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ABSTRACT: Human impacts on Earth are now so great that they have led to the
concept of a new geological epoch defined by this global human influence: the
Anthropocene. While not universally accepted, the term is increasingly popular and
widely used. However, even among proponents, there is considerable debate regarding
when the epoch may have started, from coeval with the Holocene, through the
Industrial Revolution, to the mid-20th century when unprecedented human activities
resulted in exponential increases in population, resource consumption, and pollutant
emission. Recently, this latter period, known as the Great Acceleration, appears to be
becoming the more widely accepted start date. To define any start point, a global
stratigraphic marker or Global Boundary Stratotype Section and Point (GSSP) is
typically required. Here, spheroidal carbonaceous fly ash particles (SCPs), byproducts
of industrial fossil-fuel combustion, are proposed as a primary marker for a GSSP at the
time of the Great Acceleration. Data from over 75 lake sediment records show a global,
synchronous, and dramatic increase in particle accumulation starting in c. 1950 driven by the increased demand for electricity and
the introduction of fuel-oil combustion, in addition to coal, as a means to produce it. SCPs are morphologically distinct and solely
anthropogenic in origin, providing an unambiguous marker. This is a clear signal of great stratigraphic utility representing a
primary driving force for global anthropogenic change.

Bl INTRODUCTION resources, and emissions of pollutants to the atmosphere and
surface waters.”

It is apparent that the earlier suggested dates are neither
global nor synchronous.” Fuller et al.'’ present archaeozoo-

logical data to show how the spread of livestock and

Recognition that human activities are having far-reaching
impacts upon the Earth is not new,' but the scale and extent
of that influence on biodiversity, biogeochemical cycles, and
climate® is increasingly apparent. In 2000, it was proposed that
anthropogenic environmental change had become so dominant
that it justifies a new geological epoch, and the name
“Anthropocene” was proposed for it.”> Since then, although

domestication across Africa, India, and southeast Asia each
cover c. 4000 years, while similar studies show, for example,
how rice cultivation spread over periods of millennia both

. 11,12 ey . 13 qi
not universally accepted,” the term has become increasingly regionally and within a single country.”” Similarly, the
widely used in both the scientific and broader literature. Industrial Revolution can no longer be regarded as the abrupt
However, there has been considerable controversy regarding discontinuity that its name suggests, having its origins in
the point at which the Anthropocene may be considered to economic expansion in Britain in the 16th century'® and with
have succeeded the current Holocene Epoch. Some arguments subsequent industrialization spreading across the world over a
effectively eliminate any distinction with the Holocene® by period of 200 years between the 18th and 20th centuries."> In
proposing the megafaunal extinction c. 12 500 BP®’ and the contrast, the mid-20th century period, termed the “Great
start of domestication as the onset point, while Ruddiman’s Acceleration” or the “Atomic Age”,”'® is marked by global and
“early-anthropogenic era”® uses agriculturally-derived increases synchronous rather than local or regional and time-trans-
in atmospheric methane and CO, at 5000 and 8000 BP, gressive changes. For example, Steffen et al."'” demonstrate
respectively. Others argue that the start of the Industrial how dramatic and unprecedented changes in human
Revolution in the latter half of the 18th century, with the population, damming of rivers, fertilizer consumption, vehicle
expansion of fossil-fuel exploitation on an industrial scale and numbers, increases in atmospheric N,O and depletion of
the subsequent inflection in greenhouse gas concentrations
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Figure 1. Scanning electron microscopy (SEM) and light microscopy photographs of SCPs extracted from lake sediments. The SEM image shows 20
pm scale bar, and the SCP in light microscope image is 18 ym in diameter.

Figure 2. Site location map. A Robinson projection with sites used in this study. Labels 1—71 are lakes with radiometrically dated sediment cores and
SCP accumulation rate data. (Inset) Enlarged map of European sites. Presented data for Europe, especially U.K. and Ireland, are not exhaustive but
representative of these regions. C1—CS5 are sites, taken from the literature, for areas where less SCP accumulation rate data exist. Cores from these
lakes have radiometric dates and SCP sediment concentration data (see SI Figure 1 of the Supporting Information) but not SCP accumulation rate
data. All site names, latitudes, longitudes, and data sources are provided in the Supporting Information.

stratospheric ozone, exploitation of global fisheries, and
perturbation of the nitrogen cycle all started from c. 1950.

