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Abstract: Recognition of intimate feedback mechanisms linking changes across the atmo-
sphere, biosphere, geosphere and hydrosphere demonstrates the pervasive nature of humankind’s
influence, perhaps to the point that we have fashioned a new geological epoch, the Anthropocene.
To what extent will these changes be evident as long-lasting signatures in the geological record?

To establish the Anthropocene as a formal chronostratigraphical unit it is necessary to consider a
spectrum of indicators of anthropogenically induced environmental change, and to determine how
these show as stratigraphic signals that can be used to characterize an Anthropocene unit and to
recognize its base. It is important to consider these signals against a context of Holocene and
earlier stratigraphic patterns. Here we review the parameters used by stratigraphers to identify
chronostratigraphical units and how these could apply to the definition of the Anthropocene.
The onset of the range of signatures is diachronous, although many show maximum signatures
which post-date1945, leading to the suggestion that this date may be a suitable age for the start

of the Anthropocene.

The ‘Anthropocene’ is in many respects a novel
potential geological unit. Stratigraphy, which deals
with the classification of geological time (geo-
chronology) and material time-rock units (chrono-
stratigraphy), has historically defined geological
units based upon significant, but temporally dis-
tant, events. These events are typically, although
not exclusively, associated with major changes in
the fossil contents of rocks below and above a
particular horizon, and therefore with the temporal
distribution of life forms. It was only following such
observations that new stratigraphical units were
proposed and ultimately defined. For example,
J. Phillips used the major mass extinction at the
end of the Permian in 1840 to recognize the begin-
ning of both the Triassic Period and of the Meso-
zoic Era. The ultimate definition of the base of the
Triassic, however, was accomplished only in 2001,
when the Global Stratotype Section and Point
(GSSP) was taken at the base of a specific bed in
a section in Meishan, China, coinciding with the
lowest occurrence of the primary marker, the cono-
dont Hindeodus parvus (Yin et al. 2001). In con-
trast, the Anthropocene was proposed as a term
(Crutzen & Stoermer 2000) before any consid-
eration of the nature of the signature of this new
stratigraphical unit was given. For the first time
in geological history, humanity has been able
to observe and be part of the processes that

potentially may signal such a change from the pre-
ceding to succeeding epoch.

What are the key ‘events’ over the last decades
to millennia that have the potential to leave a rec-
ognizable record in sediments/ice that could be
used to define the base of the Anthropocene? The
options cover a diverse range of geoscientific fields
and need not be restricted to the biostratigraphi-
cal tools typically used throughout much of the
geological column to define chronostratigraphical
units. Potential stratigraphical tools and techniques
that may be used to define the base of the Anthro-
pocene include the following (Fig. 1):

(1) Appearance and increased abundance of
anthropogenic deposits:
e artificial anthropogenic deposits;
e anthropogenic soils (anthrosols);
e novel minerals and mineraloids;
e anthropogenic subsurface structures (‘trace
fossils’);
e anthropogenic modification of terrestrial
and marine sedimentary systems.
(2) Biotic turnover:
e megafauna;
e reef ecosystems;
e microflora;
e microfauna.

From: WATERS, C. N., ZALASIEWICZ, J. A., WILLIAMS, M., ELLIS, M. A. & SNELLING, A. M. (eds) A Stratigraphical
Basis for the Anthropocene. Geological Society, London, Special Publications, 395,
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Fig. 1. Examples of key ‘events’ that could produce stratigraphical signatures that could be used to define the base of the Anthropocene.
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(3) Geochemical:
e cvidence preserved in the cryosphere;
e records in speleothems;
e organic and inorganic contributions to
sediments.
(4) Climate change:
e ocean geochemistry;
e oceanic biodiversity;
e continental to ocean sediment flux;
e sea-level change.
(5) Catastrophic events:

e radiogenic spikes from nuclear bomb tests/
accidents;

e volcanic eruption;

e meteorite/asteroid (bolide) impact.

The 17 contributions to this Special Publication,
A Stratigraphical Basis for the Anthropocene,
mainly cover those events that have been directly
the result of humanity’s growing influence on the
Earth — techniques (1)—(3) above — and it is most
likely that one or more of these signatures could
be used to define the basal boundary of the Anthro-
pocene. In addition, the practical use of tephrochro-
nology, dating historical events through volcanic
ash deposits, clearly provides an important stratigra-
phical tool for quantifying Anthropocene events.

In this paper, we begin by presenting a descrip-
tion of the process by which the Anthropocene
is being considered for ratification. We consider
the hierarchical stratigraphical level to which the
Anthropocene might be applied, or remain a pop-
ular but entirely informal unit which exists outside
the formal Geological Time Scale. We outline
some of the techniques for dating sediments/ice,
detail the three main suggestions forwarded as
potential ages for the start of the Anthropocene: pre-
Industrial Revolution; 1800 and the start of the
Industrial Revolution in parts of the planet; and
1950, the ‘Great Acceleration’ in global economic
activity following World War II (Steffen et al.
2007). Potential future ages are also considered. A
glossary of commonly used terms is also provided.

Process of ratification of the proposed
Anthropocene Epoch

The Anthropocene Working Group (AWG) of the
Subcommission on Quaternary Stratigraphy (SQS)
was established in 2009 to consider the informal
proposal that we no longer live in the Holocene
Epoch, but in a time period which should be referred
to as the Anthropocene. The AWG is tasked to
assess evidence that there are environmental signa-
tures preserved in sedimentary or cryospheric suc-
cessions that can be attributed uniquely to the

Anthropocene. If accepted, the AWG would need
to define a Global Stratigraphic Section and Point
(GSSP or ‘golden spike’) in a type locality, or to
define a Global Standard Stratigraphic Age (GSSA
or numerical age), that defines the Holocene—
Anthropocene boundary.

The process by which a new epoch can be ratified
is described by Finney (2013), who also raises a
series of pertinent questions that he feels need to be
addressed by the AWG, although many of these
questions are unique to the Anthropocene. Zalasie-
wicz et al. (2014a) describe some of the problems
related to the short timescales inherent in the defi-
nition of the Anthropocene, such as bioturbation
and pedogenesis. The ability to locate a boundary
through counting varves in sediments or layers in
ice core to the nearest year, or at least decade, would
provide a scale of rigour not previously faced dur-
ing the definition of older chronostratigraphical
boundaries, where potential diachroneity of many
thousands of years cannot be resolved by current
dating techniques.

Status as epoch or age

Given the hierarchical nature of chronostratigraphy
(Salvador 1994), the higher the rank of the Anthro-
pocene, the greater the change has occurred between
it and the previous stratigraphical unit (Gibbard &
Walker 2013). The term proposed, even if by acci-
dent (Steffen et al. 2004), implies by use of the
ending ‘cene’ to be of Epoch status. Stages/ages
typically end in ‘ian’ and as such if the new division
was considered to be of this rank would need to
be named as Anthroposian, or similar. To warrant
Epoch status the scale of changes in key criteria
(biostratigraphical, sedimentological and geochem-
ical) need to be of comparable magnitude to those
used as evidence for earlier Epoch boundaries,
such as that between the Pleistocene and Holocene
(Gibbard & Walker 2013). Hence, consideration as
a potential Epoch has the scientific benefit of
overtly testing the implicit hypothesis in Crutzen
(2002): that the Holocene, defined by fundamental
aspects of the Earth system, has terminated.

The Holocene is being considered to be divided
into three Stages/Ages along the lines of ‘Early’,
‘Mid’ and ‘Late’ Holocene, with internal boundaries
at 8.2 and approximately 4.2ka (Walker et al.
2012). This does not leave open the option of the
Anthropocene to be considered a Late Holocene
Stage/Age.

