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Abstract

Many scientists are making the case that humasiiying in a new geological epoch, the
Anthropocene, but there is no agreement yet ashiemvhis epoch began. The start might be
defined by a historical event, such as the begmoirthe fossil-fueled Industrial Revolution,
or the first nuclear explosion in 1945. Standardtigraphic practice, however, requires a
more significant, globally widespread, and abrugnature, and the fallout from nuclear
weapons testing appears most suitable. The apmeaoduiplutonium 239 (used in post-1945,
above-ground nuclear weapons tests) makes a godemahis isotope is rare in nature but
a significant component of fallout. It has otheatteres to recommend it as a stable marker in
layers of sedimentary rock and soil, including:ddralf-life, low solubility, and high particle
reactivity. It may be used in conjunction with athadioactive isotopes, such as americium
241 and carbon 14, to categorize distinct fallognatures in sediments and ice caps. On a
global scale, the first appearance of plutonium i238dimentary sequences corresponds to
the early 1950s. While plutonium is easily detelgatver the entire Earth using modern
measurement techniques, a site to define the Apdloene (known as a “golden spike”)
would ideally be located between 30 and 60 degnedsh of the equator, where fallout is

maximal, within undisturbed marine or lake envir@nts.
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Seventy years ago—at 5:30 a.m. on July 16, 1945-wthtl’s first nuclear device exploded
at the Trinity Test Site in what was then the Algma@lo Bombing and Gunnery Range in

New Mexico. After an intense flash of light and heand a roaring shock wave that took 40



seconds to reach the closest observers, a finasalinto the sky, forming a mushroom cloud
7.5 miles high. J. Robert Oppenheimer later wriose he and other Manhattan Project
scientists who had gathered to watch the test “kinevwvorld would not be the same.” The
“nuclear age” had begun (Ackland and McGuire, 1988y et al., 2010; Groves, 1962).

Arguably, Trinity was also the beginning of sometheven bigger: a new geological epoch
(Zalasiewicz et al., 2015). Human activities haad Buch a great impact upon the Earth that
many researchers suggest we are no longer livittggitHolocene Epoch (a term describing
the most recent slice of geological time that siijrmeans “entirely new”), but instead

within a brand-new time unit: the Anthropocenenirthe Greek words for “human” and

new.

Since 2009, a small group of us, composed of gensists and other experts from across the
globe, have assembled to develop a proposal f®ntawv terminology and to make
recommendations to the official body—known as titernational Commission on
Stratigraphy—that determines geological time uflitsaccomplish this, our panel, the
Anthropocene Working Group, has been not only eramgithe evidence for the
Anthropocene’s existence but attempting to deteerttiie duration of this potential new unit
(Zalasiewicz et al., 2012). The group will also makcommendations about where the
Anthropocene, if it does exist, fits into the hiefay of geological time: Period, Epoch, or

Age (perhaps even within the Holocene Epoch).

Many scientists agree that the Earth has left thie¢eéne behind and is now in the
Anthropocene, but there is less agreement about wWigAnthropocene began. Some
researchers make good arguments for dating the@diegi of this new epoch to the advent of
agriculture, or to the increase in fossil fuel aamgtion that ushered in the Industrial
Revolution, or some other major shift that leftritark on the geological record. One recent
paper argues for either 1610 (when atmosphericmoadibxide levels dipped, after the arrival
of Europeans brought death to about 50 millionveggieople in the Americas) or 1964
(based on peak carbon 14 fallout signatures) anpat kickoff dates (Lewis and Maslin,
2015). But if geoscientists want to establish atisig point for the Anthropocene, Trinity and
the nuclear bombings and tests that followed infit®45 to the early 1960s created an

extremely distinctive radiogenic signature—a unigaéern of radioactive isotopes captured



in the layers of the planet’'s marine and lake sedis) rock, and glacial ice that can serve as

a clear, easily detected bookmark for the stas wéw chapter in our planet’s history.

Does it really matter what epoch we are living liré? obviously important to geologists and
other Earth scientists, who use the geological 8oae to measure, describe, and compare
events and changes that happened in our planettsk@ many people outside these fields,
though, the potential designation of a new epochpuaditical overtones. As an editorial in a
leading scientific journal observed a few years, dilge Anthropocene “reflects a grim reality
on the ground, and it provides a powerful frameworkconsidering global change and how

to manage it” Nature 2011).