In 2009, the Anthropocene Working Group (AWG) of the
Subcommission on Quaternary Stratigraphy was established to
consider the evidence for environmental signatures that could
be uniquely attributed to a new epoch.'* The AWG is
responsible for producing a recommendation to be considered
by the International Commission on Stratigraphy in 2016,
including a requirement for defining its lower boundary.'®
Therefore, the reco%nition of an unequivocal human-induced
stratigraphic marker'® that may underpin a Global Boundary
Stratotype Section and Point (GSSP) (or “golden spike”) or
alternatively a Global Standard Stratigraphic Age (GSSA), with
which to define the lower boundary of the new epoch, is
essential to this process and, hence, the definition of the
Anthropocene itself. Recent indications are that the Great
Acceleration currently has the most support within the
AWG,”*® who are “working on a stratigraphical boundary for
the mid-20th century”.* While not all mid-century markers
show the same precise temporal patterns,”* the beginning of the

4156

atmospheric *C peak® or that of 2*Pu and ***Pu** resulting
from the fallout of nuclear weapons testing may be considered
as markers for a global stratigraphically synchronous boundary
for the mid-20th century. However, as described above, the
mid-1960s is a decade later than many of the observed
emissions and impacts that define the Great Acceleration' and
almost two decades later than the proposed boundary level at
the time of the world’s first nuclear explosion at Almagordo,
NM, at 11:29:21 + 2 s [UTC or Greenwich Mean Time
(GMT)] on July 16, 1945

Here, it is proposed that the fly ash particle record in natural
archives could provide a more suitable globally synchronous
indicator of anthropogenic impact for c. 1950. Fly-ash particles
are the particulate byproducts of high-temperature fossil-fuel
(coal-series; fuel-oil) combustion and are emitted to the
atmosphere along with flue gases. There are two main particle
types: inorganic ash spheres, which are derived from non-
combustible minerals present within the fuel, and spheroidal
carbonaceous particles (SCPs) (Figure 1), which result from
the incomplete combustion of the pulverized coal particles or
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Figure 3. SCP accumulation rate data (number of particles cm™ year™') for the 71 lake sediment cores (1—71 in Figure 1) plotted on a
radiometrically derived chronological y axis (years AD). The red line indicates 1950. Additional site information and data sources are provided in SI

Table 1 of the Supporting Information.
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oil droplets themselves® and are a component of the “black
carbon continuum”.>® They have no natural sources, and their
characteristic shape, color, and morphology (Figure 1) make
them unambiguous indicators of contamination from this
industrial source.”>*’ Further, they preserve in a range of
accumulating media, including freshwater®?® and marine®
sediments, peats,31 and ice.>> However, most data are available
from lake sediments because their continuous accumulation,
global spread, clarity of record, and comparative ease with
which reliable, highly resolved chronologies can be produced
make them ideal archives.

B MATERIALS AND METHODS

Sites and Sampling. The data presented here represent an
amalgamation of over 20 years of research undertaken at the
Environmental Change Research Centre (ECRC), University
College London, and additionally through collaboration with
many institutions around the world. These studies have
included assessments of acidification and recovery, eutrophica-
tion, and the scale and extent of atmospherically deposited
contamination using the lake sediment archive as an historical
record. Because of the varying nature of these studies, there are
no specific selection criteria that cover all sites. Criteria for
inclusion in this current study include historical SCP flux data
and a reliable sediment record with reasonable radionuclide-
derived chronologies. However, within some regions, for
example, across the UK,» a large number of sites fulfilling
these criteria were available and only a typical few have been
selected for inclusion. Consequently, SCP flux data from 71
lakes are presented, and while the majority of these are within
Europe (Figure 2 and SI Table 1 of the Supporting
Information), every continent is represented. Where data are
sparse, additional sites with only SCP concentration data (sites
C1-Cs; Figure 2) and radiometric chronologies have also been
included (see the Discussion).

Sediment cores were taken using a variety of different
techniques appropriate to the rec%uirements of these studies.
These included short gravity cores, 435 mini-Mackereth cores,36
and modified Livingstone cores.”” Further, they have been sub-
sampled at a variety of different resolutions from 0.2 cm
intervals for remote, slowly accumulating upland and mountain
lakes to 1 cm intervals for rapidly accumulating lowland ponds
and pools. All sediment samples were air- or freeze-dried prior
to SCP analysis and radiometric dating.

SCP Analysis. SCP analysis involved sequential treatments
of nitric, hydrofluoric, and hydrochloric acids to remove
organic, siliceous, and carbonate fractions, respectively, from
the sediment, resulting in a suspension in water.*® A known
fraction of this suspension was then evaporated onto a coverslip
and mounted onto a glass slide, and the number of SCPs was
counted using a light microscope at 400 times magnification.
Standard criteria for SCP identification were followed.”” SCP
concentrations were calculated as the number of particles per
gram of dry mass of sediment (g~' of DM), and SCP fluxes
were calculated as the product of the SCP concentration and
bulk dry sediment accumulation rate (number of particles per
centimeter squared per year; cm™> year '). SCP accumulation
rate data are used preferentially to SCP concentrations because
they take into account the effect that variations in the bulk
sediment accumulation rate may have on contaminant
concentration data (e.g, a dilution when sediment accumu-
lation increases). Analytical blanks and SCP reference materi-
al”” were included with all sample digestions. The detection
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limit for the technique is typically less than 100 g~' of DM, and
calculated concentrations generally have an accuracy of c. +45
g~ of DM.

