 2023; Head

al., 2022, 2023)Table 1 in Appendix 3ists some of the common criticisms of a
potential chronosatigraphic Anthropocene and the corresponding responses published
by the AWG.

[7]
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3. REVIEW OF STRATIGRAPHIC MARKERS FOR THE
ANTHROPOCENE

Abundant mid20" century planetargcale markers in the geological record represent

a profound adjustment to the Earth System in response to rapid and massive increases
in human population, energy consumption and greenhouse gas emissions,
industrialisation, introductionfaovel technologiesand globalisation (Syvitslet al,

2020; Heacet al, 2021). Together, these Earth System responses|ameiedthe
0Great Accel eeta (2008)basedoy datadets thdt reveal marked post
1950 CE changes in soesoonomic factors and biophysical processes as well as
resulting environmental and climatic changes (Steffieal, 2004, 2007, 2015). The
scale of the Great Acceleration, seen against the wider context of the human planetary
impact throughout the last 1DQyears (Syvitsket al,, 2020), emphasises the profound
novelty of the changes experienced since the 1950s, establishing humanity as an
overwhelming Earth System force (albeit a force that is neither unified nor uniform)
with an abrupt geological expréss.

This section, largely sourced from Zalasiewiez al (2020) and updated with
subsequent informatigrprovides the basis of the investigations into the proposed
GSSP/SABSs/reference sections discusséthrt 2 The key markers aescribée in

the context oftheir causation and expression in geological successwitis, key
reference (Table ).

3.1 Particles of novel minerals and rocks

3.1.1 An unprecedent edlikadiversite ase i n Eart hoés
Lithostratigraphic criteria for the Anthropocene include a large and growing suite of
novel ant hhropogenic Ol inbe gaoampoemgsd al Thes

chemical compounds have been specifically excluded from the mineral classification
of the International Mineralogical Association (Nickel & Grice, 199&ithough not

before 208 anthropogenic minerals had been formally defined and ratified.
Nevertheless, the many subsequent novel inorganic crystalline compounds produced by
industry aml research are minerals in all but formal name, and through these the
Anthropocene may be said to include a considerable and distinctive mineralogical
signature.

The production of synt intersified with the Indusiriplo geni c
Revoldion and accelerated pes950. For instance, as regards the purification of

metals, aluminium, extremely rare in nature in native form, has seen cumulative
production of >500 million tons, the vast majority since the-gt# century when

aluminium becaméhe most produced neflerrous metal, while the production of iron

in that time has been ~30 times greater (Zalasiegtiet, 2014a).

Table 1 [over page]Some key stratigraphical markers for the Anthropocene and
studies discussing the relevance of ghpsoxies to the Anthropocene (from Waters et
al., 2022; Zalasiewicz et al. in press). Abbreviations for key processes of formation
(ordered with most important anthropogenic sources first): AF@ssil fuel burning,
IPiIndustrial pollution from multiple saarces, M/$mining/smelting, NiNuclear
tests/energy/reprocessing, A/Bgriculture/Deforestation, CClimate change/
acidification, and SiTSpecies translocations.
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biomarkers

Type Key markers Key processes References
. Concrete P Waters &Zalasiewicz (2017)
2 Microplastics IP Ivar do Sul & Costa (2014); Zalasiewier al
'g P (2016); Leinfelder & Ivar do Sul (2019)
a FFB Rose (2015); Swindlest al (2015);
o | Flyash (SCPISAP) Fi agk-Ke wetalg2016)
g Black carbon FFB, IP, A/ID | Hanetal (2017, 2022, 2023)
g soot/microcharcoal
w Glass microsphereg IP Gauszka & Migaszews
CcO, FFB, IP, A/ID | MacFarling Meureet al (2006)
CH, A/D, FFB MacFarling Meureet al. (2006)
e S, SQ* FFB, IP Mayewskiet al (1990); Fairchild (2019)
(8]
% C stable isotopes FFB Rubinoet al (2013)
o
S N.O/nitrates AID Wolff (2013)
o N stable isotopes | A/D Hastingset al (2009); Holtgrieveet al. (2011)
2 Hg M/S, FFB, IP | Hylander & Meili (2002)
IS
2 M/S,IP,FFB, |Gaguszka & Wagreich
S Heavy metals A/D
8 | pbisotopes M/S, IP, FFB | Deanet al (2014)
S
Q Polycyclic aromatic| FFB, IP, M/S, | Biguset al (2014); Kuwaeet al (2023)
8 hydrocarbons A/D
8 |L(PAH)
Polychlorinated P Ga § u stal2920); Kuwaeetal. (2023)
biphenyls (PCBs)
Pesticides (e.g., A/D Gauszka & Rose (201
DDT)
o 21Am, 1¥7Cs NT Appleby (2008); Foucheet al (2021)
0
§) & | Puisotopes NT Hancocket al (2014)
o
'-r% ‘9’) 14c NT Huaet al. (2021); DeLonget al (2023)
s P NT Bautistaet al (2016); Haret al (2023)
- Oxygen isotopes | CC MassonDelmotteet al (2015)
% Element ratios CcC Tierneyet al. (2015)
£ 2 | (srca)
O Boron isotopes CcC Waterset al (2019)
Molluscs ST Hausdorf (2018); Himsoat al (2020);
Williams et al (2022)
Coral reef CC, IP, AID HoeghGuldberg (2014); Hughest al. (2017);
ecological turnover Leinfelder (2019)
Diatoms CC, IP, AID Wilkinson et al. (2014); McCarthyet al.
o (2023); Marshalet al (2023)
g Benthic A/D, IP, ST, Wilkinson et al (2014); Jonkerst al (2019)
e foraminifera CC
3 Ostracods IP, AID, ST Wilkinson et al (2014); Himsoret al (2023)
2 | Pollen AID, ST, CC | Wilkinsonet al (2014)
@ Zooplankton CcC Wilkinson et al (2014); Jonkerst al. (2019)
Dinoﬂage”ate Cysts A/D, IP Wilkinson et al (2014)
Testate amoebae CC,IP Fi a g k-K e wet angOZB)
Pigments/ A/D, CC Oleksyet al (2020); Kuwaeet al (2023)
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Such bulk production has been accompanied by a striking diversification of novel
anthropogenic (synthetic) mine#ldte compoundgFigure 2) such as tungsten carbide

and novel synthetic garnets and now exceeds 200,000 (sources ingtdatef017,
updated). This explosion in diversity has been accompanied by redistribution of both
natural and anthropogenic minerals and minkkal compounds across the Earth,
producing widespread, lodiyed and distinctive stratigraphic markers. The first
synthesisof the mineralike compounds and their production on industrial scales is
known from historical records, providing a constraint to their earliest possible presence
in sedimentary successiorisdure 3.

100000 —

80000 —

by Fit: Third degree Polynomial

60000 —

40000 —

Cumulative number of entries
L
1952

20000 —

0 Tt T T T T
| | | | | |
1900 1920 1940 1960 1980 2000 2020
Year

Figure 2. Cumulative number of new entries te tmorganic Crystal Structure
Database (ICSD). From Behrens & Luksch (2006). Note that since the production of
this figure in 2006, the number of new O0syl

3.1.2 Plastics

A range of novel anthropogenic organic compasirare represented Iplastics,
essentially a poshid-20" century phenomenon, the production of which in 2015 was
~380 Mt/yr (since updated to 390.7 Mt in 2021), with cumulative production to 2015
of 8.7 Gt Figure 4a Geyeret al, 2017). Most of thelastics produced are either still

in use or are in landfills, though significant amounts have leaked into sedimentary
systems on land and with ~0.5 Mt/yr riverine export of plastics to the seas (Strokal

al., 2023). Most notably, synthetiibres (Figue 4a) which can also be transported in

the atmosphere, have become dispersed widely, and are already effective markers of
deposits of recent decades, with microplastics nowulgiguitous in marine sediments

(e.g., Zalasiewicet al, 20164, 2019: Pergjal., 2018; Leinfelder & Ivar do Sul, 2019).

The date of invention, and more importantly commercial production, of the various
plastic polymers is well known and provides a basis for recognizing range zones for the
various key polymersHigure 3. Attempts to characterise the temporal variation of
microplastic abundance as a stratigraphic tool in sedimentary successions have only
commenced in the last few years, notably in Beppu Bay (Hetath 2023; Kuwaest

al., 2023) and East Gotland (Karset al, 2023), proposed SABSs and reference
section, respectivelys€e Part Pand in Xiamen Bay, China (Lorg al, 2022;Figure

4b). A marine sediment core from the Santa Barbara Basin off California shows

[10]



AWG submission to the ICS Subcommission on Quaternary Stratigraphy: Part 1

exponential increases in microplastic aburaafrom 1945 to 2009 CE aligned with
global plastic production figures (Branden al, 2019). However, this study also
showed the difficulty in excluding contamination by microplastics during core
collection and processing, with small amounts of micrstpia present at anomalous
levels older than possible for specific polymers.

Date (CE)
N

O
: $ &
Material N

PN I T R S S

Viscose silk/rayon --
Bakelite -
Polyethylene (PE) e
Polyethylene terephthalates (PET) P
Nylon - ——

Polyurethane (PUR) - '—

Cellulose acetate cigarette filters =
Polyvinyl Chloride (PVC) -
Unplasticized Polyvinyl Chloride (uPVC) :
Polystyrene (PS)

Expanded Polystyrene (EPS)

Polyester fibres

Polypropylene (PP)

Polycarbonates (PC)

Plastic polymers

(9]

&
Boron carbide - _._
Cubic boron nitride S
Yttrium aluminium garnet (YAG) | —
Lead zirconate titanate (PZT) k-
Aluminium 0 meeee--- :
Portland cement @ ------- :
Stainless steel - ——

Tungsten carbide - *—

Fly ash particles =~ ==sssesmmann- .._

Dichlorodiphenyltrichloroethane (DDT) - —_—

Polychlorinated dibenzo- ~  __.___.... H
p-dioxins (PCDDs) :

Polychlorinated biphenyls (PCBs) -

Polybrominated diphenyl e
ethers (PBDEs) :

Novel pollutants |ndustrial ‘minerals’/metals

Figure 3. Range zones of common novel plastic polymers, synthetic rfikesral
compounds, metals and industrial pollutants; dashed lines denote relative low
abundances. NBioxins occurred naturally before ~1850 CE but in low concentrations.
From Waters et al. (2018Db).

[11]



AWG submission to the ICS Subcommission on Quaternary Stratigraphy: Part 1

(a)

— 400

350

— 300

— 250

— 200

— 150

— 100

— 50

World plastic production (Mtonne)

1950 1960 1970 1980 1990

Date (CE)

2000

2010

2020

Depth (cm)

10

12

1 wwTPsin operation
in Xiamen

Strengthened

14
1

16
I3
=

Replacing wood

i

22

Cultural Revolution
(1966-1976)

2 26 24
1 1
B-Spline of MPs

m MPs

Chinese plastics industry

(=] o
o™

MPs (x10%tems/kg-dw)

with plastic policy in
hina (1978-1984) —

1948 1952 1956 1960 1964 1968 1972 1976 1980 1984 1988 1992 1996 2000 2004 2008 2012 2016

o

Year (CE)

Figure 4.(a) Cumulative production of plastic (from Geyer et al., 2017) and synthetic
fibres from Thompson et al. (2004&produced fronZalasiewicz et al. (2020) and
Zalasiewicz et al. (2016Yyespectively Abbreviations for polymerare asshown in
Figure 3, except: HDPHigh density polyethylene, LDR&w density polyethylene,
PPA:polyphthalamide; (b) profile of microplastic abundancecoastal sediments in

Xiamen Bay, China, (adapted from Long et al.,, 20&2 28 showingvariations

reflectingregional economic changes. The first MPs occur in a layer deposited in 1952
CE, low MP abundances occurred during the Cultural Revolution (1B®8) after

which MP concentrations soared during increased industrialisation of the area,
peaking in 1988 CE with a drastic decline to a low in 1996 CE related to increased
regulation of emissions. Increasing MPs over subsequent decades may suggest that
these mitigation measures are becoming less effective.

3.1.3 Fly ash and other industrial combustion products

Fossil fuel burning has resulted in a global distribution in recent sediments of fly ash,

both as spheroidal carbonaceous particles (SCPs; R0%5; Swindlet al, 2015;
i norgani c

Rose & Gaguszka,

aluminosilicate particles (SAPs; Smidfar - |

(SmiejaKrol et al.