Although the Anthropocene has, in the public spheeeome closely associated with climate
change and particularly the burning of fossil fuélss much bigger than that. We and other
scientists who are considering whether a new epastbegun—and if so, how best to mark
its onset—are examining a host of environmentahgka wrought by humans, from the
domestication of plants and animals to the nudeas race. Public discussion of these
changes can only lead to a growing awareness timahs have left an enormous footprint
on the Earth—and not just a carbon one—and mayihetpase public understanding of how

a warming climate relates to other momentous globahges.

Origins of the Anthropocene

In the geological time scale used by Earth sciemtibe Holocene Epoch began about 11,700
years ago, after the planet’s last glacial phaseed®a an end. When the Anthropocene
concept (Crutzen, 2002; Crutzen and Stoermer, 20@8)initially proposed, the Industrial
Revolution was suggested as its starting point.réasoning was that industrialization’s
accelerated population expansion, technologicaigés, and economic growth caused
increased urbanization, mineral exploitation, arapcultivation; these factors in turn
elevated atmospheric carbon dioxide and methaneecwrations enormously (Waters et al.,
2014; Williams et al., 2011).

Alternatively, the proponents of an “early Anthrapoe” or “Palaeoanthropocene” interval
that preceded the Industrial Revolution (FoleyletZz®13) emphasize that this interval had a

diffuse beginning, with signatures associated withonset of deforestation, agriculture, and



animal domestication; some scientists proposethigse changes broadly coincide with the

beginning of the existing Holocene Epoch (Smith Zader, 2013).

But there is growing evidence for another, latartsig point for the Anthropocene: the range
of globally extensive and abrupt signatures dutitegmid-20th century (Waters et al., 2014)
that coincide with the “Great Acceleration” of pdgiion growth, economic development,
industrialization, mineral and hydrocarbon expliita, the manufacturing of novel materials
such as plastics, the emergence of megacitiesnarehsed species extinctions and invasions
(Steffen et al., 2007, 2015). Some researchers svggest that the onset of the
Anthropocene is marked by a “diachronous” boundiasediments—one in which a

boundary between human-modified and “natural” gcboan be found that is of different

ages at different locations—and thus is not a ggcéd time unit (Edgeworth et al., 2015).

The standard accepted practice for defining gecddgime units during the current eon
(which began about 541 million years ago) is tantdg a single reference point (or “golden
spike”), at a specific location, that marks the édowwoundary of a succession of rock layers as
the beginning of the time unit. This internatiogadgreed-upon physical reference point is
representative of the sum of environmental chatiygggustify recognition of the time unit—
the appearance or extinction of a fossil specas, & a geochemical signature left by a
massive volcanic eruption (Smith, 2014). For examitle boundary between the Cretaceous
and Paleogene Periods has as its golden spikeasigedh an iridium-enriched layer of rock in
El Kef, Tunisia—a marker for the debris spewed ik atmosphere when a huge meteorite

struck the Earth, and for the mass extinctionsimdshurs and other creatures that followed.

The mid-20th century saw substantial changes toegithings and their ecological
relations—also known as biotic changes (Barnosk¥42—but those changes have not yet
been well enough documented from the stratigrapéispective to be the primary marker for
the Anthropocene. The 1945 detonation of the Tyridévice would make a well-defined,
historically important reference point, but a sendetonation lacks a clear signature in the
global geological record, even though nuclearngstionverted sand into a glass-like
substance known in the United States as “trinijiejy et al., 2010) and in Kazakhstan as
“kharitonchik.” This may well be considered a dueasignature in the stratigraphic record,

but one that is very localized in extent.



In contrast, the fallout from the numerous thernabear weapons tests that began in 1952
deposited large amounts of radionuclides in therenment and left a well-defined
radiogenic signature. That level would provide Hadtive global signal that marks the
beginning of the Anthropocene, in comparison tegishe Trinity Test as a marker. The
difference between the two suggested levels issgstn years, and represents only fine-
tuning of a generally mid-20th century boundaryinuhtely, the choice between them will
depend on analysis and debate of the whole enserhbteatigraphic evidence currently

being assembled.