Radiometric Dating of Sediment Cores. Dried sediment
samples were analyzed for '°Pb, **Ra, '¥’Cs, and **'Am by
direct gamma assay using ORTEC HPGe GWL series well-type
coaxial low background intrinsic germanium detectors. *'°Pb
was determined via its gamma emissions at 46.5 keV, and **Ra
was determined by the 295 and 352 keV gamma rays emitted
by its daughter isotope *'*Pb, following 3 weeks of storage in
sealed containers to allow for radioactive equilibration. '¥’Cs
and *'Am are artificial radionuclides measured by their
emissions at 662 and 59.5 keV, respectively.”” They were
introduced into the environment by atmospheric fallout from
nuclear weapons testing and by nuclear accidents. Sediment
records of these radionuclides generally begin in the 1950s and
peak in 1963, the year prior to the global atmospheric test ban
treaty. Absolute efficiencies of the detectors were determined
using calibrated sources and sediment samples of known
activity. Corrections were made for the effect of self-absorption
of low-energy gamma rays within the sample. There are two
principal methods for determining the initial >'°Pb activity of a
sediment layer necessary for the calculation of its *'°Pb date.
These are the CRS (constant rate of unsupported *'°Pb supply)
model and the CIC (constant initial *'°Pb concentration)
model.** The CRS model is perhaps the most widely accepted
and is based on the hypothesis that the *'°Pb supply to the
sediments is dominated by constant atmospheric fallout. This
model is not valid where there are interruptions or changes to
the *'°Pb supply, for example, with a sediment hiatus. The
independently derived 1963 fallout date is used to help
constrain the *'°Pb dates.** Final chronologies for all cores
were derived using all of these available data. >'°Pb has a half-
life of 22.26 years, allowing for reliable chronologies of 150—
170 years to be produced. Sediment core chronological errors
for most recent decades are typically +2 years, with sediments
in the mid-20th century typically +4—7 years and the mid-late
19th century typically +18-25 years.

B RESULTS AND DISCUSSION

The SCP flux data for the 71 individual lakes are presented on
chronological axes in Figure 3. Across Europe and North
America, the SCP record typically begins in the mid-19th
century.”>*® The observable start of the SCP record varies
depending upon regional developments in the industrial
combustion of coal-series fuels but also the accumulation rate
of the depositing archive. For example, a rapid accumulation
rate may dilute the concentration of SCPs (or any
contaminant) to a level below the analytical limit of detection,
thereby delaying the observable start of the record until such
time that deposited contamination increases to a level that
exceeds that detection limit. SCP concentrations and fluxes
typically increase gradually from the start of the record (Figure
3) until the mid-20th century, when there is a “rapid increase”
starting from c. 1950. This dramatic increase in SCP deposition
is concomitant with the many other indicators of the Great
Acceleration,? including, of course, primary energy use,'” and
is linked with the post-World War II (WWII) increase in the
demand for electricity and the introduction of cheap fuel oil,
which led to the development of the first large-scale oil-fired
power plants.”® The duration of this rapid increase varies
between regions because the SCP concentration and flux peaks
are often followed by a decline in inputs (Figure 3). This is due
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Figure 4. SCP sediment profile data plotted for different regions. Data include 71 lake cores with SCP accumulation rate data and an additional 5
with SCP concentration data. All are normalized to the SCP accumulation or concentration peak (1.0) for that site, to take account of within and
between region variations in the scale of contamination. Open circles are data points for the individual cores, and solid lines represent mean data (S
year time step) for the region. Horizontal bars indicate 1950 + S years, ie.,, “mid-20th century”. See the Materials and Methods for radiometric
dating errors across the time period represented by these data.

to a number of reasons, including the introduction of particle- recent industrial development (e.g., sites 58 and 62), or lakes
arrestor technology to combustion sources, changes of fuel with more rapid sediment accumulation rates (e.g., sites 38 and
source (e.g., from coal to natural gas), and the regional decline 67), this rapid increase can be observed as the start of the
of heavy industry. Therefore, while some features of SCP record, where the increase in SCP deposition leads to
profiles (e.g, start of the record; the sub-surface peak) vary exceedance of the analytical detection limit for the first time.

regionally,”* the “rapid increase” in the mid-20th century
appears to be a global signal.