2019) ,

ash

& FiKagkiegwi €D14)
2019 ; -Kpiz@talkj2023)y\SCPxzhave been suggested

as a potential primary marker for the Anthropocene (Rose, 2015; Swahdle2015).
SCPs and SAPs are only produced by the-teghperature combustion of cesdries
and fuel oils, especially in thermal power stations, anditadtiom hightemperature

[12]
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burning of coal. SCPs are small, up to tens of micrometres in diameter, inert, of high
preservation potential, often with a distinctive pittadrphology, and can be readily
counted after chemical extraction from sedimentariiiges. A study by Rose (2015)

in 76 lake successions around the world showed a common, though geographically
variable, pattern of SCPs first appearing in the-t¥# century peaking in the 1970s

to 1990s, but typically starting later in the southern hphese Figure 5. The lake
successions show a marked SCP upturn around the 1950s, providing a consistent
marker globally, including during the study of the potential GSSP/SABSs/reference
sections (McCarthet al, 2023; Haret al, 2023; Stegneet al.,2023;see Part 2 In
addition, SCPs were shown to be promising markers in the Beppu Bay and East Gotland
anoxic marine basins (Inowt al, 2022; Kuwaeet al, 2023; Kaiseet al, 2023), the
$nielUka Peat Faonzdet a{gEoR3) @nd wessf thecfizst time recorded

in Antarctic ice (Thomast al, 2023a, b) they are present in the Vienna anthropogenic
deposits from the late ¥%entury, with elevated levels from 1945 to pb969 CE

(N.L. Rose,pers. comm 39 August 2023). SCPs do notcamulate in speleothems

and have not been found in the coral sites (Zatka., 2023; DelLonget al,, 2023).
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Figure 5. (a) Global mie20O" century rise and late JDcentury spike in SCPs,
normalised to the peak value in each lake core (from Waters et al., 2016, based on data
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dried sediment) in reference sites included in this studyRset 2).
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SCPs are one component of a spectrum of black carbon (BC), composed of refractory
carbonaceous particles produced by the incomplete combustion of biomass and fossil
fuels; like SCPspther BC particles are inert with high preservation potential (Waters

& An, 2019). BC includes two carbonaceous subtypes, soot (relatively high
temperature combustion condensates) and char (relatively lower temperature
combustion residues which can retariginal structure). Soot particles are smaller than
char, of submicron scale, and are easily transported on regional scalet 8412017,

2022) with short atmospheric lifetimes of days to weeks (Waters & An, 2019).-Fossil
fuel combustion typically prtuces higher soot/char ratios than biomass burning (Han

et al, 2017). Approximations have been made of the increasing global atmospheric load
of BC from combustion of fossil fuels and biofuels (Novakbal, 2003; Boncet al,

2007; Figure 63. Variations in concentrations and measscumulation rates of BC,
comprising char and soot in Chaohu Lake and Huguangyan Maar Lake, China, show
clear increases from 1950 CE, suggesting rising fossil fuel and biomass combustion at
this time (Haret al, 2016; Figuréb, c). BC soot analysed at Sihailongwan Maar Lake
SABS site (Haret al., 2023) shows an upturn in concentrations around 195C¢iQ&ré

6d; see also Part)2Greenland BC, though, shows peak concentrations in edfly 20
century and markedly lower concentration from the-808 century reflecting reduced
emissions from North America (McConnell & Edwards, 2008ure &).

3.1.4 Glass microspheres

Glass microspheres are commercially produced durable spherical glaslep#ii

1,000 em diameter) t hat include solid gl a
hollow glass microspheres (microballoons or microbubbles). Industrédé

production of the first solid glass microspheres started in 1914, while hollow glass

micros phere production began in the 1950s ( Ga
Gaguszka, 2019). They are now widely wused
and as additives in paints and coatings, especially on roads from which microspheres

are commonlywashed into river sediments via stewma t e r runof f (Gagu.
Migaszewski, 2017; Irabieret al, 2020). Although glass microspheres provide

excellent potential as a persistent marker in Anthropocene sediments, no work has
detailed the stratigraphic prbifig of this marker in sedimentary successions.

3.1.5 Novel anthropogenic rocks

The mineral diversification described above has been accompanied by a growth in the
range and bulk of anthropogenic rock types. Some, including bricks and ceramics, have
been made and used throughout much of the Holocene. Concrete, although
intermittently made since Roman times, has since the2@ficcentury been produced

in increasingly prodigious amounts, and may be said to be a signature rock of the
Anthropocene: some 27tf@r (billion tons per year) are estimated to have been
produced by2015 CE Figure 3j and cumulatively >500 Gt the equivalent of a

kil ogram of concrete for e &abbuttmlfofivehice met r e
between 1995 and 2015 (WatersZ&lasiewicz, 2018). As clasts within the artificial
ground that underlies urban areas, concrete my help broadly identify deposition during
the Anthropocene (Terringtcet al, 2018).
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Figure 7. (a) annuagjlobal production and (b) cumulative production of cement and
estimated concrete production (from Waters & Zalasiewicz, 2018).

3.1.6 Anthropocene erosion/sedimentation patterns

Anthropogenic sedimentation and erosion, associated with forest clearmmemgf

and urbanisation, took place through the Holocene, with profound acceleration from the
mid-20" century. Several studies have indicated that movement of rock and soil by
humans now exceeds natural rates of sedimentation and erosion, by an order of
magnitude or more (Wilkinson & McElroy, 2007; Hoo&eal., 2012). Since 1950, soill
erosion rates are estimated to have tripled from 25 Gt/yr to 75 Gt/yr, while total
sediment load has more than tripled (Syvitdlal, 2022;Table2). Meanwhile, during

the same interval the flux of sediment transported from land to ocean, including by
rivers, wind, coastal erosion and glaciers, has decreased from 22.4 to 17.3 Gt/yr, in part
due to the sequestration of sediment in reservoirs developed behind large dams, whi
increased in numbers from 7000 in 1950 to ~50,000 by 2015 (Syeits#ti, 2020).

This markedly impacted sedimentation in coastal zones (see Subsection 4.3). Taking
another perspective, a collation of global statistics on mineral (and overburden)
prodiction and construction estimated annual global anthropogenic sediment
production to have risen from ~10 Gt in 1950 to 316 Gt in 2015; the latter figure is ~18
ti mes greater than the rate of sediment sur
oceangCooperet al., 2018).

Table 2[over page] A comparison of sediment loads for two representative years:
1950 and 2010Natural transport processes play an esxkcreasing part in the
movement of sediment on Earth during the Anthropocene. Adapte&@yrotski et al.
(2022).
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1950 Sediment load type 2010
(Gtlyn) (Gtlyr)
25 Soil erosion 75
22.4 Land to sea flux 17.3
2.8 Reservoir sequestration 65
7.5 Construction 22.5
10.0 | Coal and mineral mining 101
1.6 Aggregate mining 50
0.7 Dredging 9.8
2.9 Trawler fishing 22

0.1 Sand and gravel mining (rivers & coa 2
1.7 Other consumption 54.1
70.2 | Total sediment load 299.6

3.2 Geochemical (organic and inorganic)

Sen &PeucknetEhrenbrink (2012) calculated that the anthropogenic fluxes of up to 62
elements now exceed their natural fluxes, via activities such as mining, construction,
fossil fuel burning and deforestation. This change underlies a further array of proxy
signals that help characterise, and define, the Anthropocene.

3.2.1 Carbon cycle changes: carbon dioxide and methane

The carbon cycle has been affected by the accumulation in the atmosphere of ~1.1
trillion tons of anthropogenic carbon dioxide (gQequivalent to a global layer of the

pure gas at normal atmospheric pressure a little over a metre thick (Zalageelicz
2016b, updated). This largelyfrom the burning of fossil fuels, but with significant
components from deforestation and redageil carbon changes, cement manufacture,
and other processes. Atmospheric.G€¥els started to rise significantly, from ~280
ppm in 1800 CE to ~310 ppm by 1950 CE (Etheridgal, 1996; MacFarlingMeure

et al, 2006; Rubincet al, 2013) and then morgteeply to ~410 ppm by 2018 CE
(Ritchie et al, 2020;Figure § and ~420 ppm today. As a marker for the base of the
Anthropocene, this prominent upturn in atmospheric> @Oncentrations is only
directly recorded in glacial ice below firn levels. Howeweseful indirect markers of

this rise exist as, for instance, changed carbon isotope patterns (see Subsection 3.2.2).

The rise in atmospheric methane (Fkvels, similarly recorded in polar ice, has been

more pronounced than that of €Q@alasiewicz & Wéers, 2019). Concentrations began

to rise in the early 8century (Wolff, 2014 Figure 9, and have continued rising to

their annual level (2022 CE) of 1911 ppb (NOAA, 2023a). Carbon isotope patterns
suggest that this rise was largely driven by fossil-fedted emissions until ~2006,

with a sharp subsequent change to surging emissionsvigitands that may reflect

0gl obal reorgani zation of dtal,e028)Aswtht ary cl
the direct CQrecord, the pronounced upturn in £tbncentrations is a marker for the

base of the Anthropocene only in glacial ice below kewels (e.g., Thomast al,

2023).
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3.2.2 The Anthropocene carbon isotope anomaly

Fossil fuel burning releases excé&8 and causes Olighteningd
the surface carbon reservoir via the Suess effect (Zalasiewicz & Waters, 2019). This
ongoing change in stable carbon isotopes
d e ¢ r e &G (Schinittet alj 2012;Figure 103 This contrasts with a slight téency

towar ds heavi e duringaheHplocene ©he signd is &lso indirectly

evident in stratigraphic components such as marine microfossils including foraminifera,

tree rings Figure 10D, peat, and coral skeletons (see Waderd., 2018afigure 104.

Decreases, initiating in the late ™ 8entury, show rapid downturns in the ra@"

century (Swartet al, 2010;Figure 10g. The reference section West Flower Garden
Reef <cor al (Gul f of
et al, 2023), compared to 1970 CE in the Flinders Reef coral off the Queensland coast

[19]
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(Zinkeet al, 2023) see PartR The pattern across the other sites was inconsistent, with
a decrease in 1950 CE at the Sihailongwan Maar Lake SABS sitee{ldan2023),

but an increase in the East Gotland Basin reference section in 1952 + 4 CE ¢Kaiser
al., 2023) due to locally high primary production during pti#50 CE eutrophication.
Typically, the stable carbon isotope signal is most clearly resolvedvimonments
where the carbon is sourced from the atmosphere, with minimal input from sources of
6ancientd recycled organic carbon.
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Fi gur e 2Cwariabilityan)the Antarctic Law Dome ice core (Rubino et al., 2013);
( b Y3C variability for a composite tree ring chronology developed ughimus
sylvestristrees from northern Fennoscandia (Loader et al., 2013). Fine blue line
represents annually e s o @ \arihbililly, solid black line presents the annual data
smoothed wit a centrallyweighted 53year moving average. Dashed line represents
the mMm€awmwatiue fionrd utshter ifap idF9P@Er dana (d) chhrfds0

i n'Cirom Atlantic and Pacific/Indian ocean corals and Atlantic calcified sponges,
shown as a fivgear running mean (Swart et al., 2010). Reproduced from Zalasiewicz
et al. (2020).
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3.2.3 Nitrogen and phosphorus cycle changes

Fossil fuel burning has increased concentrations>@f M polar ice, initiated ~1850

CE with an upturn from ~1950 CEigurellg Wolff, 2013), and the flux of nitrates
recorded within Greenland glacial ice (Hastiegal, 2005, 2009), but not in Antarctic

ice (Figure 113. Unlike NoO, nitrates accumulate in glacial ice rather than in air
bubbles within the ice and so therenslag between the age of the signal and the age
of the ice. Other tgatigraphic proxy signals include a prominent @' century
inflexion to lower G*N values in far northern lake deposits (Holtgrieteal, 2011;
Figure 11h and Greenland ice coréSigure 11¢ Hastingset al, 2009). The inflexion

is likely the result of faitravelled aerosols, which, with associated changes in diatom
assemblages, have been suggested as an Anthropocene indicatoreVelb|f2013

see Section 3)5Marine successin s especial |l y &% patemns , recor
reflecting variable sources of underwater nutrients, including from nearby river systems
bringing agricultural fertiliser runoff and animal and human wastes (e.g., Kaiakr

2023; DelLonget al, 20R).

Surface phosphorus levels have also doubled (Filippelli, 2002) but have not left such a

clear signal, as phosphorus only has one stable isotope. Increased flux of phosphorus

and nitrogen to coastal waters, in particular from the 1960s, has causenkd@mnoxic

6dead zonesd6 to develop, which now cover al
Rosenberg, 2008), and are recorofeer aliaas changes in dinoflagellate cyst, ostracod

and foraminiferal assemblages (Wilkinsetral.,, 2014).

3.2.4 Sulfu cycle changes

The sulfur signal during the Anthropocene is derived primarily from aerosols sourced
from burning of sulfuirich coal, and since ~1950 from industrial processes such as oil
and gas refining and metal smelting (Fairchild, 2019), with pealksgns in the
second half of the 20century (Hoeslyet al, 2018;Figure 124 It is preserved in
sedimentary archives as sulfate. This anthropogenic signal is superimposed on a natural
background that also has strong spatial variations and that can change dramatically after
volcanic eruptions that provide neglobally distributel pulses of sulfur dioxide to the
atmosphere, providing useful chronological control for ice cores (e.g., Thatnahs
2023a). Fossil fuel burning has led to increased sulfatesrthern hemispheglacial

ice (Mayewskiet al., 1990; Sigkt al, 2015;Figure 123 though not in Antarctica (Sig|

et al, 2015). Speleothems commonly record a deescke lagged response compared
with the atmosphere (Fairchild, 2018jgure 12B. Industrially produced sulfate
aerosols have a short residence time in tineogphere and hence reflect local or
regional pollution (Fairchild, 2019). As with nitrates, sulfates accumulate passively into
snow and the record is determined from ice and not trapped air bubbles. Greenland ice
cores show the increasingly industrialgins of sulfur from 1860 to 1970 CE by
progr es s i‘6edugs (Ratostad, 2002), a trend also observed in the Ernesto
Cave reference sectiokigure 12k Borsatoet al, 2023) and in fir trees near to the
cave Figure 12¢ Wynn et al, 2014).Total sulfur concentrations show upturns at the
Beppu Bay SABS site in 1969 CE (Kuweteal, 2023) and in 1960 + 2 CE at Ernesto
Cave (Borsatet al, 2023) see Part R
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Figure 11. (a) NO concentrations in the Law Dome ice core (and firn (ldweles)
over the last 2000 years and 200 years and annual averages for South Poksair (
triangles) (Wolff, 2013fig. 1); (b)re | at i v e
UN in Northern Hemisphere lakes (Wolfe et al., 2013), alongside annues ot
reactive N production from agricultural fertiliser and NOx emissions from fossil fuel
combustion (Holland et al., 20p5c) Coevolution of ice core NG n d°N for NG
from GISP 2 Greenlanide core(Hastings et al., 2009) and nitrate concentraidrom

Law Dome and Siple Dormfentarctic ice corgfrom Wolff, 2013).
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Figure 12. (a) Sulfate concentrations in Greenland ice core (Mayewski et al., 1990),

and sulfur emissions from N. America and Europe (from Hoesly et al., 2018); (b) S
concentratiora n &*S filom Ernesto cave, Italy (Frisia et al., 2005; Wynn et al., 2010;
Borsato et al ., 2023) ;*SanAldes dlbaflom SElalp ncent r a
(Wynn et al., 2014).