Sources of human-made radiation

Admittedly, the fallout from nuclear testing is ribe only source of radiation that would
show up in the geological record. Naturally raditoecsubstances have increased worldwide,
due to the mining of ore and the burning of coal ather fossil fuels, initially beginning

during the Industrial Revolution, then rapidly ieasing after 1945. Such increases, however,
do not provide a clear marker, because the radi@astibstances are not uniquely

anthropogenic in origin and may be locally abundantther, natural reasons.

In addition to these sources, the medical useditian represents the earliest anthropogenic
source of radiation exposure (see Figure 1). Diatinonedical examinations currently
contribute the largest dosage after natural exgo@UNSCEAR, 2000) but they target
individuals, not the environment, so their impacttie geologic record would be small.
Medical waste incinerators and uncontrolled disposaquipment can produce local

contamination, but they are not useful as widespstiatigraphic signatures.
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Figure 1 Timeline of anthropogenic radiogenic stgnes: Frequency of atmospheric and
underground nuclear weapons testing. Source: UNST2R00).

Besides these sources, there are the contributfamsclear power. The first commercial
nuclear power plant, at Calder Hall in northern land, opened in 1956. Nuclear power
grew rapidly from 1970 to 1985, but the growth gteg after the 1986 Chernobyl accident.
The 2011 Fukushima disaster produced similar heémeisp fallout, though with less
discharge. Radioactive releases from reprocessamgsy which recover uranium and
plutonium from spent fuels, are typically greatsar for nuclear power plants (Jeandel et al.,
1980). Such controlled releases, mainly uraniuresésotopes from sites such as the
Sellafield (United Kingdom) and La Hague (Fran@processing plants, peaked in the mid-
1970s (Aarkrog, 2003). Radioactive waste dumpinged localized contamination mainly in
the Northeast Atlantic until 1982 and the Kara Bear Novaya Zemlya and the Sea of Japan
until 1993, despite the London Convention of 19@8rbing this practice (Livingston and
Povinec, 2000). The accidental discharges at Chgtramd Fukushima and controlled
releases at Sellafield from 1952 to the mid-198fidributed only small amounts
(UNSCEAR, 2000).

The disintegration of the navigational satellite/FN9A in 1964 off Mozambique produced

significant additional atmospheric input of plutem 238 (shown in Figure 1) and provided



important dating information in the southern hermese (for example, see Hancock et al.,
2014; Koide et al., 1979). But the future usefutnelplutonium 238 as a signature will be
limited by its half-life of 88 years.

All told, such discharges compose only a smalliomg component of the total
anthropogenic radionuclide budget so they are pandidates for defining the beginning of
the Anthropocene. In contrast, atmospheric nuskespons testing, or wartime usage in the
case of Hiroshima and Nagasaki, resulted in redjimnglobal distribution of fallout. Most
anthropogenic radionuclides in the environmentyottacked in soils and sediments,
originated from atmospheric testing that took placer a 35-year period from 1945 to 1980.
This fallout started abruptly and shows distinépglly recognizable phases, such as a rapid
decline after the Partial Nuclear Test Ban Tre&t¥9%3. (Underground tests, on the other
hand, had much lower yields and releases to thesgthere.) The fallout signature is locally
augmented by accidental discharges from powesstreprocessing plants, and satellite

burn-up on atmospheric re-entry.

The signature of nuclear weapons testing

The case for using the fallout from nuclear weagesting as a marker for the onset of the
Anthropocene is strong. There were 2,053 nucleapames tests from 1945 to 1998 (Figure
1), mainly in central Asia, the Pacific Ocean, #mewestern United States (see Figure 2);
543 were atmospheric tests. Test frequency peak&851-1958 and especially 1961-1962,
interrupted by a moratorium (UNSCEAR, 2000). Undeund tests occurred at the rate of 50
or more per year from 1962-1990. From 1945-195etbis involved fission (“atomic”)
weapons producing fallout along test site latitudethe lowest layer of the atmosphere
(Aarkrog, 2003). Larger fusion (“thermonuclear™bydrogen”) weapons tests, starting in
1952, produced higher-altitude fallout disperseerdfie entire Earth surface, with a marked
peak in fallout yields in 1961-1962. Radionuclid#dut rapidly declined during the late

1960s, when tests were mainly underground, andtefédy ceased in 1980.
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weapons tests (red); and location of significartiear accidents/discharges (blue); with
superimposed latitudinal variation of global stront 90 fallout, in becquerels per square
meter. Note that two sites, Novaya Zemlya in Ruasithe French Pacific atolls,
contributed significantly to the total fallout. Soca: UNSCEAR (2000).