The data presented in Figure 3 demonstrate this global
signature and show that it is recorded in the sediments of a
wide range of lake types from mountain lakes (e.g, sites 3, 12,
and 65) to shallow lowland lakes (sites 31, 33, and 40) and
coastal waterbodies (sites 58) and from small lakes a few
hectares in area (sites 13 and 27) to some of the largest

In areas where SCP accumulation rate data are sparse,
additional concentration records from the literature have
been used to provide supporting evidence for these temporal
patterns. Locations are shown in Figure 2 (C1—CS) (details in
SI Table 2 of the Supporting Information), and the
concentration profiles are shown in SI Figure 1 of the
Supporting Information, again on the same chronological

freshwater bodies in the world (sites 62, 66, and 68). The mid- axes. These SCP concentration profiles a!so show a clear and
20th century rapid increase in SCP accumulation is clearly rapid increase from c. 1950. However, while these data are not
observable in all locations. At some sites (e.g, sites 4, 15, and as robust as SCP accumulation rate data for the reasons
51), this is recorded as an inflection in a gradually increasing described above, the mid-20th century increases in concen-
SCP accumulation rate profile, marking the transition from tration are so marked that significant and temporally
lower levels of contamination to significantly enhanced coincidental changes in bulk sediment accumulation rates
contaminant deposition. At others, most noticeably in less would be required for them to fail to agree with the observed
contaminated areas (e.g., sites 13 and 14), regions of more global picture.
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Figure 4 shows these lake data (all 76 sites) divided into six
geographical regions and normalized to peak SCP input
(maximum SCP accumulation rate or concentration = 1.0) to
take account of the variations in the scale of contamination
between and within regions. While there are only limited data
for the southern hemisphere and north Africa, the marked
increase in SCP contamination at c. 1950 is clear in every
region. Across Europe and North America, this is indicated by a
rapid increase in SCPs over and above a gradual but already
increasing level of contamination. In north Africa and Asia,
where industrial development occurred later, this is more often
observed as the start of the record. This geographical shift in
global black carbon emissions (i.e., from North America and
Europe to Asia) from the mid-late 20th century onward has
also been reported from modeling studies.*'

Although the presented data are derived solely from lake
sediment records, atmospherically deposited contaminants also
accumulate in ice cores, peat sequences, and marine sediments.
However, SCP data in the literature for these other natural
archives are very sparse. While a number of papers consider
historical profiles of various components of the black carbon
continuum in ice cores,*”* the various definitions of black
carbon cover more than just high-temperature fossil-fuel-
derived particulates, such as SCPs, and to my knowledge,
only a single ice core study to date specifically refers to SCP
accumulation rate data.** This ice record only covers the period
1900—1995 but does show the rapid increase in SCP
accumulation rate in c. 1950. SCP data for marine sites are
restricted to coastal sediment concentrations. In all available
locations, marine sediment SCP temporal trends reflect
regional lake sediment profiles, indicating that SCP accumu-
lation rates would likely also record the increase in SCP input
in the mid-20th century. Similarly, SCP concentration profiles
from accumulating peats are also reported to reflect adjacent
lake sediment profiles, and the mid-20th century rapid increase
in UK. peat sequences has been used to provide a
chronological control as a result."

In proposing a stratigraphic marker for a new geological
epoch, it is of benefit to demonstrate long-term preservation.'”
Because SCPs are only produced from high-temperature
industrial sources, they are first recorded in the mid-19th
century, and although they currently show no signs of
decomposition or deterioration, the earliest particles are only
a maximum of 170 years old. However, carbon-rich particles
with a “bubble texture” thought to have been formed by bolide
impact into organic-rich geology c. 65 Myr BP have been
observed at the Cretaceous—Paleogene (K—P) boundary.
These are thought to have been produced by low-temperature
(300—800 °C) expansion of volatiles but not ignition44 and,
therefore, effectively represent a pre-combustion SCP-type
particle. While easily distinguishable from fly ash, these
“precursor SCPs” look structurally similar and have also been
identified in Bronze Age peat sequences dated to c. AD 550.*
The source of these latter particles remains to be determined
but may be due to smelting processes. If SCPs preserve
similarly well (and there is no reason to suggest that they will
not), then they would easily meet the criterion for a long-term
stratigraphic marker.