The base of the Quaternary Period is formally
defined at a GSSP (Gibbard et al. 2010), although
a concept associated with this definition is that it
also reflects the onset of the major northern hemi-
sphere glaciation. Wolff (2013) faces the possibility
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that the end of the sequence of northern hemisphere
glaciations should signal the end of the Quaternary,
but he suggests that current evidence does not pre-
clude glacial inception in the future (timescales of
10-100 ka). Levels of atmospheric CO, (Liithi
et al. 2008), CH,4 (Loulergue et al. 2008) and N,O
(Schilt et al. 2010) in ice cores are at levels higher
than observed for the last 800 ka (Wolff 2013),
and, in the case of CO,, at levels unprecedented
since the warmer Pliocene Epoch (see Haywood
et al. 2011). Such signatures would distinguish the
Anthropocene from the Holocene and part, if not
all, of the Pleistocene.

Between the 1500s and 1700s, the number of
species extinctions (plants and animals) ran at less
than 50 per century, with extinctions rising to 125
in the 1800s and 500 in the 1900s (Barnosky
2013). Barnosky (2013) concludes that, although
extinction rates are elevated at 3—12 times normal
background rates, less than 1% of species have
become extinct. For vascular plants, at least 5% of
native species appear to have been lost across half
of the terrestrial biosphere, but in many cases
native plant species are able to maintain viable
populations even in heavily managed anthropogenic
biomes (Ellis er al. 2012). Therefore, at present, we
are not experiencing something equivalent to the
Big Five mass extinctions, where an estimated
75-96% of known species became extinct, or, as
regards large terrestrial vertebrates, the Late Quater-
nary Megafauna Extinction near the Pleistocene—
Holocene boundary (Barnosky ez al. 2011; Barnosky
2013). This suggests that, as Gibbard & Walker
(2013) contend, the Anthropocene does not pro-
vide a biostratigraphical signature equivalent to
the epoch status defined for the Holocene. However,
this extinction threshold would be exceeded in
the near future, and in excess of 75% species loss
can be predicted within 300-500 years at cur-
rent extinction rates, unless conservation methods
become markedly more effective (Barnosky et al.
2011; Barnosky 2013). This would produce a bio-
horizon on a scale of the Big Five mass extinctions
and, if this is to become reality, the Anthropo-
cene would arguably be of Period/System scale.
Extinctions are not the only indicator of biostra-
tigraphy, though, as the changes to assemblages
through species invasions (Barnosky 2013) are
now considerable, globally expressed and effec-
tively permanent.

Absolute and relative dating techniques

Climatostratigraphy, or use of contrasting climatic
conditions to characterize stratigraphical units, is
of primary importance for correlation within Qua-
ternary successions (Gibbard & Walker 2013).

The Quaternary is subdivided into Marine Isotope
Stages (MIS 1-104), reflecting orbitally forced
cooling (glacials) and warming (interglacials) of the
Earth’s climate, the ages of which have been accu-
rately constrained (Lisiecki & Raymo 2005). This
is evident through the 8'%0 signature of marine
biogenic calcite, which reflects the increased incor-
poration of the light '®0 into expanding ice sheets
(Shackleton & Opdyke 1973). MIS 1 ranges from
the present to 11.7 ka, coinciding with the Holocene
Epoch, the current interglacial. The Anthropocene
does not fit within such a definition and clearly
MIS stages are insufficient when it comes to dat-
ing anthropogenic deposits. It is the disruption of
such quasi-periodic signals that makes the Anthro-
pocene distinctive, potentially to the point that we
no longer exist within a regime of orbitally domi-
nated climate change. Alternative means need to
be found of characterizing and defining the Anthro-
pocene, as discussed below.

Radiometric dating has become an increasingly
precise tool for determining the absolute age of
chronostratigraphical boundaries; for example, the
base of the Triassic is bracketed by two dated
volcanic-ash clays and constrained at 252.16 +
0.2 Ma (Shen et al. 2010), an error of only 0.001%
of the total age. A number of radiometric techniques
used to determine Quaternary chronology are here
considered for their suitability for dating the
Anthropocene. Radiocarbon (**C), although routi-
nely used by the archaeological community to date
organic remains, has insufficient resolution. It
has an error of several decades, which is unsuitable
if the beginning of the Anthropocene is chosen to
have occurred during the last 200 years (Table 1).
Radioisotopes such as '*’Cs and *Sr are useful
time markers that can be potentially linked to
specific and temporally constrained emissions, are
laterally extensive and have a short half-life
(Table 1). However, in areas of low fallout these
radionuclides may already be approaching the
limits of detection (Hancock et al. 2014), and
ice-core P-radioactivity on isotopes (Dibb et al.
1990) is unsuitable for dating signatures even for
the start of the Industrial Revolution (Wolff 2013).
Lamina-counting techniques used in conjunction
with 210Pb—226Ra or 234U-23Th radiometric dat-
ing (Table 1) is potentially of importance in the
context of dating speleothems (Fairchild & Frisia
2013). 2'°Pb may also be useful for dating micro-
fauna and microflora (Wilkinson et al. 2014),
marine or lacustrine clay sediments and peats. In
the more distant future, dating techniques may
rely upon more long-lived isotopes, such as *°Pu
and 240Pu (Table 1), which also bind strongly to
soil and sediment particles (Hancock ez al. 2014).
The longer-lived nature and greater abundance
of 2**Pu makes it the preferred chronometer, and
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Table 1. Commonly used radiometric dating techniques and their applicability to dating Anthropocene deposits/

artefacts
Isotope Half-life Acceptable Accuracy Suitability
(years) range
40 5568/5730 200-60 kyr  Decades—centuries Peat, wood, charcoal, bone, shells, soil,
ice core, coral, etc. (Pre-Industrial
Revolution)
137t 30.17 + 0.03 AD 1954- Annual (if linked to known Terrestrial — marine sediments
present emissions) — decades (mid-twentieth century)
20gr 28.79 AD 1950s—  Annual (if linked to known  Terrestrial — marine sediments
present emissions) — decades (mid-twentieth century)
210pp226RaY 223 ?'%Pb) <150 years  Decades Carbonates, speleothems, microflora,
microfauna (mid-twentieth century)
24y 230THY 245 560 <500 kyr Centuries Carbonates, speleothems, bone, teeth
(Pre-Industrial)
239pyll 24110 <100 kyr Centuries; annual if linked Soil, sediment (mid-twentieth century)
to known emissions)
240pyll 6563 <30 kyr Centuries; annual if linked Soil, sediment (mid-twentieth century)

to known emissions

Text in italics indicates which of the three main options of the age of the Anthropocene could be most usefully dated using the

respective isotopes.

*Stuiver & Polach (1977); "Unterweger (2013); *Browne (1997); *Elert (2013); 'lcf. Hancock ez al. (2014).

in many regions the signal is likely to be detect-
able in sediments for 100 kyr or longer (Hancock
et al. 2014).

Radiogenic methods such as Luminescence and
Electron Spin Resonance (ESR) are relatively new
techniques becoming increasingly used by archaeol-
ogists and Quaternary geoscientists. The Lumines-
cence method dates the last time an object was
heated (particularly useful for pottery) or exposed
to sunlight (potentially useful to delimit burial of
artificial deposits). It can provide dates that range
from 10 years up to 1 Myr, but has comparatively
low accuracy, with errors of typically 5-10%
(Duller 2008). ESR dates, mainly used on corals,
speleothems, teeth and bone, range from a few thou-
sand years to 300 kyr and so may be of little practi-
cal use for dating the Anthropocene if it is to fall
within the last two centuries.

Cosmogenic Radionuclides (CRN’s) dating relies
upon the accumulation of *He, '9Be, 2INe, 26Al
and 3°Cl in response to the duration of exposure of
the upper 1-2 m of sedimentary deposits or ice
to cosmic rays (Gosse & Phillips 2001). The tech-
nique has the ability to date the timing of surface
exposure through excavation using CRN production
(range 100 years to 5 Ma) or the date of burial
through decay of CRNs (range of c¢. 0.1-5 Ma)
(Akgar et al. 2008).