3.2.5 Metal stratigraphic signals

Greatly increased, and increasinglgbalised extraction and use of metals such as lead,

zinc and copper has left widespread signals of enhanced concentrations and changed
isotope ratios across both hemispheres; although complex in detail, an upturn can often

be seen around the mad" cert ury ( Gaguszka & MigaszewsKki
Wagreich, 2019Figure 13. The rise in Pb concentrations associated with the gasoline
additive tetraethyl |l ead (Nriagu, 1996; Gal/(
shortlived eventn the 194061980s(Figure 13, its stratigraphic expression shaped by

subsequent rapid falls following bans on this additive in the latec@tury. This
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commonly overprints more regional or smaller signals from sources such as mining and
coalburning, e.g., Shotykt al (1998). Lead stable isotope ratios are widely used for
the determination of pollution sources, particularly discriminating them from natural
sources, with ratios dPPbFoPb and?*PbP%®Pb most commonly reported (Deah

al., 2014).

Pb (mg/kg) Pb EF Pb (ngfl) Pb (mglkg)
0 20 40 60 80
2
i _ 0 40 80 0 00 400 BT B 4 s
Year
2010 2010
5
2000 2000 2000
10 1990 1990
1980 1980 1980
— 15
5 1970 1970
‘*GEJ 20 1960 1960 1960
= 1950 1950
= 1940 1840 1940
1930
% 1930
; 1920 1920
1920 | i
35 1910 1910
1900 1900
40 T 1900
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Pb EF

" Shallow ice core Two stalagmite cores
Lake sediments Six peat cores Greenland Southern Belgium
castem Tihetan Clateau {Rﬂhe,i” f“b‘e'}%é‘;”ada (McConnel et al., 2006) (Allan et al., 2015)
(Bing et al., 2016) otyk et al., 3

Figure 13. Examples of temporal changes in lead levels in different natural archives

duringthe2cent ury (from Gagduszka & Wagreich,

enrichment factor.

Global patterns of mercury production and consumption (Hylander & Meili, ;2002
Horowitz et al, 2014; Zhangt al, 2016; Streetst al, 2019) show a major increase in

Hg deposition over the last century, especially related to increased coal combustion,
notably present in the East Gotland Basin reference section (Kaisdr, 223).
Comparable marked increases in molybdenum and vanadium have been found in
Alpine ice cores sourced primarily from increased combustion-cduail coalburning,
respectively (Arienzet al, 2021).

3.2.6 Persistent organic pollutants angolycydic aromatic hydrocarbons

Recognition of the mi®@0" century can be seen unambiguously among a large and
diverse group of novel persistent organic pollutants (POPs), which have long residence
times in sediments. These include the organochlorine pesticideg.,
dichlorodiphenyltrichloroethane  (DDT),  dieldrin,  endrin, aldrin, and
hexachlorocyclohexane isomers (HCH), and industrial compounds such as
polychlorinated biphenyls (PCBSs). In the atmosphere they can be transported far from
areas of production andse, including to polar regions vighe so-called @lobal
distillationd processesThey have left clearly detectable residues widely identifying a
post1950 CE stratal interval in terrestrial (lake) and marine sediments, and in glacial
ice (see PBmd 262 knd references therdhigure 14. Persistent
organochlorine pesticides were first commercially manufactured in the 10i40ses

3 & 14d), showed a marked upturn in emissions in 1950 CE, clearly seen in the
sedimentary recordF{gure 14ad), and peaked in the 196090s. Although

[24]
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emissions have subsequently declined, environmental signals have been slow to fall to
pre-1950 CE levels. The first appearance of DDT occurs in 1950 + 4 CE in East Gotland
Basin reference section (Kaiset al, 2023) and 1953 CE in the Beppu Bay SABS
(Kuwaeet al,, 2023) (sed’art 3. PCBs were first used in 192Bigures 3 & 14f) and
commercially produced through to the 1980s (Bigetsal, 2014) with peak
environmental concentrations in the 1960%70s before banswere introduced

( Ga g wesak R020). Upturns in PCB abundances were recorded in Lochnagar lake
sediments (Scotland) in 1950 CEdure 14 and in the AWG study sites in 1963 CE

in Beppu Bay (Kuwaet al, 2023) and around 1962 CE in Searsville L&kegneret

al., 2023) (seéart 3. Brominated flame retardants such as polybrominated diphenyl
ethers (PBDES), widely used since the 19&0gure 3, show elevated concentrations
from ~1980 CE in Lochnagar lake sediments (Muir & Rose, 2Bigjtire 14¢.

Marine sediments - two cores Marine sediment core Lake sediment core
(a) Southern Hong Kong (b Gulf of Bataban6, Cuba Lake Wuliangsu,China
Wei et al. 2008 Alonso-Hernandez et al. 2015 Shen et al. 2017
Year Year Year Years
2000 2000 2000
1990s
1980 1980 1980
1960 1960 - 1960
1952 1950
1940 1940 1940 4
1920 1920 1920 DDTs HCHs Chlordanes
DDTs IDDTs lindane (y-HCH)
1900 1900

1800 T
- t i
0 5 10 15 20 25ngig 0.07 0.14 0.210.28 0.35 ng/g 0.000 0.025 0.050 0.075ng/g 8 16nglgp 5 10ngig o 5 10nglg

l l
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- ] (e) _
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m | - _ _
g1 960 — 1960 — —
g L o - 1952 B
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1920 --I-- Toxaphene lemlssmn (kt/20) 1920 : |
0 2000 4000 6000 0 400 800 1200
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l |
2000 Q) ~ —
1980 — = —
1940 — —
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Figure 14 [previous page]Examples of stratigraphic changes persistent organic

pollutant concentrations in dated sediment cores: (a) to (c) trends of selected
organochlorinepe st i ci de concentrations (from Gagu
therein). Contamination record in Lochnagar sediments (Scotland) demonstrating
appearances as poestid-20" century markers (from Muir & Rose, 200@grafted and

published in Waters et al., 2018a): (d) the chlorinated pesticides DDT and toxaphene

from core collected in 1997 CE related to emissions data; (e) chlorobenzenes; (f) total

PCBs related to global emissions; and (g) PDBEs related to UK emis$idiE.
dichlorodiphenyltrichloroethane; HCH: hexachlorocyclohexane isomers; PCB:
polychlorinated biphengt PDBE: polybrominated diphenyl ethers.

Polycyclic aromatic hydrocarbons (PAHSs) are produced from any organic combustion,
including natural sources such as forest fires. More specifically, high molecular weight
PAHSs, sourced from burning fossil fuel, leelyeen produced since human eoaining
began, but show peak abundance in the I9480s (Biguset al, 2014), with an
upturn in abundance in 1953 CE in the SABS sites of Beppu Bay (Ketvede2023)

and 1952 CE in Sihailongwan Maar Lake (Hdral, 2023) (sedPart 9.

3.3 Radiogenic isotopes

The sharpest chemical signal associated with the Anthropocene is that from artificial
radionucl i des, mostly as t he 0bomb spi ke
strontium, iodine and enhanced radiocarbon from afgogendnucleardetonations,
augmented bynore recent accidental releases, such as from Chernobyl and Fukushima
(Waterset al, 2015). This dispersal started with the Trinity bomb test 8fJigy 1945,
followed by wartime use at Hiroshima and Nagasaki, the first of these mooted as a
possible Amhropocene GSSA (Zalasiewiozt al, 2015). However, radionuclide
dissemination in these fission4{#omb) devices was comparatively small amgional

and major global fallout spread started with the much larger (high yield) thermonuclear
testssoom f t er detonati on -bombteshomiNovemiset 19521 vy Mi k
(Figure 15. The period following the Ivy Mike test through to the end of 1958 saw an
upsurge in the number of tests (40% of the total) and fallout of radioactive products
from theg tests (Cundet al, 2022). This was interrupted in 193960 when there

was a nuclear weapons testing moratorium by the major nuclear powers, resulting in a
commonly observed dip in radionuclide activities in higholution plutonium profiles,
including the Crawford Lake GSSP proposislcCarthyet al, 2024, the Beppu Bay
SABS proposal (Kuwaet al, 2023) and the West Flower Garden Bank (DelLeng

al., 2023) and Searsville Lake (Stegmtral, 2023) reference sections (deart J.
Testing resumed anquickly accelerated in 1961 with the number of tests peaking in
1962, with about a fifth of all atmospheric detonations and a third of the estimated
explosive yield occurring in that year (Cundy al, 2022), with global dispersal
resulting in a peak signal commonly observedeanlogicalmaterialsn 1963 CE. The
subsequent implementation of a Limited or Partial Test Ban treaty in 1963 limited test
detonations of nuclear weapons to those conductddrground, and hence greatly
reduced atmosphergpreadof radionuclides. Although radionuclides were dispersed
globally, the magnitude of fallout varied latitudinally, being heaviest in the mid
latitudes of the Northern Hemisphere with an equivalent,gh@maller, maximum in

the midlatitudes of the Southern Hemisphere (Wagtral, 2015).
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Table 3. Commonly used radiometric dating techniques and their applicability to

dating Anthropocene deposits/artefacts. Adapted from Waters et al. (2018b).

fallout, nuclear power
plants

lake and sehed
deposits, coral
and tree rings,

and glacial ice

Isotope Half-life Acceptable Sources Environments of Solubility/reactivity
(years) residence accumulation
SH 12.32 1950 CEi | Natural sources, e.g., | Glacialice Very soluble in
Present self-powered lighting; sediments
anthropogenic sources
fallout, nuclear power
and reprocessing plant
uC 5700 preseni Natural sources Found in Risk of biotic
60 kyr through cosmic organic recycling of carbon,
radiation reacting with | material, e.g., | so preferred use
atmospherié¢“C; wood, peat, where signal is via
anthropogenic sources charcoal, sib, direct uptake from
mainly from above organic atmosphere.
ground nuclear sediments, bone
detonations shells, coral,
speleothem etc.
BCs 30.17 + 1954 CE | Anthropogenic sourceq Soils, peats, Soluble / low
0.03 Present e.g., fallout, nuclear lake and se#ed | reactivity (depends
power plants, borehole| deposits, coral | on ionic strength of
wireline tools and tree rings, | local aqueous
and glacial ice | environment and
presene of illite and
other clays)
905y 28.79 1950si Anthropogenic sourceq Soils, peats, Soluble /very low
Present e.g., fallout, nuclear lake and seded | reactivity
power plants, medical | deposits, coral
radiotherapy and tree rings,
and glacial ice
®Tc 211,000 10 kyn Anthropogenic sources Highly soluble / very
1 Myr e.g., fallout, nuclear low reactivity
power plants
24Am | 432.2 ? Anthropogenic sourceg Soils, peats, Low solubility / high
e.g., fallout, nuclear lake and se#ed | reactivity
power plants, smoke | deposits, coral
detectors and tree rings,
and glacial ice
129 15,700,000| Several Natural sources; Lakes and sea | Soluble/ very low
Myrs anthropogenic sources| bed deposits, reactivty. Possible
fallout, nuclear power | coral and tree | migration due to
plants rings, and degradation of
glacial ice organic matter and
changes in redox
conditions
23%pu 24,110 <100kyr Natural sources (very | Soils, peats, Low solubility / high
rare); anthropogenic | lake and seded | reactivity
sources fallout, nucleal deposits, coral
power plants and treeings,
and glacial ice
240py 6563 <30kyr Anthropogenic sourceg Soils, peats, Low solubility / high

reactivity
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Figure 15.Timeline of key events that have influenced anthropogenic radiogenic
signatures. The frequency of abay®und and underground nuclear weapons testing

is compared with the fallout signals detected for plutonium and radiocatf@) Note

that fallout folbws the aggregate number of tests, with a time lag of 6 maylesrs,

with the“C peak lagging and at reduced levels in the Southern Hemisphere compared
with the Northern Hemisphere. Data on aggregate test numbers sourced from
UNSCEAR (2000), atmospheffC concentrations from Hua et al. (2013) and for Pu
from Hancock et al. (2014). From Cundy et al. (2022), modified from Waters et al.
(2015).

The less mobile and longéved (longer haHife) isotopes produced during the period

of atmospheric nucleaweapons testing, includingf*Am, 29, C, and various Pu
isotopes (Table 3), provide a lotgrm marker of this global fallout which has been
incorporated or locked into geological materials such as ocean and lake sediments,
corals, and ice (Cundstal., 2022). Similarly, radioisotopes such?%m, *Cs and

903y are useful time markers that can be linked to bepikes associated with fallout

from nuclear detonations, but also to specific titoastrained emissions, such as
accidental releases fronuclear power plants, e.g., Chernobyl in 1986 and Fukushima
in 2011 Eigure 15. However, their short halife (Table 3) means that in areas of low
fallout these radionuclides may already be approaching their limits of detection.