The geographical distribution of radionuclides assted with fallout has been measured for
the commoner components, such as strontium 90 r@@juand cesium 137; comparable
measurements for plutonium 239 and 240 are notadlai Strontium 90 fallout is
concentrated in the mid-latitudes (30—60 degrekeach hemisphere (Figure 2), and is
smallest at the poles and equator (Livingston &iReaw, 2000; Aarkrog, 2003).
Approximately 76 percent of all radionuclide faltauas in the northern hemisphere, where

most testing occurred (Livingston & Povinec, 2000).

The best radioactive markers for the Anthropocene

To define the Anthropocene boundary, radioactieéoises should ideally be absent or rare in
nature; have long half-lives that provide a lonsfitag signature; have low solubilities and
high reactivities so that they are less mobile fanch a fixed marker in geological deposits;

and be present in sufficient quantity to be eaddiectableThe short half-lives of cesium



137, strontium 90, and tritium (a short-lived rauiclide of hydrogen associated with fusion
bombs) limit their potential to serve as geolodicgbermanent” markers. Americium 41 has
a deeper-water distribution than plutonium 239 24d, being more readily transported to the
bottom of deep oceans on sinking organic partigeshran et al., 1987; Lee et al., 2005),
and so may be a more suitable signature in the amatipely undisturbed deep-water
environments. However, the lower abundance of anueni 241 and its 432-year half-life
would make it useful for only one or two millenniRadiocarbon (carbon 14) shows a “bomb
peak” at 1963-1964 in most carbon reservoirs, tholy peat deposits, soil, wood, and coral
(Hua et al., 2013; Reimer et al., 2004), and this een proposed by Lewis and Maslin
(2015) as a potential marker for the base of thinpocene. This spike will be detectable
for about 50,000 years into the future, so it repres a long-lasting and important signature
on land. However, the high solubility and low rexdty of carbon 14 in marine sediments
(Jeandel et al., 1981, Livingston and Povinec, 2064t its suitability as a marker in the
world’s oceans. Lewis and Maslin (2015), too, defram normal stratigraphic practice in
placing their suggested beginning Anthropocenel lavthe peak of the signature, rather than

its onset.

In contrast, the use of plutonium as a marker sfé&veral advantages. Plutonium isotopes
have low solubility and high particle reactivitgpidly associating with clay or organic
particles. The long half-life of plutonium 239 (240 years) makes it the most persistent
artificial radionuclide, detectable by modern msgsctrographic techniques for about
100,000 years (Hancock et al., 2014). Plutonium 248b a product of nuclear weapons
testing, is less abundant and has a shorter falf@j563 years), and hence will decay below
easily detectable levels sooner. Few direct plutmnfiallout measurements were made during
the 1950s and 1960s, but the historical pattepiuibnium isotope distribution is believed to
be similar to that of the widely studied isotopsiaen 137, especially after 1960 (Hancock et
al., 2014).

What's more, plutonium in the air is now dominabgdatmospheric discharge from nuclear
power plants and the re-suspension of plutoniunmib@aoil particles, whereas during 1945—
1960 the major source of plutonium was nuclear waapesting. Since 1960, plutonium
concentrations in the atmosphere have been deagealsnost exponentially following
international test-ban treaties (Choppin and Mostgnm, 2001).



Another benefit to using plutonium is that thisneéat mostly binds with decayed plant
material and iron oxides on the surface of soitiplais (Chawla et al., 2010) thus locking it

in place; plants mobilize only a little plutoniutmrough uptake by roots. But a drawback may
be that plutonium can migrate in peat profiles prabably can move downward in organic-
rich soils and sediments (Quinto et al., 2013),jmgldnthropogenic plutonium to layers that
were deposited before nuclear weapons testing.maislimit the application of plutonium

as an Anthropocene signature in acidic, organic-eigvironments.

Within the oceans, plutonium sticks to the surfatsuspended matter that falls through the
water column, and consequently its distributiothi& ocean is affected by currents and by
movement of sediment (Zheng and Yamada, 2006)oRlun in particular accumulates in
coastal sediments, especially in low-oxygen, orgaich environments (Livingston and
Povinec, 2000) where few bottom-dwelling animals sarvive, and so their movements do
not disrupt the radioactive sediment layers. Plutons taken up by organic material in
shallow sunlit levels of the sea and then releésett into solution when reaching a depth of
several kilometers (Livingston and Povinec, 20@ral skeletons thus become archives of
plutonium contamination history, with plutonium @mtrations in their growth bands

reflecting the plutonium levels in the oceans (lahbet al., 2012).