SCPs provide a more robust indicator for the mid-20th
century Great Acceleration than many other potential
contaminant markers. They provide a less ambiguous signal
than trace metals, where changes to the weathering of natural
sources*® or local and regional activities can provide dramatic
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changes to concentrations across a variety of time periods (e.g.,
Bronze Age*” and late 18th century®). As particulates formed
from black carbon, they are not susceptible to photochemical
and microbial degradation as are persistent organic pollu-
tants*>* and other organic chemicals (e.g, pharmaceuti-
cals®“*?) nor are they affected by selective dissolution, as can
be the case for magnetic minerals,>> which may also be derived
from a range of industrial and non-industrial sources.”* The
SCP rapid increase feature is the same and unidirectional across
a wide range of site types and archives, unlike the signals that
may be recorded by nitrogen isotopes, whereby upland systems
experiencing enhanced nitrogen in]s:)uts from atmospheric
sources show a decline in 6N values,”> while those in lowland
areas receiving increased nitrogen from agricultural inputs often
show an increase in &'°N.>® Furthermore, unlike some
radionuclides, they have no half-life precluding them from
being long-term indicators (e.g., *’Cs half-life = 30.17 years),
while the extent and chronologies for other potential
anthropogenic markers, such as ?lastiglomerates (the combi-
nation of melted plastic and lavas®”) and technofossils,”® remain
to be fully evaluated.

As a marker for industrial fossil-fuel combustion, SCPs
directly represent a globally distributed driving force of the
Great Acceleration. They therefore provide not only a highly
effective stratigraphic marker but are also a proxy for the rate
and scale of anthropogenic global change. In conclusion, while
further research is required to confirm temporal patterns in
some regions and in the marine environment, the increase in
SCP contamination shows an unambiguous, synchronous, and
global stratigraphic indicator for the mid-20th century across a
range of natural archives, making them a robust, near-ideal
marker for the Anthropocene.

N

B ASSOCIATED CONTENT

© Supporting Information

Names, locations (latitudes and longitudes), and data sources
for all lakes referred to in the paper (SI Tables 1 and 2) and
SCP concentration profiles for lakes C1—CS on radiometric
chronological axes (SI Figure 1). This material is available free
of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*Telehone: +44-0-207-679-0543. Fax: +44-0-207-679. E-mail:
n.rose@ucl.ac.uk.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The work presented is derived from a large number of projects
over 20 years, funded by different agencies, including the
United States Environmental Protection Agency (U.S. EPA),
various European Union (EU) Frameworks, U.K. Natural
Environment Research Council, Royal Society, and U.K.
Department for Environment, Food and Rural Affairs. *'°Pb
measurements on all cores analysed by Neil L. Rose were
undertaken at either the University of Liverpool by Prof. Peter
Appleby or at the University College London (UCL)
Environmental Radiometric Facility by Dr. Handong Yang.
Thanks to Alistair Seddon for advice on statistical matters, to
Miles Irving at the UCL Department of Geography Carto-
graphic Office for producing the map, to Jan Zalasiewicz, Rick

DOI: 10.1021/acs.est.5b00543
Environ. Sci. Technol. 2015, 49, 4155—-4162


http://pubs.acs.org
mailto:n.rose@ucl.ac.uk
http://dx.doi.org/10.1021/acs.est.5b00543

Environmental Science & Technology

Battarbee, Anson Mackay, and Mark Maslin for comments on
an earlier version, and to four anonymous reviewers and the
Associate Editor for their suggestions on improving the
manuscript.

B REFERENCES

(1) Steffen, W.; Grinevald, J.; Crutzen, P. J.; McNeill, J. R. The
Anthropocene: Conceptual and historical perspectives. Philos. Trans. R.
Soc. London 2011, 369, 842—867.

(2) Steffen, W.; Crutzen, P. J.; McNeill, J. R. The Anthropocene: Are
humans now overwhelming the great forces of nature? Ambio 2007,
36, 614—621.

(3) Crutzen, P. J.; Stoermer, E. F. The “Anthropocene”. IGBP Newsl.
2000, 41, 12—14.

(4) Autin, W. J,; Holbrook, J. M. Is the Anthropocene an issue of
stratigraphy or pop culture? GSA Today 2012, 22, 60—61.

(5) Smith, B. D.; Zeder, M. A. The onset of the Anthropocene.
Anthropocene 2013, 4, 8—13.

(6) Doughty, C. E; Wolf, A; Field, C. B. Biophysical feedbacks
between Pleistocene megafauna extinction and climate: The first
human-induced global warming? Geophys. Res. Lett. 2010, 37, L15703.

(7) Ruddiman, W. F. The Anthropocene. Annu. Rev. Earth Planet. Sci.
2013, 41, 4.1-4.24.

(8) Ruddiman, W. F. The atmospheric greenhouse era began
thousands of years ago. Clim. Change 2003, 61, 261—93.

(9) Zalasiewicz, J.; Waters, C. N.; Williams, M.; Barnosky, A. B.;
Cearreta, A,; Crutzen, P; Ellis, E,; Ellis, M. A,; Fairchild, L J;
Grinevald, J.; Haff, P. K; Hajdas, L; Leinfelder, R.; McNeill, J.; Odada,
E. O,; Poirer, C.; Richter, D.; Steffen, W.; Summerhayes, C.; Syvitski, J.
P. M,; Vidas, D.; Wagreich, M.; Wing, S. L.; Wolfe, A. P.; Zhisheng, A.
When did the Anthropocene begin? A mid-twentieth century
boundary level is stratigraphically optimal. Quat. Int. 20185.