3.3.1 Plutonium

Longlived isotopes, such &Pu and*°Pu (Table 3, are considered the most suitable
markers, and importantly these reactive radioisotopes bind strongly to soil and sediment
particles, providing an immobile signal in most environmd?igsotopes are proded

in different ratios in falloytdepending on the design of the weapod the parameters

of the test. Thizan make it possible to distinguish the source of the Pu€i\al,

2011), potentially to the level of an individual nuclear test (e.qg., Lingadl, 2012),

and differentiate bomb fallout from other sources such as reprocessing facilities and
nuclear reactor accidents (Cunelyal, 2022).

(28]



AWG submission to the ICS Subcommission on Quaternary Stratigraphy: Part 1

1 | | f I s I I L 1 A=)
100 (a) — ' T4 . = Ae e~ [ 8
501 SRR 'y
601 ol T R Tt Ls
40| . S o0 2 ET
= 2 A T
£ 20, . &8 0 2
~— i | =L - o 1 Lo =
L0 g Y g S T3
<120 2 { F %: H .:'. Santa Barbara Basin|[
-404 /,-" L . H E g | -
-60 ong b s Primnoa spline |- H b e Bp,E
ag] T SN —— Arctica islandica|_ H : i
L N T ™7 T T E T — T E' T @
1920 1940 1960 1980 2000 1940 & 19h 1960 | 1970
Year (CE) i Year[CE |
1000 L . 10000 = E T T T T }>m
1
| (b) ______ Tree i :(e) ! —
(Niepotomice) _1000= 1« ! —o— Porites iobata from Guam 8 2
800 r o B —p— Montastrea annularis from £
— Atmosphere ‘é.mE H U.S. Virgin Islands & ﬁ
1 { (NH zone 1) a 3 T
s E J e
6007 | r ERLER 28
o i | a3 8
E i 1
< | g4 i
400 . 195h 1960 | 1970 1980 1890 2000
] 1
J - Cotal age [year CE
\\ 1.0 : i EaI g [y I] 1 10
2004 F : | 0
i \_ 1
1
— 1
0 . . r 2 i
1960 1980 2000 o H
Year (CE) e !
200 ' - * a H
(C) — Atmosphere 3 !
180 —Gibraltar [~ b H
—La Faure H
+2 160 — Lot
c
5140 -
T pres
0120 - / X -
£ _ My
32100 g B
80 T T .
1960 1980 2000
Year (CE)
(9)  es0e20p (Bq kg™) 294240py (Bq kg™') 29:249Dy, (Bq kg'') 239290py (Bq kg™') 2929py (Bq kg™) 239:290py, (Bq kg”')
0.0 0.5 1.0 0 10 20 30 0 10 20 30 0] 10 20 30 0 10 20 30 40 50 0 5 10
2020
[}
2010 4 L !
2000 { ]
1990 -
o 1980 e, L J
g
E 1970 "*m,_ ha ., 1 \“t. . L
T 1960 e s . 1 g’
hs] o 2 T ”» o -~ 953
E 1950 &g e e e > i 1952
§ 1940 ] E ? :
% 1930 3 ]
& 1920 1
L}
£ 1910 1
s
w 1eoo Searsville Lake Crawford Lake Baltic Sea Sniezka Peat } Sihailongwan Lake Beppu Bay
o
= 1890
£ 1880 :
1870 i
1860 ’:
1850 q
1840

Figure 16. Examples df'C, Pu and®*'Cs signals within different environments. (a)
Spline for seven different colonies of the dsea gorgonian coralPrimnoa
resedaeformisind the bivalve mollusArctica islandica(Sherwood et al., 2005); (b)

Nde éPplangd) aampared with Northern
Hemisphere atmospheric values (Rakowski et al., 2013); (c) comparison of Northern

o?“C in tree rings Pinus sylvestris

Hemi sphere

Fr a

nce

and

at

Sai

nt

[29]

YCtvahveswitthspeteothemsifrom La Faurie Cave, southwest
Lower

Mhiildt & Frisid, 2044); @ v e
23924 and®*%Pu signals in the Santa Barbara Basin, USA (Koide et al., 1906



AWG submission to the ICS Subcommission on Quaternary Stratigraphy: Part 1

that these deeper water sedi ments show a d
peak o ;(8)FPYHRulin coral annual growth bands fro Guam in the Pacific

(Lindahl et al., 2011¥howing early onset and peak Pu signals due to proximity to the

Pacific Proving Grounds, wheredise US Virgin Islands in the Caribbean (Benninger

& Dodge, 1986khows a profile typical of global signald) Radiogenic signature in

a sediment core from Lake Victoria, Australia (Hancock et al., 2011); dphkg

decays per minute per kilogram; mBq'kg megabecquerel per kilogram. From

Zalasiewicz et al. (2020). (g) Correlation?6f*2“%Pu in reference sitdéacluded in this

study éee Part Pshowing a strong correlation between sites for the onset and peak Pu

records

The longer hallife and greater abundance3fPu makes it a preferred chronometer,
and in many regions the signal is likely to be detdetab sedimentary deposits for
100,000 years or longer, subsequently decaying to the istfbpewith a halflife of
~703.8 myr; hence the bonrspike signal will be durably preserveéd®Pu essentially
only occurs as a humayenerated radioisotope, figbpearing in sedimentary archives
after the Trinity bomb test of ¥6July 1945 andts abundance markedly increased
worldwide soon after detonation of the firstddmb on # November 1952 (Figure
16d g). Plutonium shows a rapid reduction in most envirental archives following
cessation of the main phase of abgveund testing from 1963, with the exception of
areas impacted by discharges from nucl ear
can provide useful local chronological markers relatingpecific emission events
(Waterset al, 2022). Further fallout of the isotop&Pu, mainly in the Southern
Hemisphere, occurred following the atmospheric khupnof the nucleapowered
SNAP 9A satellite in 1964.

Because the fallout products from thertmonuclear tests from 1952 through to 1963
CE are globally distributed over 18 months to two years, they form a more reliable
primary marker for a potential Anthropocene GSSP than the earlier fission tests from
1945 to 1952 CE that are associated witlhomeg) signals in geological archives (Waters

et al, 2015, 2018Figure 15. Plutonium isotopes, and specifically a marked upturn in
239249p) activity, areonsidered optimal as a candidate primary marker for defining the
base of the Anthropocene most sites analysed in this stu@/aterset al, 2023).

They are recorded within many distinct environments (Table 3), though not evident in
speleothems andittle studied in tree rings (Waterset al, 2018a). The
GSSP/SABS/reference sections haveedi the combined®**?Pu signal and
24pyP%Pu isotopic ratio as the main marker (Figure 16g; Rag J. Some sites
emphasised the first appearance of a measurement above background leygist e.g.
before 1950 CE in Crawford Lake (McCarthtyal, 2023 using the updated age model

in McCarthyet al, 2024, 1953 + 4 CE in East Gotland Basin (Kais¢ral, 2023),

1946 1947 CE in Searsville Lake (Stegmtial, 2023), 1945 CE in the Palmer ice core
(Thomaset al, 2023) and 1945 CE in the Karlsplatzthropogenic deposits (Wagreich

et al, 2023). Other sites noted the first prominent upturn in the signall®852 ,CE in
Crawford Lake ¢ee Part g 1953 CE in Sihailongwan Maar Lake (Hanal, 2023),

1954 CE in Beppu Bay (Kuwaat al.,, 2023) ad wider NW Pacific (Yokoyamat al.,
2023), 1956 CE in West Flower Garden Reef (DeLetg., 2023) and 1952 CE in the
$nieUka peakKoZéedl@@y.i ewi cz
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3.3.2 Radiocarbon

A bomb-spike of exces$'C can be used to identify a clear globarker in archives,

such as treeings, with a typical ~1955 CE start culminating in a late ~1964 CE peak
signal Figures 15, 16b) . The O6peak signal é of 1964
from annual tregings was one of the dates proposed by Lewis &IMg2015) and

by Turneyet al. (2018) as the primary marker for the onset of the Anthropocene.
However, as radiocarbon occurs naturally and is part of the global carbon cycle, the
atmospheric signal has a greater lag than plutonium, particularly inotitbesn
hemisphere. Thé*C peak is commonly slightly timeansgressive depending upon
latitude (Huaet al., 2021; Figure 15) and water depth in the case of many sedimentary
archives, through settling lags in water bodiégyre 163 and so it is not as
consistently correlatable as is the prominent upturn in‘4Besignal (Waterset al,
2018a). This“C upturn is recorded in many of the candidate GSSP/SABS/reference
sections (sePart 3, with diachroneity of only a decade: rii®50s in Crawford Lake
(McCarthyet al, 2023), 1953 CE in Sihailongwan Maar Lake (l¢aal, 2023), 1956

+ 4 CE in East Gotland Basin (Kaisatral, 2023), 1963 CE in Beppu Bay (Kuwee

al., 2023), 19581959 CE in Flinders Reef (Zinks al, 2023), 1957 CE in West Flower
Garden Reef (DeLongt al, 2023), 1960 + 3 CE in Ernesto Cave (Borstal, 2023)

and 1951 N 6 CE in t hi€o Rietcalp2083p Thpre st ( Fi a ¢
insufficient organic carbon in ice cores for this marker to be useful, and in Searsville
Lake the sediment contained old carbon, preventing measurement of a suitable profile
(Stegneeet al.,, 2023).

3.33 Americium

241Am was recorded in two of the reference sectionsRse€d, with an upturn at 1953

+ 4 CE in East Gotland Basin and a peak signal in 1963 + 4 CE (Kxiagr 2023),

and a clear*'Am signal was detected in the Karlsplatz anthropogenic deposits
(Wagrech et al, 2023). However, this isotope was not detected in the two coral
locations (DeLonget al, 2023; Zinkeet al, 2023) and similarly hadctivitiestoo low

in San Francisco Estuary and Searsville Lake to provide a useful marker (Hénson
al., 2023 Stegneret al, 2023). The relatively short hdlfe (Table 3 and variable
record across different environments limits the use of this isppaptcularly as a tool

for recognising the Anthropocene in the future

3.34 lodine

129 does occunaturally with low activities, and in addition to having a besplike

signal, shows a secondary global peak associated with the Chernobyl accident in 1986
and maintains a high signal subsequent to the bspike that is associated with
emissions from nueklr fuel processing activitieBhere are suggestiotisat iodine can
migrate in sediments due to degradation of organic matter and changes in redox
conditions (Aldahart al, 2007), but no such migration was observed in the proposed
SABS cores at Sihailgwan Maar Lake and Beppu Bay ($=at 3. Hanet al (2023)
considered the absence of migration in the Sihailongwan Maar Lake sediments
potentially linked to the anoxic conditions and high organic matter content. A rapid
increase int?% concentrations rad in *29/12 ratio from ~1950 CE are recorded at
Sihailongwan Maar Lake (Haat al, 2023) and increase 1#1/*?"1 at 1953 CE (Kuwae

et al, 2023), consistent with global fallout sources from early nuclear weapons testing,
and show the use of this rkar for recognising the base of the Anthropocene.
Subsequent, pofiomb-spike sediments are shown at Sihailongwan Maar Lake to
contain'?d mainly from European nuclear fuel reprocessing plants through marine
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transport and longlistance atmospheric depasit (Hanet al, 2023). Anthropogenic

129 has also been observed in sediment cores in western Europe, and East and South
Asia (Aldaharet al,, 2007; Faret al, 2016; Zhangpt al, 2018), ice cores, corals and

tree rings (e.g., Bautistt al, 2016, 2018Zhaoet al, 2019).

3.4 Climate / ocean pH

3.4.1 Climate change to date

Since the end of the T'%entury there has been a change from the typically stable
climate regime of the later Holocene (see Section 5) to a regime in which global
warming has unambiguously commenced, increasing rapidly from thel9viios
onwardg(Figure 17a) There hae been shg increasein the levels of greenhouse gas
climate drivers (C@ CHs, N2O and @), described in Subsection 3.2. The associated
warming has forced a parallel increase in water vapour (another greenhouse gas) to
further exacerbate global warming (Summesg®gy2020). Although their regional
effects on temperature and dewgel changes are complex, these greenhouse gases have
caused Earthodos climate to develop a marked
less than energy received) (von Schucknetral, 2023) that is increasing as emissions
trends continue upwards (Hansetnal, 2023). Most of the extra heat is warming the
oceans (Yamt al, 2016).

Global temperature and sea level are lagging these changes in the Earth System state,
although on an upwards, if stepped, trajectory (Summerhayes, 2019; Cearreta, 2019
Figure 173 Palaeoclimate records show that industriatveaaming of the tropical

oceas first developed during the "t @entury, nearly synchronously with continental
warming in the Northern Hemisphere, but that the warming appears to have been
delayed in Southern Hemisphere palaeoclimate reconstructions (Adtraim 2016;
Summerhayes,@®1 9 ) . A O6paused in warming in the 1
greenhouse gas emissions were rising rapidly, appears to have been the result of
massive emissions of reflective aerosols from enhanced industrial output in the years
before aerosols emissis were controlled by clean air legislation (Summerhayes, 2019,
2020), though at least some of the stasis then may be attributable to increased uptake
of heat energy by the global ocean, which also accounts for the pause in the rate of
temperature rise beseen 2000 and 2014 (Yast al, 2016). Global mean surface
temperatures showed a rapid rise of 1°C from 1975 to 2020 CE, at 0.02° C/yr (Sippel
et al, 2021).This warming is largely due tdi) increases in anthropogenic greenhouse

gas emissiongsee Sectin 3.2) (ii) evaporation of water vapo from the warming

ocean (atmospheric water vajpancreass by 7% for a 1°C temperature rise); (iii) the
reduction in albedo caused by (delayed) melting of especially Arctic sea ice and land
ice; and iv) the decreasn aerosols (recently exacerbated by new legislation requiring
shipping to burn cleaner fuel).
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Significant deflection of oxygen isotope trends in polar ice, long not observed above
the decal o-Dbebmote et al, 2014;aThasnagt al, 2023), has recently
been detected (Casadt al, 2 0 2 3 ) . & byritself is Got a marker for the
Anthropocene but informs of thel i1 ma t e complex tegpaméesto anthropogenic
forcing (DeLonget al, 2023). In the Fliders Reef coral reference section the proxies
for seasurface temperature (SST) (Sr/Ca; Cabtoal, 2007; Zinkeet al, 2023),

s al i HQ; Capyoetali, 2007; Zinkeetal , 2 0 2 3 }'B; Realeferaepat 2005)

are dominated by prominent centeinmultidecadal and decadal variability, most
likely related to Pacific Decadal Oscillation (PDO) and Interdecadal Pacific Oscillation
(IPO) variability (Calvoet al, 2007 seePart 3. The coralSr/Ca record at the Flower
Garden Bank coral referencecten reflectsatemperature incase of 1.1°C since 1932
CE, inapattern similar to the global warming trends (DeLen@l, 2023).