Radiometric dating of volcanic ash deposits has
become an intrinsic part of the characterization of
GSSPs. For example, the base of the Triassic
Period at the Meishan GSSP is bracketed by dated
volcanic-ash clays 18 cm below and 8 cm above

the base of the Triassic (Shen et al. 2010). Such
regionally extensive deposits could be used as
marker bands to demarcate the base of the Anthro-
pocene. Each eruption can be characterized by a
distinctive geochemical ‘fingerprint’, and a combi-
nation of radiometric dating and the historical docu-
mentation of events can lead to age constraints
at annual resolution (Smith 2013). Smith (2013)
identifies a number of useful marker tephra deposits
but suggests, in agreement with Zalasiewicz et al.
(2008), that the 1815 CE eruption of Tambora,
Indonesia — the largest eruption in recorded
history — would be most suitable of such markers,
particularly as it aligns with the early phase of the
Industrial Revolution. Although the ash deposits
were spatially restricted and constrained by wind
direction, the effects are evident globally with
development of associated sulphate peaks within
ice cores and temporary climatic events evident in
tree rings (Delmas 1992; Briffa er al. 1998; Smith
2013).

Prior to the introduction of radiometric dating
techniques in the twentieth century, the relative
age of deposits was constrained through biostrati-
graphy, which has formed the basis for defining
most pre-Quaternary chronostratigraphical units
(e.g. Gradstein et al. 2012). Assemblage and abun-
dance biostratigraphical zones, based upon mixes
of native and non-native species in both terrestrial
and marine settings and lineage zones, based on
the evolution of crop plants, are likely to be most
useful in defining the Anthropocene (Barnosky
2013). Interval zones based upon extinctions over
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recent centuries are of limited use, as most extinct
species were formerly not widespread and/or unli-
kely to leave a fossil record (Ager 1993; Barnosky
2013). Biostratigraphical zones used to recognize
chronostratigraphical boundaries are diachronous
to some degree as new taxa take time to extend
their distribution from a single source origination
(Barnosky 2013). Furthermore, there appears to
be a time-lag between the onset of anthropogenic
activity and the resultant influence upon microbiota
(Wilkinson et al. 2014). With a deep-time perspec-
tive, these diachroneity and time-lag effects fall
within the range of error of most radiometric and
biostratigraphic dating techniques, and are not con-
sidered significant. For definition of the base of
the Anthropocene, which is likely to be resolved
at annual or decadal accuracy, such diachroneity
severely limits the use of biostratigraphy in our
current proximal view of events, but it is likely to
become negligible in the future use of biostratigra-
phy as a tool for recognizing the Anthropocene.

Human artefacts, routinely used as an indica-
tor of age in archaeological investigations, could
be used as an equivalent of the geological ‘type-
fossils’, with potentially greater resolution than
biostratigraphical fossils (Barnosky 2013; Edge-
worth 2013; Ford et al. 2014). The evolution of
these artefacts, which may be considered human-
produced trace fossils (Barnosky 2013; Williams
et al. 2013) or technofossils (Zalasiewicz et al.
2014b), is a function of cultural dynamics rather
than natural selection (Edgeworth 2013). These
artefacts are prone in recent decades, certainly
since the 1950s, to evolve from invention (equival-
ent to the biostratigraphical First Appearance Datum
or FAD) to global distribution (equivalent to bios-
tratigraphical acme) and then to obsolescence
(equivalent to biostratigraphical rarity) within com-
paratively few years, as a function of the globaliza-
tion of trade. Also, the lithological composition of
wastes in landfills is equivalent to the biostratigra-
phical assemblage zone and can be indicative of
age, as illustrated by Ford et al. (2014). Such arte-
facts and anthropogenic facies variations provide a
very high-resolution (potentially annual to decadal)
tool for dating deposits (Zalasiewicz et al. 2014b).
However, the long-term preservation potential of
such artefacts and anthropogenic sediments will be
variable (Price et al. 2011; Ford et al. 2014), such
that only part of today’s wide range of artefacts
will be recognizable in the distant future.

Annual layer-counting techniques can produce
very high precision dating, potentially to annual
resolution. Potential techniques include dendro-
chronology, coral laminations, seasonally layered
sediments in glacially influenced lakes, speleothem
layers and ice cores. Details of the various tech-
niques are summarized in Bradley (1999).

Dendrochronology not only has anchored chronolo-
gies extending throughout most of the Holocene; the
pattern of rings is indicative of local climatic con-
ditions within temperate zones and can also poten-
tially be used to determine wood provenance.
There is no single global palacomagnetic spike
that could be used to define the base of the Anthro-
pocene (Snowball et al. 2013). However, Snowball
et al. (2013) note that there is a global event, most
strongly developed in mid to high latitudes coin-
cident with a low in dipole latitude and peak in
dipole moment at 2.55 ka cal. BP (the European
‘f-event’), which may be a potential chronostrati-
graphic marker. A new archaeological dating tech-
nique uses high-frequency secular variation of the
geomagnetic field. This permits annual to decadal
age resolution for Fe-oxide-bearing materials,
including artefacts such as fired ceramics, formed
in the last few thousand years (Snowball ez al. 2013).
The significance of the history of excavation or
‘cut’ in archaeology in helping to determine the
history and timing of events (Edgeworth 2013) has
analogues in the use of geological unconformities
to constrain the timing of events through allostrati-
graphy (Ford et al. 2014). It is clear that the com-
plexity of such ‘cut’ surfaces, although of value at
the local scale, makes regional-scale correlation of
erosional /non-depositional surfaces almost imposs-
ible. The only unconformity that can be correlated
with any certainty is the bounding surface between
the lowermost artificial deposits from underlying
natural deposits that predate human modification of
the immediate landscape. This bounding surface is
highly diachronous overall, although times of mar-
ked expansion of cities (e.g. post the mid-twentieth
century) represent traceable stratigraphic ‘plateaux’.

Definition of a boundary stratotype
or numerical age

The International Stratigraphic Guide (Hedberg
1976; Salvador 1994) requires that all major
chronostratigraphical subdivisions are defined with
reference to boundary stratotype localities in sedi-
mentary reference sequences, designated as GSSPs.
Definition of the Holocene differed in that the
GSSP was defined in ice core rather than a sedimen-
tary deposit (Walker et al. 2009), but essentially
followed principles outlined in the International
Stratigraphic Guide. Zalasiewicz et al. (2014a)
review how an Anthropocene signature may be
recognized in a range of terrestrial and marine set-
tings. This is helpful when considering potential
environments to seek the location of a GSSP, if a
traditional route to defining the base is to be chosen.

It has recently been argued by Smith ef al. (in
press) that the precision in radiometric techniques
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in the determination of the age of chronostratigra-
phical boundaries is such that definition of a GSSP
in a single section based upon the evolution of a
specific indicator faunal/floral species should be
replaced by a GSSA (or numerical age). With the
definition of the base of the Anthropocene possibly
at a time of tens to hundreds of years before present,
the resolution of dating techniques is at least decadal
if not annual, and definition of a GSSA at a specific
year is feasible and arguably preferable to using a
proxy indicator (Zalasiewicz et al. 2011). Smith
et al. (2014) propose that, in general, GSSAs
should be decided based upon a spectrum of signa-
tures. In this section we consider four distinct
options for the potential placement of the base
of the Anthropocene: (1) pre-Industrial Revolu-
tion age; (2) Industrial Revolution age; (3) mid-
twentieth century age; and (4) the future.

Evidence for a pre-Industrial Revolution age

Gibbard & Walker (2013) characterize the Holo-
cene Epoch as a time in which there has been a pro-
gressive increase in the prominence of humans as an
agent influencing natural environments and pro-
cesses. They argue that the anthropogenic signature
is a hallmark of the current Holocene interglacial
and this is distinct from previous interglacials that
occurred during the Pleistocene. They contend that
it is not then possible to further use the activities
of humans to define a post-Holocene Epoch.