(10) Fuller, D. Q.; van Etten, J.; Manning, K.; Castillo, C.; Kingwell-
Banham, E.; Weisskopf, A.; Qin, L, Sato, Y.-I; Hijmans, R. J. The
contribution of rice agriculture and livestock pastoralism to prehistoric
methane levels: An archaeological assesment. Holocene 2011, 21, 743—
759.

(11) Fuller, D. Q. Pathways to Asian civilisations: Tracing the origins
and spread of rice and rice cultures. Rice 2011, 4, 78—92.

(12) Fuller, D. Q; Willcox, G.; Allaby, R. G. Cultivation and
domestication had multiple origins: Arguments against the core
hypothesis for the origins of agriculture in the near east. World
Archaeol. 2011, 43, 628—652.

(13) Ruddiman, W. F.; Guo, Z.; Zhou, X; Xu, H.; Yu, Y. Early rice
farming and anomalous methane trends. Quat. Sci. Rev. 2008, 27,
1291-129S.

(14) Allen, R. C. Why the Industrial Revolution was British:
Commerce, induced invention and the scientific revolution. Econ. Hist.
Rev. 2011, 64, 357—384.

(15) Waters, C. N; Zalasiewicz, J. A,; Williams, M.; Ellis, M. A,
Snelling, A. M. An introduction to the Anthropocene: The case for and
against a new epoch. In A Stratigraphical Basis for the Anthropocene?;
Waters, C. N,, Zalasiewicz, J. A., Williams, M., Ellis, M. A., Snelling, A.
M, Eds.; Geological Society: London, UK, 2014; Vol. 395, pp 1-21.

(16) Zalasiewicz, J.; Williams, M.; Waters, C. N. Can an
Anthropocene series be defined and recognized? In A Stratigraphical
Basis for the Anthropocene?; Waters, C. N., Zalasiewicz, J. A., Williams,
M, Ellis, M. A, Snelling, A. M., Eds.; Geological Society: London,
UK, 2014; Vol. 39S, pp 39-53.

(17) Steffen, W.; Broadgate, W.; Deutsch, L.; Gaffney, O.; Ludwig, C.
The trajectory of the Anthropocene: The Great Acceleration.
Anthropocene Rev. 2015, 2, 81—98.

(18) Finney, S. C. The ‘Anthropocene’ as a ratified unit in the ICS
International Chronostratigraphic Chart: Fundamental issues that
must be addressed by the Task Group. In A Stratigraphical Basis for the
Anthropocene?; Waters, C. N., Zalasiewicz, J. A., Williams, M., Ellis, M.
A, Snelling, A. M., Eds.; Geological Society: London, UK., 2014; Vol.
39S, pp 23—28.

4161

(19) Zalasiewicz, J.; Williams, M.; Fortey, R.; Smith, A.; Barry, T. L.;
Coe, A. L;; Bown, P. R;; Rawson, P. F,; Gale, A.; Gibbard, P.; Gregory,
J; Hounslow, M. W.; Kerr, A. C.; Pearson, P.; Knox, R; Powell, J;
Waters, C.; Marshall, J,; Oates, M.; Stone, P. Stratigraphy of the
Anthropocene. Philos. Trans. R. Soc. London 2011, 369, 1036—1055.

(20) European Geosciences Union (EGU 2014). The Anthropocene:
An update. GeoQ Newsletter 2014 (issue 12), p 22; http://www.egu.
eu/newsletter/ (accessed Jan 9, 2015).

(21) European Geosciences Union General Assembly. PC4 Press
Conference “The Anthropocene: Are We Living in the Age of Humans?”;
Vienna, Austria, April 27—May 2, 2014; http://www.egu2014.eu/
webstreaming html (accessed June 6, 2014).

(22) Dean, J. R; Leng, M. J.; Mackay, A. W. Is there an isotopic
signature of the Anthropocene? Anthropocene Rev. 2014, 1, 276—287.

(23) Hua, Q.; Barbetti, M.; Rakowski, A. Z. Atmospheric radiocarbon
for the period 1950—2010. Radiocarbon 2013, S5, 2059—-2072.

(24) Hancock, G. J; Tims, S. G.; Fifield, K.; Webster, L. T. The
release and persistence of radioactive anthropogenic nuclides. In A
Stratigraphical Basis for the Anthropocene?; Waters, C. N., Zalasiewicz, J.
A., Williams, M., Ellis, M. A,, Snelling, A. M., Eds.; Geological Society:
London, UK, 2014; Vol. 39S, pp 265—281.