3.4.2 Global sedevel rise

Global sea level started to rise from the @' century and since 1850 CE there has
been ~30 cm eustatic risEigure 17b c). This rate of rise has been increasing since
~1970 CE (IPCC, 2021) to 3.2 £ 0.4 mm/yr between 1993 and 2010 CE (EGtaich

2013) and to 4.62 mm/yr in 2003022 CE (WMO, 202R Sea level rise lags the rise

in both CQ and temperature because while the ocean surface warms (and thus expands)
rapidly it takes considerable time for warm surface water to make its way to deeper
depths it now reaches depths of 2 km or more in maagtpof the ocean.

3.4.3 Ocean acidification

Modern oceanic pH values have only been routinely observed for less than a couple of
decades, with a pattern of decreasingseéace pH with rising atmospheric glevels

being evident. To infer the earlier seawater pH record (Weteaits 2019), a commonly

used proxy exploits the isotopic fractionation of the two isotopes of bBBand°B,

which can be measured from their ratio in seawater, marine carhooetals and
planktonic foraminiferagestsa n d r e ¢ ¢'B @Pagdnietals 2005). Data from a
Porites coral in the Great Barrier Reef covering an interval from 1800 to 2004 CE
shows a strong positive correlation from 1940 to 2004 CE of increaseéicatioln

wi t h 3@ Suess éffect (WaitalL , 2009). From 1'84ignalt o 2004
decreased, representing a decrease in pH of abau.8.2hough with some marked
annual oscillations (Waest al, 2009). Further analysis Bbritesfrom Japarand Tahiti
shows a c| e 4B aftet 2960 GEacensistantrwithlincreased acidification
(Kubota et al, 2015). However, annual to decadal variability often obscures the
underlying signal attributable to changes in anthropogeni¢ (@@terset al, 2019),

as evident in the Flinders Reef (Pagaimal, 2005; Zinkeet al, 2023).0n average the
oceanic pH signal has decreased by 0.1 gsimts the start of the Industrial Revolution
representing an increase in aciditydrogen ion contentjf 30%.

3.5Biostratigraphic signals

Biosphere change since Late Pleistocene times has been cosgae&ection)s and

many potential biostratigraphic indicators of more recent change that might help
characterise or define an Anthropocene geological time unitcerefll assessment.

Not | east, the very short time scales invc
changes. However, there have been rapid changes to biological assemblages driven by
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intensifying anthropogenic pressures over the last century andahese do provide
biostratigraphic potential.

3.5.1 Assemblages modified by ecological degradation

A range of signals is associated with industand agricultureelated chemical
pollution, most clearly seen in many lake successions. By meanslkofitracgy 6 ecol ogi ¢
degr adat i oatal,201Wjalpdsi9GOLE imterval can commonly be widely
recognised in lake strata (see also Smol, 2008; VébHe, 2013; Plaet al. 2009;Figure

18). Changes in diatom assemblages are expressed at the Crawford Lake GSSP
candidate site by a decline in the planktonic diatdnmslavia michiganianaand
Fragilaria crotonensisthat dominated prior to 1950 CE and sharp increases in non
planktonic taxa suclhs Achnanthidiumspp. (McCarthyet al, 2023; Marshalkt al.,

2023). Significant change was also noted around 1950 CE in the scaled chrysophyte
record, with several species®ynuradominating assemblages between the late 1940s
and early 1970s (McCarthgt al, 2023; Marshallet al., 2023; Figure 19. Pollen
analysis from this site shows the rapid declin&imus marking the effects of Dutch

elm disease, regionally identifying the base of the proposed Anthropocene series
(McCarthyet al,, 2023).

Beartooth Wilderness Montana-Wyoming

Emerald Lake Island Lake HeartLake Beauty Lake
Asterionella Asterionella  Asterionella  Asterionella
formosa formosa formosa formosa

020406080100 01020304050 O 10 20 30 0 4 8 12 16
Relative frequencies (%)

Rocky Mountains National Park Colorado

Sky Pond Lake Louise
Asterionella Fragilaria Asterionella  Fragilaria
formosa crotonensis formosa crotonensis

Depth (cm)
5 o

-
[4)]

0 b0 o 5 1o 0 20 40 60 0 10 20

Relative frequencies (%)
Figure 18. Replacement of Holocene diatom assemblagessteyionella formosa
and/or Fragilaria crotonensis lake sediments from higdititude sites in USA since
~1950 CE (Saros et al., 2005), potentially a function of elevated reactive nitrogen

availability (Wolfe et al., 2013) as well as rising temperatures.
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Figure 19. Potential web of palaeontological correlation for three intervals o2ie

century (from Williams et al., 2022 and sources therein). White circles are earliest

recorded introductions for a specific region; black circles indicate introduced taxa with
confirmed palaeontol ogi cal records (06l owes
introduction. OProlif.o® Means proliferatior
The 20" century global spread dflagallana gigagPacific oyster), a species with a

fossil range in its native area, is used to suggest a theoretical biozone. Thremes

might be defined within this biozone, with the ability to correlate between marine and
nonmarine successions at sdecadal level. Of these, subzone 2 of Mhegigas

biozone would correlate with the suggested-808 century start of the Anthragene.

Right side of figure shows the recorded rates of global species introductions since 1750

CE (0600 per year), reported by Seebens et al. (2017): 37% of all such records of
introductions occurred between 1970 and 2014 CE.

Such examples can providenictional local biostratigraphies. San Francisco Estuary,

for exampl e, IS one of the worl doés mo st
assemblages commonly dominated by-native species (Himsaet al, 2023;Figure

20). Analysis of introduction dates $igielded a local range chart of exotic mollusc and
foraminifera taxa across the last 150 years, from which local biozones have been
established (Williamset al, 2019). These biozones may be used to constrain an
Anthropocene boundary and correlated witbmparable local biostratigraphies
established elsewhere, and with more remote regions such as Hawaii (\Wdtiains

2018, 2022), and so provide effective biostratigraphic constraint. In the nearby
Searsville Lake site, the ~1952 CE level coincides whthfirst appearance datum

(FAD) of the ostracodPhysocypria globuland the last appearance datum (LAD) of
llyocypris cf. gibba (Stegneret al, 2023 Figure 20.1 n t he $ni eUka peat
FAD of pollen from the neobiotic platmbrosia artemisiiftia (common ragweed) in

1956 N 3 CEK({ F&tadPs2B)enmidesza marker close to the base of
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the proposed Anthropocene base. This plant has expanded across Europe since 1940

CE via contamination of crop seeds (Chawetedl., 2006).

Biostratigraphical markers

San Francisco Bay Beppu Bay Searsville Lake Crawford Lake Sihailongwan Maar Sniezka Peat
2020—
2010—
~2002 C. cf.
2000— 4 ophthaimica'
1990—
: 1986 P, amurensis?
1983 7. hodai i
1980—] ) © 1982, bulloideus'® *"‘973. i
| A1975 8. bisanensis!, © 1974 z00p!. biomass amoeba with SCPs
1970—] 5. quadriaculeata’ ST’ gioron in test?
12 = ;
19601 | Natve Ostrea urica B 1 e
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- abundant L — {1953 P, kotoiae |_ _ _| K527 9"'”{';‘;50;_» L — — JO1954D divergens® h - —
1950 — el - 1950 UImus' O $£31950° 5
71948 I. cf. gibba ~1950 M, acaroides 1950 Urtica sp.*
1540 —} ®1941° 4 1943 to ~1847 var. acaroides and
A. altissima® Synura®
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w
=]
£ 1920
S © 1916 Cryptomeria*
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7t centur =
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1880— | Key biotic markers
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1867 Canadian Zone
1860— * FAD in the site, local marker
4. FAD, introduced species, intercontinental marker
1850— 7 LAD, introduced species, local marker
18407 & FAD, introduced species, local marker
Post-Indigenous
Time / © Marked increased abundance or continuous presence, local marker Agrl |H g
scale iculture ~1500-1867 800 CE
- ~
change Marked decreased abundance, local marker ~1300-1500 Indigenous
# Crash or extinction, local marker REtCHtElZone)
Pre-1840s £3 Marked biodiversity decline, local marker
lostracod; foraminifer; *mollusc; *plant (palynology); Srotifers, Salgae; "testate
amoebae; “phytoplankton; “diatoms; *°dinoflagellates; “'thecamoeba; “ciliates 13 century ~1200 CE

Figure 20. Comparison of key biotic markers present in the candidate GSSP site

(Crawford Lake) and other SABS and reference sections considered during this study

(seePart J. Details are provided as follows: San Francisco Bay (Himson et al., 2023);
BeppuBay (Kuwae et al., 2023); Searsville Lake (Stegner et al., 2023); Crawford Lake
(McCarthy et al

(Fi agKKiogwiegz et

al

3.5.3 Novel taxa or morphospecies

There are even a feexamples of completely novel taxa on such a highly abbreviated
timescale. The marbled crayfish, the result of a chance mutation from the slough

2023) ;

Si hai

2023) .

ongwan

crayfish of the SW USA in the la®0" century, is morphologically distinct

(significantly larger), reproducqsarthenogenetically and is spreading quickly in the

wild across the USA, Europe and on other continents (¥bgt, 2015), commonly

outcompeting native crayfish.

Maar

Among domesticated species, the modern broiler chicken is, via an intensive selective

breeding programme since the 1950s, a clearly different morphospecies from both its
wild ancestor (the red jungle fowl) and from earlier domesticated varieties, with sharply

distinct skeletal morphology and genetic and isotopic composition (Beenaett,
2018). Now by an order of magnitude the most common and-Bvedt bird in the
world, with a >20 billion standing population continually replaced on-ave€k cycle,

its bones, discarded casually and in landfills, are adding to the biostratigraphic

charactesation of the Anthropocene.
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3.5.4 Climate change

Anthropogenic global warming is beginning to alter species ranges, both on land and,
yet more markedly (because of narrower thermal toleranceshe oceans. For
instance, planktonic foraminifera globally have already shifted into new biogeographic
patterns, distinct from those of piredustrial times, to make up novel assemblages that
have been explicitly referred to the Anthropocene (Jonkewd., 2019). There is
northward shift in midatitude Northern Hemisphere Atlantic plankton and fish
(herring and cod) towards the Arctie.g., Steineret al (2019) along with the
northward migration of land plants and an extension of the growingrseaso

4 RECOGNITION OF THE ANTHROPOCENE SERIES IN A RANGE OF
ENVIRONMENTS

The wide array of stratigraphic proxy markers for the Anthropocene described in
Section 3, and their equally wide combined distribution across all major sedimentary
facies(including ghcial ice and coral bioherinsean that, for practical purposes, a
potential Anthropocene Series is amenable to wide recognition across the globe.

The range of environments in which a GSSP may be located, and hence representatives
of a potential Anthropcene Series identified, was assessed by Wateat (2018a)

and includes lakes, marine anoxic basins, estuaries and deltas, speleothems, glacial ice,
annually banded coraand tree rings. All of these have the potential for annual (or
subannual) resolution within successions that extend from the present to at least several
centuries back. Peat provides an important terrestrial reespecially in that its
surface is in diect contact with the atmosphexich may transfer signals to the peat
without lag though it lacks the annual lamination import@antensuringhe ultrahigh-
resolution definition regarded necessary to define a-2€fd century boundary.
Anthropogenic dposits are particularly widespread and include associations with
cities, roads, railways, dams etc., these deposits usually being complex, discontinuous
and rich indatable technofossils (Zalasiewietzal., 2014c)

4.1 Lake Deposits

Lakes cover abolB.7% of the icdree land surface, notably within boreal and arctic

latitudes (Verpoorteet al, 2014), and their bottom sediments commonly comprise
continuous, vertically aggraded, higbsolution stratigraphic records. Potential lake

reference sites fahe Anthropocene, including Crawford Lake (Canada), Lochnagar
(Scotl and) , Lilla ¥resj°n (Sweden), Huguan
Lake of Kauai (Hawaii) were suggested by Watdral (2018a).