If the Anthropocene is to be considered the
Epoch that humanity has created, it is evident that
human influence on the planet in the form of directly
deposited terrestrial anthropogenic deposits are
markedly diachronous in their nature, are laterally
impersistent, may include numerous disconformi-
ties, may be reworked by continued human land-
scape modification and, ultimately, have relatively
low propensity for preservation in the geological
record (Ford er al. 2014). The earliest signatures
approximate to the onset of the Holocene with
Edgeworth (2013) describing a significant and
long-lived urban development which commenced
some 11ka BP (Fig. 2). It may be misleading,
though, to think of the Anthropocene just as the
‘human epoch’. The key factor is the level of geolo-
gically significant global change, with humans cur-
rently happening to be the primary drivers: future,
potentially yet more pronounced change (cf. Wolff
2013) may be primarily driven by Earth system feed-
backs such as methane release, and yet would still
clearly be part of the same phenomenon.

Anthropogenic influence is not necessarily first
seen through urban development. More often it is
evident through the initiation of agricultural prac-
tices, with forest clearances increasing atmo-
spheric CO, levels from 8 ka BP, and cultivation

and irrigation techniques increasing atmospheric
CH, levels from about 5 ka BP (Ruddiman 2003,
2005) (Fig. 2). Prior to 1700 CE, the deforestation
was almost exclusively of temperate forests (FAO
2010). However, CO, and CH, concentrations,
trends and rates of change fall within the range
recorded in ice core over the 800 kyr prior to 1800
CE, suggesting that there is no strong evidence
that humanity has driven these cycles outside of
their natural range prior to the Industrial Revolution
(Wolff 2013). Also, it has been argued that the rise
in CHy levels over the last 5 kyr does not need to
be linked to changes in agriculture, but could be
the product of natural changes in the Earth’s orbit
associated with precession-induced modification of
seasonal rainfall in the southern hemisphere
tropics (Singarayer et al. 2011).

Human indirect influence upon rivers provides
a recognizable signature in the fluvial system,
including coastal deltas. This is associated with
increasing sediment loading in response to erosion
due to deforestation, animal grazing and changing
agricultural practices, mill development, transport
networks, and the influence upon global climate
systems including effects such as increased precipi-
tation intensity or desertification and sea-level rise
resulting in coastal inundation (Merritts er al.
2011; Syvitski & Kettner 2011). In particular, the
impact of introduction of intensive agricultural
practices is noted as causing a widespread strati-
graphical marker across many continents associated
with a transition from basal gravels with organic
channel fills to a thick capping of sandy silt (Brown
et al. 2013). In two nearby river systems in the
UK, this boundary is dated at 3600-4400 years
cal BP and 1300-220 years cal BP, showing that
this boundary is significantly time-transgressive
and makes it difficult to consider as a sedimentary
boundary for the start of the Anthropocene (Brown
et al. 2013).

Mineral magnetic studies in lake sediments,
which are a strong indicator of deforestation eve-
nts and soil erosion, suggest a complex and diachro-
nous history of clearance (Snowball et al. 2013).
The largest mineral magnetic signatures associ-
ated with catchment disturbance during expansion
of agriculture in Europe began around 1100 CE
+100 years (Fig. 2) with similar signatures
evident in China and Mexico at broadly the same
time, although they are dependent on cultural and
not geological controls, and are not isochronous
(Snowball et al. 2013). Anthropogenic disturbance
of soil horizons is also clearly recorded in spe-
leothems and is also notably diachronous (Fairchild
& Frisia 2013). Although initiation of forest clear-
ances can be discounted as an adequate signature
for recognizing the base of the Anthropocene, it is
clear that the expansion and intensification of
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agricultural land use has resulted in extensive
clearances of native vegetation and megafauna,
and replacement with domesticates in excess of
3 ka ago (Ellis er al. 2013). The onset of these
agricultural practices also resulted in significant
modifications of fluvial systems, especially the
rapid siltation and increase in sedimentation rate
(Dearing & Jones 2003; Poirier et al. 2011).

The influence of humanity on the generation
of soils is vast. Anthropogenic influence includes
increasing atmospheric CO, leading to acidifica-
tion, addition of lime or fertilizers, management
of biota through insecticides and herbicides,
physical mixing and movement of soils through
ploughing, and accelerating soil-forming processes
(Richter 2007). It has been suggested that the base
of such an extensive anthropogenic soil horizon
could make a suitable ‘golden spike’ at approxi-
mately 2ka BP (Certini & Scalenghe 2011).
However, as for anthropogenic deposits, the age
of onset of significant development of anthrosols
is highly diachronous. For example, the charcoal-
enriched ‘terra preta’ of the Amazon Basin is
somewhat younger, potentially up to 500 BCE
(Woods 2008). Much of Europe includes evi-
dence for the development of plaggen soils, poten-
tially up to 4 ka BCE in age (Simpson 1997), but
mainly the product of a type of farming cultivation
during the medieval period and post-medieval
times (Edgeworth 2013). Soils have low preser-
vation potential and represent an open system
prone to modification, and are probably the pro-
duct of numerous events or phases of modification,
which are still ongoing. Consequently, Gale &
Hoare (2012) and Zalasiewicz et al. (2014a) argue
that the resolution of the age of the base of grada-
tional soil horizon is not suitable to define the
Anthropocene.

Human impacts on diatom assemblages in
lakes, the product of eutrophication and/or alkali-
zation linked to deforestation and introduction of
agriculture, extend back at least 5 kyr (Wilkinson
et al. 2014) (Fig. 2). Similarly, changes to land use
and land cover, and the resultant increase in soil ero-
sion and transport of sediment into the near-shore
setting, result in changes to foraminiferal assem-
blages considerably earlier than other environ-
mental drivers (Wilkinson et al. 2014). The impact
of humans on coral reefs was minimal during the
early Holocene, with first evidence of decreasing
ecological diversity of the large marine herbivores
and carnivores beginning around 3.5 ka BP (Hoegh-
Guldberg 2014) (Fig. 2).

It is clear that there are major anthropogenic
signatures evident during pre-Industrial Revolu-
tion times. However, the range of signatures, their
magnitude and their spatial extent are typically
less than that evident during later times.

The timing of these impacts overall is more mark-
edly diachronous across the Earth at the scale of
our perspective, and a single isochronous marker
is not apparent prior to the Industrial Revolution.

Evidence for an Industrial Revolution age

Early descriptions of the Anthropocene argued in
favour of it starting coincident with the initiation
of the Industrial Revolution in western Europe
(Crutzen 2002; Zalasiewicz et al. 2008). Gibbard
& Walker (2013) consider the clearest marker
horizon is a rise in atmospheric CO, levels above
any previous Holocene level from around 1750
CE, coincident with the start of an upward rise in
CH4 and N,O (Fig. 2), although it is important to
recognize that this is not directly observed in the
rock record. In the ice record, the termination of
the ‘Little Ice Age’, a time of modest cooling mainly
of the northern hemisphere from about 1350 to
1850 CE (Solomon et al. 2007), may be a response
to that change in atmospheric composition. Changes
in the chemical and physical properties of spe-
leothems (Fairchild & Frisia 2013) can be linked
to the start of this climate amelioration (Fig. 2).

Gibbard & Walker (2013) argue that although
the CO, signature is recognized globally, including
within polar ice cores (Liithi et al. 2008; Wolff
2013), the cause of the signature reflects industrial-
ization in only a small part of the Earth, mainly
western Europe and eastern North America. This
is, however, not an argument raised against the defi-
nition of the Cretaceous—Tertiary (K—T) boundary
marking the base of the Cenozoic. Here, the crater
associated with bolide impact is only 180 km
across, but the signature of this impact through tek-
tites, the iridum-rich clay layer, climatic change
and biotic extinctions was global. Barnosky (2013)
contends that when all traces of humanity are con-
sidered, it forms a boundary layer more wide-
spread than the iridium layer used to recognize the
K-T boundary.