(25) Rose, N. L. Fly ash particles. In Tracking Environmental Change
Using Lake Sediments; Last, W. M., Smol, J. P, Eds; Kluwer:
Dordrecht, Netherlands, 2001; Vol. 2: Physical and Geochemical
Methods, pp 319—349.

(26) Masiello, C. A. New directions in black carbon organic
geochemistry. Mar. Chem. 2004, 92, 201-213.

(27) Rose, N. L. Quality control in the analysis of lake sediments for
spheroidal carbonaceous particles. Limnol. Oceanogr.: Methods 2008, 6,
172—179.

(28) Rose, N. L,; Harlock, S; Appleby, P. G. The spatial and
temporal distributions of spheroidal carbonaceous fly-ash particles
(SCP) in the sediment records of European mountain lakes. Wat. Air
Soil Pollut. 1999, 113, 1—32.

(29) Charles, D. F; Binford, M. W.; Furlong, E. T.; Hites, R. A;
Mitchell, M. J; Norton, S. A.; Oldfield, F.; Paterson, M. J; Smol, J. P.;
Uutala, A. J; White, J. R; Whitehead, D. R,; Wise, R. J.
Palaeoecological investigation of recent lake acidification in the
Adirondack Mountains, N.Y. J. Paleolimnol. 1990, 3, 195—241.

(30) Martins, C. C; Bicego, M. C; Rose, N. L.; Taniguchi, S,;
Lourengo, R. A,; Figueira, R. C. L.; Mahiques, M. M.; Montone, R. C.
Historical record of polycyclic aromatic hydrocarbons (PAHs) and
spheroidal carbonaceous particles (SCPs) in marine sediment cores
from Admiralty Bay, King George Island, Antarctica. Environ. Pollut.
2010, 158, 192—200.

(31) Yang, H; Rose, N. L, Battarbee, R. W. Dating of recent
catchment peats using spheroidal carbonaceous particle (SCP)
concentration profiles with particular reference to Lochnagar,
Scotland. Holocene 2001, 11, 593—597.

(32) Isaksson, E.; Hermanson, M. H.; Hicks, S.; Igarashi, M,;
Kamiyama, K; Moore, J.; Motoyama, H.; Muir, D.; Pohjola, V,;
Vaikmie, R.; van de Wal, R. S. W.; Watanabe, O. Ice cores from
Svalbard—Useful archives of past climate and pollution history. Phys.
Chem. Earth 2003, 28, 1217—1228.

(33) Rose, N. L; Appleby, P. G. Regional applications of lake
sediment dating by spheroidal carbonaceous particle analysis I. United
Kingdom. J. Paleolimnol. 2005, 34, 349—361.

(34) Kajak, Z. Field experiment in studies on benthos density of
some Mazurian lakes. Gewasser Abwasser 1966, 41/42, 150—1358.

(35) Glew, J. R. Miniature gravity corer for recovering short sediment
cores. . Paleolimnol. 1991, S, 285—287.

(36) Mackereth, F. J. H. A short core sampler for subaqueous
deposits. Limnol. Oceanog. 1969, 14, 145—151.

(37) Livingstone, D. A. A lightweight piston sampler for lake
deposits. Ecology 1955, 36, 137—139.

(38) Rose, N. L. A note on further refinements to a procedure for the
extraction of carbonaceous fly-ash particles from sediments. J.
Paleolimnol. 1994, 11, 201—204.

DOI: 10.1021/acs.est.5b00543
Environ. Sci. Technol. 2015, 49, 4155—-4162


http://www.egu.eu/newsletter/
http://www.egu.eu/newsletter/
http://www.egu2014.eu/webstreaming.html
http://www.egu2014.eu/webstreaming.html
http://dx.doi.org/10.1021/acs.est.5b00543

Environmental Science & Technology

(39) Appleby, P. G; Nolan, P.; Gifford, D. W.; Godfrey, M. J;
Oldfield, F.; Anderson, N. J; Battarbee, R. W. 210p}, dating by low
background gamma counting. Hydrobiologia 1986, 141, 21-27.

(40) Appleby, P. G. Chronostratigraphic techniques in recent
sediments. In Tracking Environmental Change Using Lake Sediments;
Last, W. M., Smol, J. P., Eds.; Kluwer: Dordrecht, Netherlands, 2001;
Vol. 1: Basin Analysis, Coring and Chronological Techniques, pp
171-203.

(41) Ruppel, M.; Lund, M. T.; Grythe, H.; Rose, N. L.; Weckstrom,
J.; Korhola, A. Comparison of spheroidal carbonaceous particle data
with modelled atmospheric black carbon concentration and deposition
and air mass sources in northern Europe, 1850—2010. Adv. Meteorol.
2013, No. 393926.