The highest temporal resolution among lacustr@eerds are those with annual laminae
(varves) (Waterst al, 2018a), common in glacial lakes (e.g., Holtgrieval, 2011;

Wolfe et al, 2013). Varves also occur in hypoxic lakegh seasonally varying
clastic/biotic input Hypoxia in lake sedimentparticularly resulting from increasing
nutrient release, has developed extensively since thd @fidentury, about a century
earlier than widespread coastal zone hypoxia (Jehal, 2016). Hypoxia can change

the behaviour of trace elements and radddides, by either increasing or reducing their
mobility, and hence may affect their use as chemostratigraphic markers. Small hypoxic
lakes with limited or no fluvial input produce the most suitable environments for
preserving clean atmospheric signalg,,&he proposed SAB& Sihailongwan Maar
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Lake in China (Haret al, 2023), and Huguangyan Maar Lake (Hdral, 2016), also

with varves. Saline lakes develop varves due to seasonal precipitation of evaporite
minerals, though are more prone to have mgsinnual laminae; no such site was
investigated as a potential GSSP host. Seasonal lamination can also be preserved in
artificial reservoir sediments, seen in the cores studied from the reference site Searsville
Lake, California, as distinct lithologiessociated with wet and dry seasons (Stegher

al., 2023).

There are also ~16.7 million artificial reservoirs worldwide, ranging from 0.0001 to
100,000 kM surface area (Lehnet al, 2011). In the USA, 48% of all lakes are human
made reservoirs (EPA,021), one example being the reference site Searsville Lake,
presently ~0.8 ki(Stegneet al, 2023). Reservoirs may be associated with very rapid
rates of sediment accumulation and hence thick developments of Anthropocene
deposits (a 3.54 m interval acoulated in Searsville Lake since 19&#&h a mean
sedimentation rate of ~15.6 cm/yr; Stegetal, 2023).

Within most, perhaps nearly all, of these lake deposits, an interval of Anthropocene age
may commonly be distinguishable, based on a range of dating methods and proxy
signatures. In addition to lamina counting, Anthropocene successions can be
independentlydated using'°Pb (Waterset al, 2018b), in lakes in which deposition
rates are moderately constant, e.g., Crawk@akk and Sihailongwan Madrake. This
chronology can be supported by distinct radiogenic spikes and known pollution, storm
or other locakvents (e.g., Stegnet al, 2023). Common geochemical signals include
radiogenic fallout (Waterst al, 2015;Figures 15, 1§ nitrates and stable nitrogen
isotopes (Holtgrieveet al, 2011; Wolfeet al, 2013;Figure 1}, fly ash and black
carbon (Rose2015; Haret al, 2016;Figures 5 and @), microplastics (e.gCorcoran

etal, 2015; Turneetal , 2019), persistent organic poll
Muir and Rose, 2007igure 14 and anthropogenic lead and Pb isotopes (Reuer &
Weiss, 2002;Figure 13, commonly allowing a mi@0" century boundary to be
correlated across continents.

Lakes are prone to rapid influx of and domination by introduced biota (e.g., the zebra
mussel and quagga mussel, at the cost of endemic sggssteSubsection 3.5.2)
Diatom assemblages in remote Northern Hemisphere lakes show a common pattern of
declining Late Holocene benthic diatoms and concurrent rise of planktonic diatoms
during the Anthropocene, reflecting elevated reactive nitrogen avditadoild rising
temperatures (Wolfet al.,, 2013;Figure 1§. Changes in planktonic and benthic diatom

and chrysophyte assemblages around the2@iftcentury provide a significant marker

at Crawford Lake, along with marked changes in abundances of potamapollen
palynomorph species (McCartlkyal, 2023;Figure 20.

4.2 Marine successions, especially anoxic basins

Oceans cover about 70% of the Earthos surf.
Anthropocene SAB%Beppu Bay, Japargnd referencsectiongEast Gotland Basin,

Baltic Sea)described inPart 2 The level of stratigraphic resolutionis-a-vis

recognising an Anthropocene interval varies. Deegan oozes typically show very

low sedimentation rates the Anthropocene interval commonly being less than a

millimetre thicki and preserve few calcareous microfossils where below the calcite
compensatin depth (CCD); they are typically oxygenated and hence bioturbated, too,
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blurring the stratigraphic record (Watees al, 2018a; Zalasiewicet al, 2020).
Trawling on the upper continental slope and continental shelf (e.g., Magin2015)

has becme a typical Anthropocene sedimentary signal, though one of extensive
disturbance, of sediments that are in any case also prone to bioturbation. Marine anoxic
basins have most potential for detailed records of the HoloAerieropocene
transition (Waterset al.,, 2018a). Here, sedimentation accumulation rates may be
relatively high through a combination of enhanced biological productivity in the photic
zone and nearby terrestrial sediment sources, while varve preservation is favoured by
oxygendeficient botbm waters limiting bioturbation (Schimmelmaen al, 2016).
Locations for potential reference successions includelisagd marine anoxic basins

such as the Santa Barbara Basin (California), Cariaco Basin (Venezuela) and the
enclosed Black Sea, and lang®rine inlets such as the Saanich Inlet and Saguenay
Fjord (Canada) (Wateet al, 2018a). Stratigraphic signals are also being produced by
the burgeoning seasonal marine O0dead zones
doubled each decade since t®60s (Diaz & Rosenberg, 2008).

In the East Gotland Basin of the Baltic Sea, anoxic seabed conditions developed around
1956 + 4 CE at the reference core s#ee( Part P(Kaiseret al, 2023). Another small
isolated marine anoxic basin is the Beppu Beeyaff the coast of Kyushu Island, Japan
(Kuwaeet al., 2023), which also shows a prominent colour change above the 1953 CE
flood layer, consistent with increased anoxia from that time.

Anthropocene successions in these settings can be dated by lamitiag (if present),

by 21%b dating, by radiogenic fallout signals and by known basinal events. Many useful
signals can be recognised in such marine successions; the Beppu Bay study analysed
99 distinct stratigraphic proxies (Kuwaeal, 2023). Lanederived microplastic beads

and plastic fibres have spread throughout the oceans (e.g., Ivar do Sul & Costa, 2014;
Zalasiewiczet al, 2016a; Brandoet al, 2019; Longet al, 2022;Figure 4. SCPs

have not been routinely analysed in marine sediments,how swuch promise for
correlation.Both the East Gotland Basin and Beppu Bay provided clear microplastic
and SCP event markers (Kaisgral, 2023; Kuwaeet al, 2023).0Other important

signals include organic and inorganic chemical contamination (incluBibg
residues), effects associated with atmospherie (D€rease and warming such as
variations in pH, di'%sandr rasdtant biobogical ehanges.ont e nt

Pu isotopes and metal contaminants also form Anthropocene markers, thoughretheir us
may be complicated by the potential decadal time delay for them to reach the seabed.
Typically, the onset of the signal is little affected, but peak signals can show significant
lags and prolonged elevated values rather than a distinct peak (\&taddrs2018a;

Figure 169. The East Gotland Basin and Beppu Bay sites, nevertheless, preserve
stratigraphically useful patterns of these signals (Kaa$eal, 2023; Kuwaeet al,

2023). These Anthropocene signals differm those in latest Holocene strata: e.g.,
clinker from coal combusted to power steahips, was extensively dumped on the
seabed from ~1800 to ~1950 CE (Ramikézdraet al, 2011).

4.3 Estuaries and deltas

Most modern estuaries and deltas developed gldhie Early Holocene sdavel rise
and flooding of river or glacial valleys. Rates of-$&zel rise during the Northgrippian
and Meghalayan reduced greatly, allowing estuaries to fill with sediments and deltas to
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build seawards, enhanced by increasedseat flux resulting from early deforestation

and agricultural expansion. Subsequently, the trapping of sediment behind major dams,
constructed on nearly all major rivers, has greatly reduced sediment flux to the coast
since the 1950s (Syvitski & Kettne2011; Syvitskiet al, 2022;Table 3. This, along

with current and projected séavel rises, is expected to preserve transgressive,
diachronous sequenstratigraphic systems in these environments. River estuaries
record evidence of anthropogenic impattthe entire catchment, but are prone to
bioturbation and gaps in succession (Wastral, 2018a). Continuous Anthropocene
records are likely to be concentrated in areas of mud deposition in front of major
estuaries and in prodelta settings, where naidesedimentation rates of L mm/yr

are typical (Hanebutket al, 2015). However, this environment is prone to omission
surfaces (both through natural erosion and anthropogenic dredging), so many
Anthropocene records here will be incomplééhough vegeted systems such as
saltmarshes may show more complete recoMajy of the geochemical markers and
independent dating possibilities found in lakes and marine basins are also found in
estuaries and deltas, with such markers enhanced near to urbandasttiah
developments, as in San Francisco Estuary (Himsah, 2023).

Estuaries and deltas are particular foci for introduced species (Wilketsin2014),

often associated with marked declines in indigenous species. San Francisco Estuary,
for instance, spectacularly demonstrattst a neobiotdbased higkresolution
biostratigraphy can be effectively used in such successions (Higtsahy 2023)
Changed species assemblages have also resulted from aquaculture of fish, shellfish and
shrimps inestuaries, especially during the laté"2thd early 2% centuries, bringing
eutrophication, the spread of pathogens and parasites and destruction of coastal
mangrove systems (Martin€orchas & Martineordova, 2012).

4.4 Speleothems

Annually laminagéd calcareous speleothems (typically stalagmites) occur within natural

cave systems of karst environments, in which growth is typically slow, of tens to
hundreds of micrometres per year. Speleothems can also occur within artificial tunnels,

where degradain of mortar in concrete linings contributes the calcium carbonate;
these O6calthemitesd can have faster growth
complex internal structures (Broughto2020). The Meghalayan Stage (Upper

Holocene Subseries) is definieda speleothem (Walket al, 2018, 2019).

Principal signals that may be used to recognise a potential Holdxatheopocene

boundary includéFairchild & Frisia, 2014%hifts in atmospherit’C (Figure 163 and

sul fur (sul f at?3s;FigueleheSuperingpdsedaipon thaselareliocal,

more or less diachronous signals, that, include: 1) variations in growth rates of laminae
and®Oitiwhich relate to air Cemanendiaatouofe and
deforestation and/or introduction &4 plants; 3) biomarkers such as changes in
C27/C31 ralkane ratios and increase iralkanols reflecting the local introduction of
agriculture; and 4) shifts in trace elements and isotope ratios (Fairchild, Zodi#e(

13).

The Ernesto Cave site, suggested (Wateed, 2018a) and subsequently analysed for
GSSP potential (Borsatet al, 2023) constitutes a highly useful reference for this
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setting, but with lagged and muted signals for sulfur concentratiogsré 120 and
elsewhere throughC (Figure 163.

Because these signals are transported through plants, soil and rock before incorporation,
they are variably attenuated and delayed (Fairchild & Frisia, 2014; Fairchild, 2018).
Speleothems are also insensitive foe tlarge increases in atmospheric .CO
concentr at i on sBCaverdthe gastpcéntuty (Fainchildi &Frisia, 2014)

and lack Pu isotope determinations. However, recently analysed annually laminated
stalagmites from the Cook Islands, Oceania, whaebarren, soifree karst results in

little or no lag of the signals (Farat al, 2023), show that such speleothem sites may
more directly and immediately track Anthropocene signals, and may therefore provide
potential for a SABS proposal in the fugur

45 Glacial ice

Extensive, annually resolvable Anthropocene records are present in the continental ice
sheets of Antarctica and Greenland. Records are present in mountain glaciers too, but
these are prone to loss of annual laminae through seasonahgeetérm melting and
consequent destruction of the signals. Ice accumulations offer strong correlative
potential (Water®t al, 2018a), and were selected as GSSPs for the Holocene Series
(Greenlandian and Northgrippian stages; Wadkex., 2018, 2019)The Greenland ice

sheet is more contaminated by Northern Hemisphere industry, includirg0pre
century signals, while Antarctic land ice is more pristine and shows a more attenuated
but less locally influenced mild" century set of global markers (téaset al, 2018a).

The Antarctic Palmer ice core, a reference section of this propssal Rart @
exemplifies this remote setting. The chronology is resolved through annual layer
counting, determined through seasonal variations inseansalt sulfat stable water
isotopes and hydrogen peroxide (Emanuelsta., 2022) and is supported by well
dated volcanic horizons identified in the sulfate record, with an estimated dating error
of <6 months (Thomast al, 2023).

Stratigraphic markers in iceomprise: the ice itself and its isotopic compositions; a
range of aerosol species that have fallen, and been pressitveithe snow layers; and
trapped air bubbles, formed once-filled snow and firn have compacted down into
solid ice.

The air buble record is the most iconic, preserving atmospheric variations in CO
(Figure §, CHs (Figure 9 and NO (Figure 11athat extend far beyond the instrumental
record (Wolff, 2014Figure ES). However, the Anthropocene interval is mostly firn,
where bubblesre not yet closed from connection to the atmosphere and hence their
environmental signals inherently younger than the enclosing icare not yet locked

in. The depth and hence timing of the fimice transition is dependent upon the
accumulation ra, and so sites with rapid accumulation rates, such as the Palmer ice
core location, preserve a shorter air/ice lag. However, even here the point at which the
air-bubbles become fully sealed (the clagedepth), is reached at 62.8 m, whereas the
base othe proposed Anthropocene succession is 34.9 m (Thetahs2023). In older

ice records, the nitrogen isotopes in the air bubbles can be used to estimate the correct
ages of the air bubbles, facilitating direct comparison with ice of the same ageifParre

et al, 2013). This correction technique is not really applicable to the Anthropocene
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record; nevertheless, the fastest accumulating snow, with an ice/air difference of about

30 years, captures the beginning of the sharp upturns in greenhouse gasatedss

with industriali sat P®compasiti@hdietoehe Suess effgoe s i n
(Figure 10 The significance of the ice record is seen when splicing it with direct
atmospheric measurements made since 1956 fe(&@ later for the othegases) to

show the unprecedented scale and speed of the rise in these gases in the Anthropocene

when placed against both a Holocene and a Quaternary context, as described above
(Section 3.2.1 to 3.2.3 arkigures 89, 10a, 11a).