The onset of the Industrial Revolution (Fig. 3)
resulted in a marked change in the characteristics
of anthropogenic deposits (Price et al. 2011; Ford
et al. 2014). These include: increased use of build-
ing and construction materials; increased exploita-
tion of subsurface deposits; widespread inclusion
of processed metals and associated manufactured
goods; and increased human activities at depth,
either for mineral exploitation or subsurface infra-
structure. However, the onset of the Industrial
Revolution is diachronous, not reaching many
developing countries until the middle of the twenti-
eth century (Fig. 3) and, consequently, Gibbard &
Walker (2013) argue it should not be used as a cri-
terion for defining the Anthropocene.
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Fig. 3. Map showing the approximate age for the beginning of the Industrial Revolution and subsequent industrialization across the planet. This is a subjective event, here
interpreted as the widespread growth of mechanization in respect to manufacturing, transport and innovation.
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Williams et al. (2013) propose that the base
of the Anthropocene should coincide not with
the start of the Industrial Revolution, but with the
radical evolution of the urban environment in the
mid-eighteenth century. The increased size of con-
urbations resulted in the need to evolve subsurface
transport and sewerage systems in order to keep
them functioning. Such subsurface developments
have greater long-term preservation potential than
surface urban deposits, but the cross-cutting, non-
stratiform nature of these subsurface structures pre-
cludes their use in recognition of a traditional GSSP.
Williams et al. (2013) use a particular event, the
inception in London of the first Metro system in
1863, as the criterion for defining the start of the
Anthropocene. Williams et al. (2013) compare the
increased complexity of the urban environment to
be analogous to the increasing complexity of the
trace fossils used to define the base of the Cambrian
System. Such comparisons to an extent diminish
some of the arguments made against definition of
the base of the Anthropocene. The base of the Cam-
brian was recognized initially through a concept of
increasing biological complexity and, ultimately,
one ichnospecies was chosen to represent this chan-
ging complexity. This first appearance has ulti-
mately proved to be diachronous over hundreds of
thousands of years and sections where this transition
can be observed are few. In contrast, the complex
urban environment has taken only decades to pro-
mulgate globally and now covers about 1% of the
Earth’s surface. This suggests that while the loca-
tion of a worldwide, precisely synchronous bound-
ary for the Anthropocene is challenging, it is no
less so in consideration of existing chronostratigra-
phical units.

In European lakes, diatom assemblages show
significant changes in response to human-induced
acidification between 1800 and 1850, with the first
evidence of eutrophication in these lakes between
1850 and 1900 (Battarbee et al. 2011; Wilkinson
et al. 2014). This signature is also widespread in
Arctic, northern European and North American
lakes, with prominent changes to diatom assem-
blages since about 1850 inferred to be a response
to global warming and atmospheric pollution (Fig.
2), but that the timing varied between regions
and lakes (Wilkinson et al. 2014). Whereas, in the
oceans, increased nitrogen fixation and elevated
concentrations of soluble iron due to increased de-
position of iron-rich desert dust since 1870 caused
intensified growth of phytoplankton (Gatuszka
et al. 2013).

In terrestrial environments there was an initial
introduction of new plants and domestic animals
from the 1500s marking the early age of global
exploration and trade, although introduced species
in Australasia began mainly in the 1800s (Barnosky

2013). There were significant introductions of alien
plant species from the 1800s in many continents
(Barnosky 2013), coinciding with scientific investi-
gations during the Enlightenment, the notable
British attempts to develop plantations of important
exotic commercial plants within their colonies and
the increased interest in horticulture. It is a feature
of regional plant species richness that the losses of
native species are more than offset by the increases
in exotic species (Ellis et al. 2012). Globally, the
percentage abundance of humans and domestic
animals increased relative to wild megafauna in
the 1750s, with a second acceleration in the mid-
twentieth century (Barnosky 2013).

The relationship of black magnetic spherules
and atmospheric pollution through fossil fuel burn-
ing results in increased magnetic mineral abun-
dance in sediments associated with the Industrial
Revolution (Snowball et al. 2013). This is expressed
by magnetic susceptibility or isothermal remanent
magnetization, and is particularly preserved in peat
bogs, soils, lakes, coastal and offshore sediments.
They often occur in association with increased
heavy metal concentrations. These particles first
become abundant in England and the eastern sea-
board of North America around 1800, and a
spread of industrial sources during the nineteenth
century. The largest number of sites shows initial
increases of magnetic pollution particles forming
an ‘AD 1900-event’, representing an expression of
major fuel burning in these industrialized areas
(Locke & Bertine 1986; Snowball er al. 2013)
(Fig. 1). However, in other parts of the world, signa-
tures appear later — for example, the 1950s in
eastern Asia (Snowball et al. 2013) — noting also
that there is an approximately 100 year lag in the
appearance of these magnetic pollution signatures
in lake sediments.

Evidence for a mid-twentieth century age

This time interval coincides with the ‘Great Accel-
eration’ in global economic activity following
World War II (Steffen et al. 2007). The extraordi-
nary growth of cities and megacities and major
infrastructure projects (Fig. 4), and their associated
deposits, may be considered a distinctive feature
of the Anthropocene (Williams et al. 2013; Zalasie-
wicz et al. 2014a). This is perhaps the most apparent
signature of anthropogenic impact in that today
some 52.4% of the global population live in urban
areas (UNDESA 2012). This represents an increase
from around 7% in 1800. Despite their focus for
human habitation, urban areas cover only about
1% of the ice-free land surface (Klein Goldewijk
et al. 2010) (Fig. 4). This coverage increases to
about 91.9% in densely populated countries such
as Japan (UNDESA 2012).
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Fig. 4. View of the Earth at night, 2012, showing the distribution of urban conurbations, but not necessarily the most populated areas, through the presence of city lights.
The image shows the domination of city construction in coastal areas, particularly in South America and Africa, and along major transport networks in North America, Europe,
Russia, India and China. From Earth Observatory, NASA (http://earthobservatory.nasa.gov/Features /NightLights /page3.php).
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There has been a significant change in the nature
and volume of physical artificial anthropogenic
deposits from 1945 onwards (Fig. 2). The natural
gradient of sediment transfer from high to low topo-
graphical areas has been overtaken by the anthropo-
genic flux of materials from resources extracted
mainly from rural areas to deposition in urban
areas in the form of construction schemes (Hooke
2000; Wilkinson 2005). There has been a dramatic
rise in overburden and spoil ratios associated with
mineral extraction, and the volumes of material
worked and used for construction (Ford et al.
2014). This is a response to increased demand
through population growth and resource consump-
tion, and to technical innovations such as the rapid
spread in use of bulldozers from the 1950s. Ford
et al. (2014) argue that this time interval is char-
acterized by electronic equipment, extensive con-
crete manufacture, deep mining and generation
of vast amounts of waste. These stratigraphical
signals are both sharp (to decadal level) and globally
widespread.

Minerals such as mullite (present in fired brick
and ceramics), ettringite, hillebrandite and portlan-
dite (found in cement and concrete) are present in
archaeological times, but have become significantly
more common since the mid-twentieth century
(Fig. 2) and are sufficiently stable to provide a
lasting signature (Zalasiewicz et al. 2013). New
metal alloys, mineraloid glasses, semiconductors,
synthetic ‘minerals’ and emerging nanomaterials
may be uniquely indicative of the Anthropocene
(Zalasiewicz et al. 2013). Plastics have appeared
in the environment in significant volumes since the
mid-1940s, but by 2008 an estimated 260 x 10°t
of plastic was produced, increasing annually by
9% (Thompson et al. 2009). Much of this output
finds its way to landfill or the sea, with microplastics
becoming an abundant trace fossil within marine
sediments since the 1950s (Barnosky 2013).
However, uncertainty exists as to their persistence
following burial or within the marine environment,
although their decomposition would be associated
with the release of toxic compounds which, in them-
selves will result in a geochemical signature.