(42) Kaspari, S. D.; Schwikowski, M.; Gysel, M.; Flanner, M. G;
Kang, S.; Hou, S.; Mayewski, P. A. Recent increase in black carbon
concentrations from a Mt. Everest ice core spanning 1860—2000 AD.
Geophys. Res. Lett. 2011, 38, L04703.

(43) McConnell, J. R;; Edwards, R; Kok, G. L.; Flanner, M. G;
Zender, C. S.; Saltzman, E. S.; Banta, J. R; Pasteris, D. R.; Carter, M.
M,; Kahl, J. D. 20th-century industrial black carbon emissions altered
Arctic climate forcing. Science 2007, 317, 1381—1384.

(44) Harvey, M. C.; Brassel, S. C.; Belcher, C. M.; Montanari, A.
Combustion of fossil organic matter at the Cretaceous—Paleogene
(K—P) boundary. Geology 2008, 36, 355—358.

(45) Rose, N. L.; Ruppel, M. Environmental archives of contaminant
particles. In Environmental Contaminants: Using Natural Archives To
Track Sources and Long-Term Trends of Pollution; Blais, J. M., Rosen, M.
R, Smol, J. P., Eds.; Springer: Dordecht, Netherlands, 2015; pp 187—
222.

(46) Boyle, J. F. Inorganic geochemical methods in palaeolimnology.
In Tracking Environmental Change Using Lake Sediments; Last, W. M.,
Smol, J. P.,, Eds; Kluwer: Dordrecht, Netherlands, 2001; Vol. 2:
Physical and Geochemical Methods, pp 83—141.

(47) Mighall, T. M.; Abrahams, P. W,; Grattan, J. P.,; Hayes, D.;
Timberlake, S.; Forsyth, S. Geochemical evidence for atmospheric
pollution derived from prehistoric copper mining at Copa Hill,
Cwmystwyth, mid-Wales, UK. Sci. Total Environ. 2002, 292, 69—80.

(48) Yang, H. Historical mercury contamination in sediments and
catchment soils of Diss Mere, UK. Environ. Pollut. 2010, 158, 2504—
2510.

(49) Sinkkonnen, S.; Paasivirta, J. Degradation half-life times of
PCDDs, PCDFs and PCBs for environmental fate modelling.
Chemosphere 2000, 40, 943—949.

(50) Kallenborn, R.; Christensen, G.; Evenset, A.; Schlabach, M.;
Stohl, A. Atmospheric transport of persistent organic pollutants
(POPs) to Bjerneya (Bear island). J. Environ. Monit. 2007, 9, 1082—
1091.

(51) Packer, J. L.; Werner, J. J.; Latch, D. E.; McNeill, K.; Arnold, W.
A. Photochemical fate of pharmaceuticals in the environment:
Naproxen, diclofenac, clofibric acid, and ibuprofen. Aquat. Sci. 2003,
65, 342—351.

(52) Benotti, M. J,; Brownawell, B. J. Microbial degradation of
pharamceuticals in estuarine and coastal seawater. Environ. Pollut.
2009, 157, 994—1002.

(53) Oldfield, F.; Gedye, S.; Hunt, A; Jones, J; Jones, M;
Richardson, N. The magnetic record of inorganic fly ash deposition
in lake sediments and ombrotrophic peats. Holocene 2015, 25, 215—
22S.

(54) Millspaugh, S. H.; Whitlock, C. A 750-year fire history based on
lake sediment records in central Yellowstone National Park, USA.
Holocene 1995, S, 283—292.

(55) Wolfe, A. P; Hobbs, W. O, Birks, H. H.; Briner, J. P,
Holmgren, S. U,; Ingdlfsson, é.; Kaushal, S. S.; Miller, G. H.; Pagani,
M,; Saros, J. E; Vinebrooke, R. D. Stratigraphic expressions of the
Holocene—Anthropocene transition revealed in sediments from
remote lakes. Earth-Sci. Rev. 2013, 116, 17—34.

(56) Vaalgamaa, S.; Sonninen, E.; Korhola, A; Weckstrom, K.
Identifying recent sources of organic matter enrichment and

4162

eutrophication trends at coastal sites using stable nitrogen and carbon
isotope ratios in sediment cores. J. Paleolimnol. 2013, 50, 191—206.
(57) Corcoran, P. L; Moore, C. J; Jazvac, K. An anthropogenic
marker horizon in the future rock record. GSA Today 2014, 24, 4—8.
(58) Zalasiewicz, J.; Williams, M.; Waters, C. N.; Barnosky, A. D.;
Haff, P. The technofossil record of humans. Anthropocene Rev. 2014, 1,
34—43.

DOI: 10.1021/acs.est.5b00543
Environ. Sci. Technol. 2015, 49, 4155—-4162


http://dx.doi.org/10.1021/acs.est.5b00543