Most “golden spikes” lie within marine sedimentarccessions, because they tend to be
more continuous than terrestrial strata, and corntaces of plant and animal life that can be
easily matched with sediments at other sites. Thetria hold true for the potential use of a
radiogenic signature. However, dynamic transporadfonuclides in the water column—
through erosion, suspension, and re-sedimentatimhyia the biological food chain
(Livingston and Povinec, 2000)—can modify the raeioic signature to the point where it no
longer represents a time series of discrete fallwants that can be precisely correlated from

one location to the next.

Another consideration is the delay between detonatnd eventual fallout, with radioactive
debris residence times in the troposphere of abdaays for small-yield detonations (Norris
and Arkin, 1998) and 15 to 18 months in the styattiese for large thermonuclear tests
(Zandler and Araskog, 1973). Such delays accounwlfiy radionuclides such as cesium 137
reach peak abundance several years after the maximroduction of fallout in the

atmosphere. This delay is exacerbated in oceamosmuents as fallout is transferred through
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the water column to bottom sediment. From 19730@7]1 the maximum plutonium signature
in the Northwest Pacific has descended from 50@ra¢b 800 meters below the ocean’s
surface, through gradual settling of the early E9@llout peak, at an average rate of 12.5
meters per year (Livingston et al., 2001) and enrthid-latitudes more than 70 percent of
plutonium 239 and 240 still remains in the watduom (Lee et al., 2005). This suggests at
least decadal residence times in oceanic watetlsa aesultant smearing of potential
plutonium signatures in marine sediments, suchahatial resolution of sediment layers in

the oceans is unlikely.

There are alternative environments in which a “galdpike” section could be located: for
example, undisturbed lake deposits where fallouenal has accumulated, or where
sediment accumulation is too rapid for the layetmgpe disrupted by burrowing animals
(Hancock et al., 2014). There is some precederthfsr the base of the Holocene Epoch is
defined in a Greenland ice core (Walker et al. 208nd this type of deposit might also be
used to define the base of the Anthropocene. Saidscan provide annual records through
layer counting, known Saharan dust events, volcamiptions, and the 1963 tritium horizon
when abundances of this radionuclide peaked. Rlutoappears to be immobile in ice
(Gabrieli et al., 2011; Koide et al., 1979), angharesolution records of plutonium fallout
have been measured in polar ice cores (Koide,et@l7, 1979). With greater fallout of
radionuclides in the mid-latitudes, alpine glaciesy be more suitable. Ice cores from Swiss
and lItalian alpine glaciers display the earlies¢ 0f plutonium 239 fallout from 1954-1955,
with subsequent peaks in 1958 and 1963 and a slearpase following the Partial Nuclear
Test Ban Treaty in 1963 (Gabrieli et al., 2011)eTorld’s ice caps, however, are
undergoing increased wastage through global warnaind so their potential to provide a

long-term record may be limited.

A time of global changes

If we want to use the fallout from nuclear weaptmsark the beginning of the
Anthropocene Epoch, the 1945 Alamogordo nucleapoeatest marks the start of the
nuclear age but lacks a clear radiogenic signaituttee global geological record. By
comparison, the most pronounced rise in plutoniispetsal commences in 1952 and can

provide a practical radiogenic signature for thgitweing of the Anthropocene.
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Although the Anthropocene may be a time of globatming, climate change itself is a poor
geological indicator for a new epoch, at least whiewed over a recent timescale of
decades. There is a significant time lag betweendhent striking increase in atmospheric
carbon dioxide levels and significant climate aed Evel changes, with the latter effects not

yet clearly expressed in geological deposits.

The advent of the nuclear age in itself does nottrtiee identification of a new epoch. The
signature of weapons testing coincides with a rarideiman-driven changes that have
produced stratigraphic signals that indicate a dtanshift in the Earth system around the
mid-20th century, which in total may be considetteel distinctive feature of the
Anthropocene. The fact that the plutonium 239 digreais coincident with other changes

makes it a useful tool for defining the Anthropoesrbase.
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