Forests cover about 31% of the Earth’s land
surface (FAO 2010) but as human populations
increase, so too does the rate of deforestation.
Since the 1950s, the scale of deforestation has
increased by about 44%, compared with the
average for the past 5 kyr, with the net loss of
5.2 x 10° ha of forest over the first decade of the
new millennium (FAO 2010). However, it is too
early to see resultant increased mineral magnetic
signatures as a consequence of deforestation since
the mid-twentieth century (Snowball er al. 2013).
The areal extent of deforestation is now predomi-
nantly in tropical forests, in part due to demand

for the timber, but also the clearance of forests for
agricultural development and fuel supply (FAO
2010). Erosion of soils have undoubtedly increased
as a result of this deforestation, (e.g. Dearing &
Jones 2003 and references therein) and has resulted
in increased sediment input to fluvial systems. In
contrast, the role of agriculture on the unintentional
erosion of soils is considered to have declined dra-
matically since the 1950s in response to modern
soil conservation practices in developed countries
(Hooke 2000). Since the 1940s there has been an
increase in direct management of rivers, such as
the construction of dams, channel maintenance
and the urbanization of floodplains (Merritts et al.
2011; Syvitski & Kettner 2011). The proliferation
in the building of major dam schemes across the
globe (Syvitski & Kettner 2011) has caused about
20% of sediment load to be retained by reservoirs
(Syvitski et al. 2005). As a result, global river
systems typically show a peak flux of sediments to
the oceans by the early twentieth century (Syvitski
& Kettner 2011). Many coastal deltas have seen
net subsidence since the 1930s, partly in response
to this reduced sediment influx from the rivers, but
also the impact of water and hydrocarbon extrac-
tion from deltas (Syvitski & Kettner 2011).
Increased development of urban areas on deltas
results in greater loading and compaction. Sedi-
ment flux is further reduced as a result of the con-
struction of flood-prevention schemes designed to
prevent sediment recharge of the inhabited parts of
the delta top.

Traditional biostratigraphical signatures, used
elsewhere in the stratigraphical column, may con-
tinue to have applicability to the definition of the
Anthropocene. Although the introduction of exotic
species are first documented following the onset
of the Industrial Revolution in parts of the globe
(Fig. 3), there has been accelerated introductions
during increased global transportation during
World War II and, subsequently, in the 1970s with
the introduction of supertankers (Barnosky 2013)
(Fig. 2). The release of ballast waters is now the
main route of transporting invasive species, partic-
ularly with colonization within estuaries near to
port facilities (Roberts 2012). It is, perhaps, in the
controlled evolution of crops that most precise bios-
tratigraphical tools may be found. Lineage zones
based on maize hybrids may be suitable as the crop
is geographically widespread, can only reproduce
through human cultivation and may be preserved
in sediments for thousands of years (Barnosky
2013). Morphologically distinct and widespread
hybrids have been developed in the 1840s and
1930s, although, if molecular biology techniques
are considered, mutations from the 1950s and
genetically modified variants marketed since 1998
may also be recognized (Barnosky 2013).
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Microfaunal and microfloral signatures within
the marine environment are the most widely used
biostratigraphical tool in the Phanerozoic, and sig-
natures can also be recognized which may help
resolve the definition of the Anthropocene. Poten-
tial drivers include increasing nutrient loading (N
and P) and eutrophication, acidification, the pres-
ence of inorganic pollutants, alkalization, and cli-
mate change. In the Arctic and alpine lakes, there
is evidence of diatom assemblage responses indica-
tive of eutrophication coinciding with increasing
atmospheric N deposition since about 1950-1970
and after 1980 (Wolfe er al. 2013; Wilkinson
et al. 2014). Benthic foraminifera are sensitive to
eutrophication, heavy metal and organic pollutants,
changes in water management practices, intro-
duction of non-indigenous species, and land-use
changes. Foraminiferal records show a dramatic
increase in the frequency and intensity of bottom-
water hypoxia events since the mid-twentieth
century, coinciding with the increased use of N-
and P-based fertilizers (Blackwelder et al. 1996;
Wilkinson et al. 2014). Ostracod abundance and
diversity is related to eutrophication in freshwater
and marginal marine settings, industrial pollu-
tion, sewage effluents, oil pollution, fish farming
and salinity variations, and a marked reduction in
diversity has become more widespread and pro-
found during the mid-twentieth century (Wilkinson
et al. 2014).

During the latter half of the twentieth century,
fish stocks have fallen dramatically. This is, in
part, the consequence of overfishing caused by the
increasing use of factory fleets using improved tech-
nologies such as echo location and satellite data, and
increasingly larger ships, drift nets and longlines
(Roberts 2012). But, increasing artisanal fishing in
coastal areas is also an important factor. The conse-
quence is likely to be evident in sediments as
reduced numbers and diversity of fish remains. In
coastal and marine shelf/slope settings down to
about 1 km depth, this biostratigraphical signature
would coincide with extensive anthropogenic modi-
fication of surface sediments (Puig er al. 2012;
Roberts 2012), with bottom trawling and dredging
affecting 15 x 10° km*a~', about half the area of
global continental shelves (Watling & Norse 1998).
Contrast this with the early nineteenth century when
only about 1% of the oceans were exploited (Roberts
2012). The effect may be most apparent in deep
oceans where fish have low reproductive rates and
stocks are largely unprotected from overfishing.
Other pressures, such as the increased introduction
of fish farming in estuaries, may also influence fish
stocks through transmission of disease, and the
introduction of nutrients and pollution from anti-
biotics, pesticides and fungicides (Roberts 2012).
The massive growth of jellyfish populations,

formerly controlled, in part, by a healthy fish popu-
lation, can also threaten fish numbers through com-
petition and consumption of fish eggs (Roberts
2012).

Coral reefs extend over only 0.1-0.2% of the
oceans and are less extensive than the urbanized
zones are on land. Despite being of limited areal
extent, modern reefs account for a significant
component of marine biotic diversity. Pollution,
warming and acidification of ocean waters, eutro-
phication, and reduction in light levels due to
increased sediment flux as coastal forests were
removed have seriously stressed coral reefs (Hoegh-
Guldberg 2014). The frequency and severity of
mass coral bleaching episodes, beginning in 1979,
have increased with time (Hoegh-Guldberg 2014).
There has been a 50% reduction in the abundance
of reef-building corals over the past 40-50 years
(Fig. 2), with rates of change several orders of
magnitude higher than for much of the last million
years (Hoegh-Guldberg 2014). The effects of
oceanic acidification, however, is still uncertain.
Upper ocean pH across open oceans to coastal
waters at various latitudes is highly site-dependent,
with pH values that range markedly (0.024-
1.43 units) on a monthly basis (Hofmann er al.
2011). Even within the comparatively stable open
oceans, episodic variations in pH are greater than
the annual rate of acidification, meaning that the
influence of ocean acidification on oceanic biota is
unlikely to be simple to predict in detail (Hofmann
et al. 2011) and some organisms will be more
sensitive to pH change than others. However, as
the entire range of pH variation will be shifted to
lower values by anthropogenic CO, emissions, sig-
nificant consequences are likely.

Anthropogenic production of carbon, nitrogen
and phosphorus from activities such as fossil fuel
combustion, agriculture and fertilizer production
increased (Fig. 2), both in volume of output and
spatial reach, during the mid-twentieth century
(Gatuszka et al. 2013). One of the more significant
signatures over the past century has been a doubling
of reactive nitrogen at the Earth’s surface, particu-
larly in response to the invention and implementa-
tion of the Haber process from 1913 (Zalasiewicz
et al. 2011). Influx of excess reactive nitrogen to
the ocean has resulted in increased eutrophication
and increasing algal blooms, which, in turn, causes
oxygen deficiency that changes the redox poten-
tial, with this process intensifying over the last
30 years (Gatuszka et al. 2013). Remote northern
hemisphere lakes show depletion in 3'°N values
(Holtgrieve et al. 2011; Wolfe et al. 2013) that
started in 1895 CE + 10 years, but has been accel-
erating over the past 50 years (Fischer ef al. 1998).
In Greenland ice, the main phase of increase was
1950-1980, culminating in levels higher than those
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observed for the previous 100 kyr (Wolff 2013)
(Fig. 2), representing a marker that is distinct from
the Holocene background.