Detecting a putative Hocené Anthropocene boundary in oxygen isotope data from

ice is hampered by climate change lagging atmospheric change, and by signal noise
from decadal/multidecadal climate oscillations. Statistical analysis of the data,
however, has detected industreah warming in Antarctica ice cores (Casastoal,

2023). The Palmer ice core has stable water isotopes showing a shift to warmer surface
temperatures from ~1930 CE, coincident with snowfall rates becoming higher and more
irregular (Thomaet al, 2023).

Anthropogenic signals derived from aerosols preserved within the ice are not affected
by the discrepancy in air bubble age, and these provide the clearest markers for a
Holocene/Anthropocene boundary. These include radionuclide signals from nuclear
bomb testing (e.g., Pul“C), increases in black carbon and metals such as Pb from
industrial activity and automobile emissions, sulfate especially from coal combustion,
and nitrate from fertilisers. SCPs were recorded for the first time in Antarctic ice in the
Palmer ice corsuccessioifThomaset al 2023a, b).

The most abrupt anthropogenic signal widely recognizable in ice is radioactive fallout
from aboveground nuclear detonations. This is seen as a marked increase in beta
radioactivity (e.g.1*C, °°Sr ard tritium) initially in 1954 CE and pedalg in 1966 CE,
followed by slow decay towards natural background levels after the Partial Test Ban
Treaty in 1963 CE (Wolff, 2014). The losiged radionuclide’**Pu typically has a
higher activity in Arctic ice (by factor of about three) than in Antarctic {@&ienzo

et al, 2016). However, despite lower activities in Antarctica, the Palmer ice core
reference section has first detectiorf¥t2*Pu at 1945 CE (Thoma al, 2023).

In Greenland ice, blackarbon shows peak concentrations in the early @htury
(McConnell & Edwards, 20Q&igure 6¢. The greatest rises in Pb concentrations are
from the 1950sKigure 13, peaking in the 1960s, mainly from the burning of alkyl
leaded gasoline (Murozuret d., 1969; McConnell & Edwards, 2008), while in an ice
core from Mt. Logan, Yukon, an unprecedented 1950s rise is thought to be sourced
from increased coddurning in Asia (Osterbergt al, 2008). At their peak, Pb levels in
Greenland ice were about 2@8ld above Holocene background levels, compared with
Antarctic ice peak values from 1950 to 1980 CE at five timednuhestrial levels
(Wolff & Suttie, 1994).

Additional markers in Greenland ice include sulfate £9@oncentrations (Mayewski
et al, 199; Figure 12a)jce nitrate concentrations (Fischedral, 1998; Wolff, 2013;
Figure 11a,d)and as s oc i a tNtenddfFgue 1éaabcoincigientiwith a
rapid rise in fossil fuel emissions (Hastiregsal, 2009). Antarctic ice records show n
equivalent elevated nitrateFigure 11d signatures, being more remote from
anthropogenic contamination (Wolff, 2013, 2014).
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4.6 Corals

Shallowwater coral reefs extend over only abouti0.2% of the tropical oceans.
Cold-water corals occupy a mue¥ider range of latitudes and water depths, but these
are typically smaller and grow more slowly than in tropical reefs. These deeper water
coral skeletons have banding which, though, may not necessarily be annual, and some
proxy signals (e.g., radiogenicurc | i &@, sheavy iimetals) can be affected by
appreciable time lag during settling through the water column. Therefore, shallow
water corals most clearly exemplify stratigraphic patterns relevant to the Anthropocene,
with two selected as reference sifese Part 2 Flinders Reef in the Coral Sea (Zinke

et al, 2023) and West Flower Garden Bank Reef in the Gulf of Mexico (Deébalg

2023).

An important factor is the current overall decline, and uncertain future, of this
stratigraphic archive (HoegBuldberg, 2014; Hughest al, 2017). There has been a
50% reduction in the abundance of rbeflding corals over the pasti4&0 years, with
potential collapse of whole reef systems in the next few decades, as happened during
mass extinction events of thlgeological past (HoegBuldberg, 2014; Leinfelder,
2019). The robust and fossilisable coral skeletons already formed, however, have good
potential to preserve the Anthropoceaetated signals already imprinted into them.

The most representative Anthragme records are in lodyed coral colonies that
show annual growth bands that can be independently datedi¥$imgnd'“C, as**°Pb
activities proved too low to date the Flinders Reef and West Flower Garden Bank Reef,
while the'®’Cs and*'Am bombpeaks are typically not detected in corals (Ziakel,

2023; DeLonget al, 2023). Key correlatory signals include Pu af@ radionuclide
fallout, the'3C Suess effect and uptake of pollutants, in particular heavy metals, while
proxies of seaurface temperatures (SSTs) and pH are regionally significant markers
(Zinke et al,, 2023; DeLonget al, 2023).

The Pu signal in corals typically has very high resolution, with only limited evidence
of postgrowth mobility (Lindahlet al, 2011). Pacificorals can show initial rises and
peaks in Pu earlier than typical globalRidure 16¢, indicating an early local source

of the signals from the Pacific Proving Grounds (Lindzthdl, 2011), consistent with

the Pu record in the Flinders Reef core Kéipt al.,, 2023). The Caribbean corals show

a more globally representative Pu fallout pattern, with an initial 1954 CE rise and 1964
CE peak (Benninger & Dodge, 1988gure 16¢ The West Flower Garden Bank Reef

is consistent with this (DeLorgj al, 2023) and SancheZabezat al (2021) proposed

that sites far from nuclear testing grounds are potentially suitable to host a type section
of the Anthropocene.

The West Flower Garden Bank and Flinders Reef corals show a pronounced
radiocarbon bomispike conmencing in 1957 and 1958 CE, respectively, with a slight
lag as expected in the Southern Hemisphere record (Zinkde 2023; DeLonget al,

2023). The peak signals, in 1970 and 1980 CE respectively, are both significantly
delayed compared with atmospieef’'C concentrations (sédgure 15.

Ut3C in coral skeletons shows a marked decrease from about 1955 CE in Caribbean
corals and sclerosponges (th% Suess effect), with a more variable and less
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pronounced rate of change in the Indian and Pacificnsc€wartet al,, 2010;Figure

1009. This is consistent with the inflections to lower stable isotope ratios being
pronounced from 1956 CE in West Flower Garden Bank, but less marked and later in
the Flinders Reef in 1970 CE (DelLoagal., 2023; Zinkeet d., 2023).

Pb signals in corals show strong regional influences. For instance, corals in Bermuda
(Kelly et al, 2009) show a marked increase that began in the late 1940s due to increased
consumption of leaded gasoline and peaked in the 1970s (&oglle2014).

Coral temperature proxies are strongly influenced by regional climate variations. Sea

surface temperature rises from the 1970s onwards have led to reduced annual band
thicknesses iPoritesc ol oni es i n t he Greteaag 2009Badrarei er Ree
l i nked with s!OandSgCadatios in theGagbbdam(Helziregel,

2010).

U'!B isotopic records in corals provide a proxy for seawaterRutites coral in the
Great Barrier Reef show a decreasing trend in pH of aboi®.3.2om 1940 to 2004

CE, though with marked annual oscillations (Weial, 2009). In the Flinders Reef
there is strong decadal variability throughout the record with only a small, insignificant
trend towards lower values (Pelejartoal, 2005; Zinkeetal., 2023).

4.7 Peat

Peat deposits are extensive (Shotyk, 1992; efual, 2010) and provide good
environmental archives, particularly those that are ombrotrophic, receiving their
nutrients solely from atmospheric inputs with naturally low concentrations of mineral
matter (Waterset al, 2018a). Bog surface waters are aciduith varying redox
conditions, and so radioisotopes such®48s and metals such as U, Mn and Fe can be
very mobile. Peat bogs are not varved and the most robusteptfe models use a
combination of approaches, includiti§ and?°Pb.

Waterset al. (20L8a) noted Swiss peat deposits showing the greatest Pb flux in the late
20" century, reaching 1570 times the background value by 1979 CE associated with
greatly decreased®PbF°’Pb ratios. Thesgatterns subsequently revedsollowing the
introduction of unleaded gasoline and regional reduction in industrial Pb sources
(Shotyk et al, 1998).Similar Pb enrichments also recorded in northern Alberta,
Canada (Shotyket al, 2016; Figure 13. In the Swiss peats, the highest PCB
concentrations date from @9 to 1976 CE, while PAHs peak from 1930 to 1951 CE
(Bersetet al, 2001). Peak records ¥fAm activity mark the early 1950s to early 1960s
bombspike, whereas maximufi’Cs activity is in the uppermost living part of the
profile, inferred to be sourcdaly the Chernobyl disaster of 1986 CE (Applaal,

1997).

Subsequently, the analysis of further proxy signals, including Pu isotopes, in peats from
$nieUka in the Sudetes wouretad20803leddda Pol and
new core fromtld si te being selected &HKozatadandi dat
2023;see Part R Here, the?®**24Puy profile shows a marked increase from 1952 CE

and a peak in 1965 + 5 CE, consistent with't@edata. Other signals that help constrain

the Anthropocene boundary include the Ilowest occurrence of spheroidal
aluminosilicates (SAPs) and mullite, and an upturn in SCP abundance, while the
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introduction of ragweedAMmbrosig is a clear neobiotic signali(Fa § k rKeowzi etezg
al., 2023).

4.8 Trees

A precise dendrochronological timescale has been developed for the Holocene, for
instance helping constrain a Medieval Climatic Anomaly (MCA) fromi 9200 CE,

below average temperatures during the Little Ice Age (LIA) from 12880 CE, and
warming sincel850 CE (Espeet al, 2002; Wilsoret al, 2016;Figure ES). For the
Anthropocene, tree rings provide a higisolution archive of the radiocarbon bomb
spike, variations in stable carbon isotopes, sulfur concentrations and sulfur isotope
values.

Trees povide a higr esol uti on record of Chyyabodtecr ease
20.0a between 1890 and 1950 CEdinglowr espons
activity fossil carbon. This i®llowed by a marked radiocarbon bomb spike in response

to nuclear wepons testing, peaking at double that ofp850 CE times (e.g., Rakowski

et al, 2013;Figure 16D. A proposal suggesting a candidate tree GSSP in-aatbre

Sitka spruce Ficea sitchensjsfrom Campbell Island, New Zealand (Turnetyal,

2018) was ba=l upon'“C as a single marker analysed between 1961 and 1967 CE,
resolving the bomipeak in Octobé&iDecember 1965 CE, their preferred base for the
AnthropoceneHowever,sampling did not extend to the beginning of the beapiie.

239+ 24Py records in &e rings are less studied, but seem to show similar trends to those

seen in lake sediment cores (Mahara & Kudo, 1995).

The change in tree ring carbon isotopic values resulting from global industrialisation is

seen as a reduciCivaluebpf ~28meospberibeilstart
Revol uti on ~%¥C8Sudss efdet), with Imarkedi inflection at ~1950 CE

(Loaderet al, 2013). This effect, also observable in ringless trees in the tropics, is far

greater than anything observed in thestrang isotope record during at least the last

thousand years.

4.9 Anthropogenic deposits

This category includes sedimentary successions that have accumulated through direct
human deposition (artificial ground) or by human influence on natural systeafisas
reservoir deposits that accumulate behind dalascribed in Section 4.1 (Foed al.,

2014). There is a continuum from entirely natural through to entirely anthropogenic
materials. Such anthropogenic deposits may show remarkably high accunmalzson
locally in excess of one metre per year, and rapidly incorporate novel anthropogenic
signatures, which may be lithological, geochemical or biotic. This provides a highly
resolvable succession in which artefacts and novel materials can provide time
constraints to decadal resolution or better (Wagtral, 2018a; Zalasiewicz et aln

press) though such successions overall are typically marked by numerous internal
erosion/hiatus surfaces separating intermittent depositional events, lack simpkd verti
accretionary patterns (e.g., the reference section at Karlsplatz, Vienna; Wagedich
2023) , and are commonl y (Zdasiswiceet d, 2aldbpy O6ant h
The pattern of such complex erosional/st@Epositional surfaces is of greatlue for

local correlation (Edgewortét al, 2015).
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Waters et al (2018a) provided four examples of these extraordinarily diverse
successions: Fresh Kills Landfill (New York), Teufelsberg (Berlin) and in Vienna
(subsequently being proposed as a ref@resectiorby Wagreichet al, 2023), all of
which are examples of artificial ground; and the Gorrondatxeelboca beachrock
(northern Spain), a naturally formed succession comprising mainly artificial materials
(furnace slags).

5. EVIDENCE FOR THE PROPOSED RANK OF SERIES/EPOCH

The hierarchical system of ranking chronostratigraphic and geochronological units
implies that the higher the rank attributed to the Anthropocene, the greater the change
that has occurred between it and the preceding stratigrapiti (Gibbard & Walker,

2014). When Paul Crutzen first used the term Anthropocene (see Section 2) it was as
an improvisation, not constructed with the technicalities of stratigraphic hierarchy in

mi nd. Howe(VE8 3 3)Lyldeandesd has efeffdfiowed consistently
during the Cenozoic to denote epoch/ series
on his assessment that the Holocene was no longer an adequate descriptor of the state
of the Earth System. The evidence base assembledebdWG led it to vote, both
indicatively in 2016 (Zalasiewicet al,, 2017a) and as a binding vote in 208pgendix

2) strongly in favour of the series/epoch rank, with Waggral (2016) providing the

case, summarised below.

Previously defined geological epochs/series are highly variable in length, lacking a
fixed duration. However, beginning with the Miocene, epochs become successively
shorter, culminating in less than 12,000 years for the Holocene. The Anthropocene thus
lies along a trend that reflects increasing resolution of the geological record as one
approaches the present. Furthermore, Zalasieatiak (2017b) suggested that the key
issue is not how long epochs are, but whether the geological record that allows
charaterization and correlation of the Anthropocene is already sufficiently distinct,
whether that record will persist for at least many millennia, and whether changes
already in train will inevitably affect the future course of Earth history and therefore
thepattern of the future stratigraphic record. All of those conditions are fulfilled for the
Anthropocene.

5.1 Comparison of scales and rates of change related to stratigraphical
markers

The observed signals of palaeoenvironmental change associated \ithpibged base

of the Anthropocene in the mID" century, and their range across diverse stratigraphic
environments, are described in detail in Sections 2 and 3. Below they are described in
assessment of the most appropriate rank for the Anthropocene.

One may compare the scales and rates of change across the Hotatbregppocene
transition in those stratigraphical markers for which there are records extending from
Pleistocene (or older) times to the present. THesgterm records are discussed
below.
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5.1.1 Mineral and material diversity
The o6miner al

evol uti on étalq2008Eshows that mirzesal

assS es S

species grew from their number in gokanetary asteroids and planetesimals (~250) to

~1500 on an early Earth with watsgme form of plate tectonics and metamorphism

(Figure 2). Once life emerged and, crucially, developed oxygenic photosynthesis, the

number of minerals rose to >4000 around the Archli&raterozoic boundary as suites
of oxides and hydroxides formed. Furtteranges in ocean chemistry, climate and

biological evolution added only modest numbers of minerals (some 5,300 are now

recognised, most being extremely rare). Early anthropogenic minerdbrmation
included separation of pure metals (rare in naturd)their combination into alloys,

beginning with the Bronze and Iron ages. This process intensified with the Industrial

Revolution and accelerated sharply in pb8b0 times, a trend that continues; the
number of synthetic (human made) mindiled compound now exceeds 200,000

(sources in Hazeet al, 2017, updated), exceeding by more than an order of magnitude

the number ofinerals Figure 2} (Section 3.1.1). This increasediversity is unique
in Earth history and in itself suggests a rank for f&hropocene of at least

series/epoch. Many of the novel anthropogenic materials either first became evident in

geological deposits around the start of the proposed Anthropocene (e.g-, anitro
macroplastics, glass microspheres, titanium), or firstractated slightly earlier in the
19" and early 2t centuries but show marked upturns in abundance since th20id
century (e.g., fly ash, black carbon, aluminium metal, concrete, tungsten carbide).
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Number of mineral species/synthetic mineral-like compounds (x 1000)
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Figure 21,

Eart hods

mi eb a.r2808) medified taishawdhe

(afte

human addition (from Zalasiewicz et al., 2014a), the scale of which is here shown to be
much greater than originally figured (see Hazen et al., 2017) and since has estimated

to have increased to >200,000 minefike communds. From Zalasiewicz et al.

(2019a).
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5.1.2 Carbon dioxide (CQ)

During the proposed Anthropocene, atmospherig €@centrations have risen by 110
ppm Figures ES1 and 22at a peak rate of2>ppm/yr. This rise is some 100 times
faster than across the Pleistodddelocene transition (Wateet al, 2016). The start

of the Northgrippian broadly coincides with a change from a slightly decreasing trend
to a slight increase that persisted withdutther change througthe start of the
Meghalayan. Tis slight increasevas attributed by Ruddiman (2003, 2013, 2018) to
anthropogenic deforestation during early farming, though this interpretation remains
controversial, with natural degassing from theas also suggested (see Zalasiewicz
et al, 2019b, in pregs Whichever interpretation is correct, the rise during the
Anthropocene is >600 times faster than the 25 ppm rise from ~8000 yr BP to ~1750 CE
and is unprecedented over at least B@0 as siown by the icecore records (Luthet

al., 2008). Furthermore, the pdstustrial rise (~140 ppm) already considerably
exceeds the ris€/6 ppm from Dome C ice core) associated with the Pleistocene
Holocene transition (Flickiget al, 2002). Hence tmospheric C@concentrations in

the Anthropocene are outside of the range of variability of the Holocene and probably
the Quaternary too, and were last likely to have been at this level sornd.8318llion

years ago during the Pliocene Epoch (Hayweodl., 202Q Raeet al, 202). A
significant component of this GQwill persist in the atmosphere for tens of millennia
(Clark et al, 2016; Talento & Ganopolski, 2021), irrespective of future emissions or
emission reductions (see Sectmg).
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Late Early Middle Late pocene
Greenlandian| Northgrippian Meghalayan |Crawfordian
400 | | i &
I I [ ‘=
I I [
350 | | I §_
I I \ o
| | o
300 | | <
I | -
I
I I
I

----- CO: global atmospheric mean

20 18 16 14 12 10 8 6 4 2 0
Age (thousand years)

Figure 22. Atmospheric Cecords in Antarctic (EPICA Dome C) ice core over the
last 20 kyr (Monnin et al., 2001), supplemented by observationafrdateRubino et
al. (2013).
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5.1.3 Methane (CH,)

During the proposed Anthropocene, atmospheria €bhcentrations have risen by
>750 ppb (Figures ES1 and 23; Nisketl, 2023), in addition to a rise of ~360 ppb
between 1875 and 1950 CE. Consequently, it is now more than double the maximum
concentrations evident during the Holocene (when it fluctubgtween 590 and 760
ppb). CH levels have typically increased rapidly with rises of insolation from past
glacials to past interglacials. This is the case during the Pleisiddelogene transition
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in which there was a rise of 306 ppb in the Dome C ice @eluckigeret al, 2002),
substantially lower than the scale of increase at the start of the proposed Anthropocene.
Subsequently, during the Greenlandian and Northgrippian, @Hcentrations fell

along with the decline in insolation, as they did atsprievious interglacial intervals,

then began to rise over the past 5000 years, plausibly in response to the development
of rice farming in eastern Asia (Ruddimanal, 2016). The average rate of rise of 10
ppb/yr or 0.5%/yr during the Anthropocene i963imes faster than the ~100 ppb rise
from 5000 years ago to 1750 CE and the total rise is about three times the magnitude
of increase recorded at the Pleisto¢ét@ocene transition. Current GH
concentrations greatly exceed those evident in ice coneableast the past 80G/k

and are hence outside of the range of variability of the Holocene and much, if not all
of, the Quaternary.
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Figure 23. Atmospheric CHecords in ice core from Greenland GRIP (Blunier et al.,
1995) and global atmospheric mean values (NOAA, 2023a).

5.1.4 Carbon isotope anomaly

During the proposed Ant HQioAn@rctie icee(Scamitt~2 & dec
et al, 2012; Figures ES1 and 243s greatly more depleted values than at any point in

the last 24 ¥r. This compares already in magnitude to major Cenozoic carbon isotope

events such as the Monterey Event of the Miocene (Sostian 2020). It contrasts

with a slow Greenlandian trendowar ds i sotopically heavier
kyr and subsequent static levels for much of the Northgrippian and Meghalayan. This

Suess effect will continue as long as fossil carbon is combusted (Graven, 2015; Graven

et al, 2020).
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Fi g u r 'éC varidbiliti over 20 kyr in the Antarctic EPICA Dome C (Schmitt et al.,
2012) and Law Dome ice cores (Rubino et al., 2013).

5.1.5 Nitrogen isotopes, nitrous oxide and nitrates

Levels of chemically bound nitrogen have i
120% relative to the Holocene baseline (Figure 25), following the invention of the
HaberBosch process early in the "2@entury (Gallowayet al, 2008; Zalasiewicz,

2019) . It has been inferred to be the grea
for 2.5 billion years (Canfieldt al.,2010).
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Figure 25. Ice core N@a n d°N fiiom Summit, Greenland (from Hastings et al., 2005,
2009 and Wolff, 2014, reproduced in Waters et al., 2018} durve from Antarctic
Dome C ice core (Fluckiger et aRp02; Schilt et al. 2010b).

During the proposed Anthropocene, nitrate concentrations in Greenland ice show a
peak increase of >100 ppb above a1880 CE baseline of 73 ppb (Figure 11c) with a
marked 195051960s upturn and peaking at levels higher tbeer the past 100 kyr
(Wolff, 2014). Nitrate perturbations occur around the base of the Northgrippian, but not
Greenlandian and Meghalayan stages, although are subdued compared with the rise
during the Anthropocene (Figures ES1 and 25).
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N2>O concentratios for Antarctic ice core over the past 80¢r lshows a natural
variability with high values during interglacials and low values for glacials, ranging
between 202 ppb and 286 ppb (Scétilal, 2010a), but during the Anthropocene has
risen from ~290 ppb tthe current figure of 334 ppb. The onset of the Holocene in
Greenland ice core coincided with a marked increase@ ®™ 70 ppb (Schilet al,
2010b; Flackigeret al, 2002), exceeding the rise at the start of the proposed
Anthropocene, but over a ~5tkguration (Figure 25). However, this parameter shows
little variability during the entire Holocene (10 ppb), but with a trend change from
falling concentrations during the Greenlandian to slowly rising values during the
Northgrippian and early Meghalay@rltckigeret al., 2002).

A ~7.53a d e vatuassireGreentandlice cores commences with a marked
i nfl exion, foll owing an additional decr eas
(Figures ES1 and 11c) . Recent (ledstiuhes ar e a

past 36 ka, with Holocene values consistently higher than those in the Anthropocene,
while Pleistocene values are consistently higher still.

5.1.6 Sulfate concentrations

PeakGreenland ice sulfate (S©) concentrations arei 3 times above prndustrial
values (Fischeet al, 1998), though not exceeding concentrations associated with large
volcanic eruptions or during the Last Glacial Maximum (Wolff, 2014). Antarctic ice
records show no equivalent elés@ sulfate signatures, being more remote from
anthropogenic contamination (Wolff, 2013, 2014).

5.1.7 Metal stratigraphic signals

Stratigraphic signals from metal extraction and working have a long history, early

signals from Bronze and Iron Age lead smeltirgnly recorded in archives such as

European pedbogs, Iberian lakes and Arctic tceres from ~3500 yr BP, with a more

pronounced Roman peak at ~2000 yr BP (Gaidiba et al, 2013; Figure 26), also

recorded in Swedish lakes (Renbetgal, 2002). Suggested as potential markers to
stratigraphically define an d6éearlyd Anthr
2018), these signals are weaker, patchier and less sharply defined than signals
associated with and pedating the Industrial Revoation.

There are natural variations in Pb associated with crustal dust and volcanic emissions
(Figure 26, although these are typically greatly exceeded by anthropogenic sources.
However, the early mining signal seen in Europe is not evident in Mt. L(@&won)

ice and hence is very much regional, the signal of lead pollution being much weaker
and appearing |l ater i n the Southern Hemisp
burning was considered the source of an abrupt, unprecedented increase in Pb from
1950 CE in ice core records from Mt. Logan, resulting in-fell@ Pb enrichment from

1981 1998 CE above natural background levels (Osterbead), 2008;Figure 26. In

the Northern Hemisphere, peak enrichment factor values for Pb are typically >100 times
and for the Southern Hemisphere 4 to 15 times background concentration®{/sllarx
2016), though Pb flux values in 1979 CE of 1570 times natural background have been
recorded in peat deposits in Switzerland (Shety&l., 1998).
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Figure 26. Variations in Pb concentrations in ice core from Mt. Logafukon
(Osterberg et al., 2008) aridaguna de Rio Seco, southern Sp&arcia-Alix et al.,
2013)

5.1.8 Climate

The Quaternary Period and its subdivisians;eptingthe recent tripartite subdivision

of the Holocene (Walkeat al, 2018), are broadly based on climate transitions, even if

specific boundary levels use other markers, such as palaeomagnetic reversals. In the

case of the Anthropocene, the dominance of alrtsisolation controlling global climate

has now been overwhelmed by anthropogenically sourced drivers and the Earth is
clearly in a different climatic regime, outside of the Holocene climatic envelope
(Waterset al, 2016; Summerhayes, 2019, 2020). Betval. (2021) show that during

the past 11,700 years of the Holocethe, average global insolation trend was almost

flat, with a very slight increase of about 1 W/aver the past 7000 years. That very

slight increase paralleled a slight rise of about g% in CQ (Ruddimaret al., 2016;

see Section 3.2.1), leading Boea al. (2021) to suggest that the Holocene climate

should have warmed very slightly over the past 5000 years or so. This trend appeared

to run counter to data from sediment cores and ice cores, especially from the Northern
Hemisphere, which suggested that thieael been gradual global cooling over this

interval (Marcottet al, 2013; Kaufmaret al.,2020; Figure 27). However, those data

are now thought to represent summer insolation, which declined over the past few
thousand years and was especially well dgwed in the polar regions (Crucifix, 2009;

Beer & Wanner, 2012), |l eading to what c¢ame
past 40005000 years (e.g., McKagt al , 2018) ; as an exampl e, t
characterised by a pronounced cooling ne€hland (Vintheet al, 2009).The cooling

of this 6édneoglacial é period was due to the
the polar regions in response to declining summer insolation there. The combination of

the slight growth in globally averaddansolation with the decline in polar summer

insolation and consequential growth of ice led to overall flat average global temperature

and sea level profiles for the Holocene.

Shortterm climatic events at 8.2 ka and 4.2 ka provide useful guides feuliaévision
of the Holocene into component stages and subseries, but the overall pattern is of a
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