Sulphate concentrations in Greenland ice rose
by a factor of 4 over Pre-Industrial levels, with
the main increases between 1900—1920 CE and
1940-1980 CE (Wolff 2013). Atmospheric disturb-
ance of the sulphur cycle is also evident in both
speleothems and trees (Fairchild & Frisia 2013).
However, the increases in sulphate concentration
fall within ranges possible from both large vol-
canic eruptions (Smith et al. 2013) and associated
with the last glacial maximum, suggesting this is
not a suitable primary marker for the Anthropocene.

Industrially produced metal pollutants, including
Pb, Cd, Cu and Zn, can undergo long-range atmos-
pheric transport, and commonly occur at levels
above natural background across many depositional
environments that are likely to persist in the future
geological record (Gatuszka er al. 2013). Stable
lead isotopes are particularly important for recog-
nizing the global pollutant signature associated
with alkylead additives used in gasoline as an anti-
knocking agent from 1940 to 1980 (Gatuszka et al.
2013). Lead concentrations in Greenland snow in
1960 were a factor of 200 above the Holocene back-
ground level (Boutron er al. 1991; Wolff 2013).
Emerging pollutants that are uniquely associated
with modern technological advances may repre-
sent an important signature for the Anthropocene.
Rare earth elements (REEs), used in modern
high-technology industries and medicine, are now
appearing in the environment, and are very persist-
ent and non-biodegradable (Gatuszka et al. 2013).
Persistent organic pollutants (POP) also provide
potential signatures because of their long residence
time in different environments and their resistance
to degradation, but these would still not represent
long-term signatures when viewing the start of the
Anthropocene several thousands of years hence.

Temporal trends in accumulation of pollutants
in sediments will differ regionally, dependent
upon the diachronous expansion of industrializa-
tion (Fig. 3). Signatures may also be affected by
changes in pH and redox potential of sediments,
which may result in remobilization of substances
(Gatuszka et al. 2013). Ultimately, the diachroneity
in many geochemical anthropogenic signals may
limit their use for defining the base of the Anthropo-
cene. However, the most dramatic isochronous con-
tamination signature of the mid-twentieth century is
the beginning of the nuclear age and the global
spread of artificial radionuclides. Global-scale
enrichment in artificial radioisotopes has resulted
from atmospheric nuclear weapon testing, mainly
from 1945 to 1980 (Fig. 2), with more localized,
although still widespread, signatures associated
with discharges from nuclear reactors (Gatuszka

et al. 2013; Hancock et al. 2014). There is a '*'Cs
fallout peak of 1963-1964 (mainly in northern
hemisphere sediments) and a more globally exten-
sive peak in 1964 for **Pu. Ice cores show jumps
in beta-radioactivity in 1954 and 1964, with a peak
in 1966 that is a factor of 100 above background
levels (Wolff 2013). Speleothems record a wide-
spread and unambiguous radiocarbon signal that
commenced in 1955 and peaked in 1962, relating
to atmospheric nuclear testing. Following the test-
ban treaty, levels of '*C in the atmosphere have
declined exponentially (Fairchild & Frisia 2013).
This signature has been recorded in corals and salt
marshes. However, it is probably the initial post-
1945 rise in concentrations that would be used to
mark a putative base of the Anthropocene, rather
than the peak signature.

Given the weight of evidence, including some
of the issues described above, Zalasiewicz et al.
(2014a) argue the case for an approximately 1950
CE date for the onset of the Anthropocene.

Future perspective

There is a strong argument, forwarded by Wolff
(2013), that the characteristics of the fully devel-
oped Anthropocene are still uncertain and that we
may be living through a transition towards a
new epoch, rather than being fully within it. With
the exception of the definition of the Holocene,
decisions made to ratify chronostratigraphical units
have been made with the understanding that the
events or signatures characteristic of that time
period have finished. This is not true for the Anthro-
pocene, but the erection of a new Anthropocene
Epoch can only be made on the basis of material evi-
dence of elapsed events. Projections of future trends
are simply predictions: some are more robustly
founded than others and they can provide a sense
of perspective when considering recent patterns.
Ultimately, if there is a consensus that the main
environmental changes lie ahead of us, it might be
concluded that it is too early to judge the position
of the base of the Anthropocene, even if there is
sufficient material evidence (including that detailed
in this Special Publication) that the stratigraphic
change to date is significant.

Each of the various events that have been pro-
posed or discussed here as starting points for an
Anthropocene Epoch is diachronous and spatially
heterogeneous. But, the level of diachroneity
varies from several millennia (e.g. urbanization) to
a very few years (e.g. artificial radionuclide depo-
sition). Virtually all stratigraphic boundaries are
diachronous and spatially heterogenous to an
extent that would make any of the potential Anthro-
pocene bounding events seem effectively instan-
taneous, in a far-future perspective. The key
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question here is whether the range of evidence cur-
rently existing can enable contemporary Earth
scientists to effectively and usefully demarcate and
correlate the Anthropocene as a stratigraphic unit.

There is also concern, rightly so, for the poten-
tial for preservation of an Anthropocene bound-
ing event (e.g. Ford et al. 2014). The traces of
existing bounding events for deep-time strati-
graphic boundaries are, of course, not universally
preserved. Preservation depends on many factors,
but it can be reasonably predicted, say, that cities
sited on subsiding deltas are much more likely to
enter the stratigraphic record in some form than
those sited in mountainous terrain. Ice core from
Greenland has been used to define a GSSP for the
Pleistocene—Holocene boundary (Walker et al
2009) and has the potential to also be used for
the Anthropocene (e.g. Smith 2013; Wolff 2013).
However, with extensive wasting of ice within a
realm of increasing global temperatures, with great-
est increases in polar regions, the likely preserva-
tion of ice formed a little over half a century ago
is uncertain.

Despite the imposition of anthropogenically
induced environmental stresses on global flora and
fauna over recent centuries and decades, there is
presently no justification for associating a mass
extinction horizon with this time interval (Barnosky
et al. 2011; Barnosky 2013). However, if currently
elevated extinction rates continue, the sixth mass
extinction (75% species loss) would occur within
three to five centuries and that an extinction
threshold exceeding the late Quaternary Megafau-
nal Extinction could occur even sooner (Barnosky
2013). Probably the single most significant extinc-
tion event of a single species would be that of
mankind itself, but could not be used to justify the
introduction of a term such as the Anthropocene.

The extent to which current demands for envi-
ronmental and biotic conservation can be effective
in the future are difficult to predict. However,
locally, there is evidence that measures to clean up
once heavily polluted environments are having an
effect. For example, changes in local dinoflagellate
cyst assemblages in response to human-induced
eutrophication initially in the mid- to late-nine-
teenth century and, particularly, during the early to
mid-twentieth century have shown trends of recov-
ery in the 1980s—1990s in response to improve-
ments in sewage treatment works (Wilkinson et al.
2014). A future reduction of input of humanity’s
wastes into the oceans may at least allow recoveries
of other micro- and macro-faunal communities in
the future (Fig. 2), although perhaps not into the
same patterns as those that existed prior to human
perturbation.

Ocean temperatures have increased by 0.1 °C
over the past century, although seasonal and

diurnal changes are greater. In the northern hemi-
sphere there is already evidence of the northwards
‘march to the poles’ of fish and plankton species
in response to this warming (Roberts 2012). There
is a potential, with increased ocean temperatures
in the future, for a more marked affect on ostracod
assemblages (Wilkinson et al. 2014). Perhaps
most susceptible to temperature increases are biota
in high-latitude regions. High northern latitudes
are likely to experience the greatest temperature
increases over this century (see Haywood et al.
2011), and fauna in this region may have no alterna-
tive environment for retreat. With projected oceanic
temperature rises, it is realistic to envisage the loss
of coral-dominated reef habitats by the middle of
this century (Hoegh-Guldberg 2014) (Fig. 2). The
late Paleocene—early Eocene thermal maximum
event (PETM), with associated spike in CO, and
ocean acidification, may be a close analogue to
our current climate trajectory. This event saw a
stepwise transition of platform reef assemblages
(Scheibner & Speijer 2008). During the Paleocene,
coralgal reef associations with diverse coral types
dominated in low and mid latitudes. A transitional
late Paleocene stage is marked by persistent or cor-
algal reefs in mid latitudes, but large foraminifers
dominate in low latitudes. By the start of the
PETM, larger foraminifers and encrusting fora-
minifers form large reefs with coralgal build-ups
generally absent (Scheibner & Speijer 2008). Such
transitions appear to have beeen recorded in
modern reefs by Leinfelder et al. (2012) with the
evolution of low-diversity reefs in Almirante Bay,
Panama. This reef appears to be thriving in an
environment of increasing terrigenous run-off and
reduced salinities, and may reflect a pattern for evol-
ution of Anthropocene reefs.

Global estimates of sea-level rise in response
to thermal expansion and melting of land-based
ice for the twentieth and twenty-first centuries
are approximately 1.8 mma~' (Church & White
2011), considered an acceleration on previous
centuries. Precise determinations using satellite
altimetry indicate rates of sea-level rise of
324+ 04mma ! from 1993 to 2003 (Church &
White 2011), which suggests a continuation of this
acceleration. This should be compared with the
>40mma~ ' rate during the last deglaciation at
approximately 14 ka BP (Fairbanks 1989). Model-
ling limits predictions to 2100 CE, and estimates
for subsequent increased rates in sea-level elevation
are difficult to quantify, but the extreme estimate
would be melting of all ice sheets, leading to a
sea-level rise of 80 m (Williams & Hall 1993). By
comparison with the Cretaceous and Eocene ‘green-
house intervals’, it is expected that with a doubling
of CO, from Pre-Industrial levels there will be an
increase in the precipitation rate (Haywood et al.
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2011), which would be expected to cause both
increased soil erosion and increased discharges in
fluvial systems.

Increased output of anthropogenic CO, may
result in future acidification of the oceans and sig-
nificant undersaturation of CaCQOj3. This may cause
a shallowing in the average carbonate compensa-
tion depth and production of a prolonged carbon-
ate gap (for several thousand years) in deep
marine deposits, such that paler coccolith and fora-
minifer oozes will become rare, and darker clay
and silicic deposits will dominate (Tyrrell 2011).

Haff (2013) suggests an alternative view of
the Anthropocene as an age of technology, with
increasing domination of our environment by an
emergent technosphere, of which humans are com-
ponents. Haff (2013) suggests that the technosphere
has evolved into a dynamic system, but as a juvenile
system that has not reached equilibrium, being a
poor recycler of critical resources. Appropriation
of energy by the technosphere has resulted in dis-
ruption to the lithosphere, atmosphere, hydrosphere
and biosphere. Time will tell if this event is like the
Great Oxidation Event of about 2.4 billion years
ago that resulted in a shift in the global state. Or,
if unsustainable, the evolution and demise of the
technosphere represents a brief episode, comparable
to the K—T impact event.

Summary and conclusions

In summary, it is recognized that in order to define
the Anthropocene as a formal chronostratigraphical
unit, it is necessary to apply the same rigorous
evidence-based approach to recognizing key signa-
tures as has been used for the definition of older
units. However, there should be concerns if special
criteria are being imposed to justify the definition
that could not be met by these older units.
Ultimately, there is a requirement to identify a
critical change to a new regime in which anthro-
pogenic influence is a dominant controlling factor
upon aspects as diverse as, for example, biotic abun-
dance and variability, sediment flux and sediment
composition, geochemical and radiogenic signa-
tures, climate change, sea-level rise, and ice-cover
loss. Ideally, the definition of the Anthropocene
should be based on a single, globally expressed
signature. This could be, for example, the appear-
ance of radiogenic fallout, although there remains
the questions as to whether the initial post-1945
rise or the peak signature some two decades later
should be used. However, a definition drawing
upon a spectrum of signatures would enable charac-
terization of the unit to reflect a profound change
across many environmental indicators. As demon-
strated in this paper, the onset of the broad range

of signatures is diachronous, spanning almost
11 kyr or more (Fig. 2). Many, although not all, of
the indicators covered in this Special Publication
show maximum signatures that post-date 1945,
leading to the suggestion that this date may be a suit-
able age for the commencement of the Anthropo-
cene should it prove useful and necessary to define
it (Fig. 2). What cannot be quantified is the extent
that the acme of many of these signatures lies
ahead in the future, indicating that we lack the full
perspective of geological time to review the total
impact of humans on Earth. It is important to recog-
nize that human decision-making has the potential
to shape the future geological record. For the
present, we must continue to work with a developing
narrative, even as it unfolds.
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Appendix
Glossary of key terms

® Anthropocene (derived from anthropos ‘human being’
and kainos ‘new’) was first proposed as an epoch by
Crutzen & Stoermer (2000) to denote the present
time interval, in which human activities have pro-
foundly altered the global environment. The term is
currently undefined and is used only informally.

® Anthropozoic (derived from anthropos ‘human being’
and zoion ‘animal’ or zoic ‘life’) was proposed as an
era by Antonio Stoppani (1873) in the 1870s in recog-
nition of the increasing power and effect of humanity
on the Earth’s systems. The epithet of ‘-zoic’ is used
to name units of era ranking (e.g. Palacozoic, Meso-
zoic, Cenozoic; that is, the rank above that of period,
in turn an order above epoch.

® Anthrocene is aterm proposed by Revkin (1992), which
had essentially the same meaning as Anthropocene.

® Anthropocene deposits refer to those sediments and
contained materials of various sources (e.g. plastics,
metals, glass) created by processes that reflect either
human or natural agents, or a combination of the two,
that accumulated during the time interval known as
the Anthropocene.

® Anthropogenic deposits refer to those sediments that
have been created either directly or indirectly by
human activities, but in which there is a dominant pro-
portion of redeposited or novel material (Price et al.
2011; Ford et al. 2014). Such deposits may include
artificial deposits/artificial ground (direct anthropo-
genic deposits). If natural processes are present, such
as erosion and deposition within river systems, these
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may be considered to be indirect anthropogenic depos-
its, where human interaction, such as agriculture,
deforestation, modification of river systems, influences
the location and rates of such natural processes (Ford
et al. 2014). The above terms are purely descriptive
and none of have any time connotations and do not
indicate whether they relate to Anthropocene or pre-
Anthropocene time. Similarly, the Anthropocene will
include ‘natural deposits’, such as desert dune deposits,
with no perceptible human influence.

® Artificial deposits reflecting those sediments deposited
directly and purposely by human activity and which
may be associated with artificial ground, in which
the ground surface has been modified either through
deposition or excavation, or a combination of the two
(Price et al. 2011; Ford et al. 2014). Edgeworth
(2013) distinguishes the dominance of a cultural
agency as the primary force in the production of artifi-
cial ground.

®  Made ground and worked ground represent physical
extents of, respectively, artificial deposits accumulated
above the natural ground surface and excavations into
this natural ground (Price et al. 2011; Ford et al. 2014).
These terms are used as part of a morphostratigraphical
scheme used by the British Geological Survey to
classify artificial deposits. Ford et al. (2014) consider
the potential of developing truly lithostratigraphical
schemes to classify artificial deposits.
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