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zircon. Only Y atoms are displayed for clarity.
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The “Age of the Earth” is
one of the most common
titles in the geological
literature, and with good
reason. The scientific
and philosophical implications are immense.
This issue of Elements is
devoted to measuring
geologic time on the 100th
John Valley
anniversary of a book
with this title (Holmes
1913). The book is a good read—a clear historical
account, with groundbreaking science that still
stirs controversy today. It’s available free online.

of 200 students, “Have you had a discussion with
someone who thinks the Earth is much younger
than 4500 million years?”, and about 50% say
“yes.” I then have 50 minutes to talk about how
rocks are dated and to compare 4500 Ma with
earlier estimates. I explain that geochronology is
based on observable data and that the hypotheses
are testable, and I encourage students to at least
look through the windows of clean-labs to see
people running mass spectrometers. The serious
students may read this issue of Elements and get
an appreciation for the depth and complexity of
determining age, but no fi rst-year student, and
certainly no younger student, is in the position
to make these observations themselves. The data
are observable to specialists running mass spectrometers, but not to most others. The scientific
method is less interesting, and far less compelling, when someone can’t make the observations
themselves.

Arthur Holmes was the first to use radioactivity to
date a range of rocks, and before Dempster discovered 235U in 1935, Holmes estimated Earth’s age at
1600–3000 million years (Ma) (Holmes 1927). This
estimate was not improved on
until 1953, when Clair Patterson,
Thus we also need to explain
using a more advanced mass
why the Earth cannot be 6000
“It is perhaps a little
spectrometer, published the age
years old using evidence that
of 4510–4560 Ma, soon refi ned
indelicate to ask of our is more easily observed and
to 4550 ± 70 Ma (Patterson 1953,
by a layperson,
Mother Earth her age.” understood
1956), in perfect agreement with
such as tree rings, varves,
—Arthur Holmes (1913)
modern estimates (this issue). In
layers in glacial ice, and rates
detail, geochronometers using
of weathering, erosion, sediextinct, short-lived isotopes have
ment deposition, and cooling
now shown that Earth accreted
of plutons, just to name a few.
over an interval of time, which is within the If the Pyramids are still standing after 5000 years,
uncertainty of Patterson’s age (e.g. Halliday 2006). how can the Grand Canyon form in 6000? Many
There are many excellent accounts of this history arguments made by Hutton and Lyell two cen(Burchfield 1975; Dalrymple 1991; Lewis 2000; turies ago apply today. This brings me back to
Lewis and Knell 2001).
Holmes’s book, which reviews earlier estimates
and was written at the end of the remarkable
While most readers of Elements understand that period before the First World War.
geochronology is based on observable data, refutable hypotheses, and repeatable tests, the age of At the end of the 19 th century, Lord Kelvin
the Earth, like evolution, continues to be chal- famously concluded that Earth formed 20–40
lenged. Creationist beliefs, which morphed into million years ago based on a simple thermal
Intelligent Design, are common. Questions of model (Kelvin 1895, 1899). This was disputed by
faith address issues that are outside the realm of geologists, who maintained that more time was
science, which deals with what we can observe needed to explain the evolution of Earth or life.
and test. Nevertheless, some politicians pub- Kelvin’s (1899) final estimate of 24 Ma old. elicited
licly proclaim that no one knows the age of the a strong response from T. C. Chamberlin (1899).
Earth, with the implication that modern science The discussion at that time was far-reaching,
is wrong, and demands are made to include “sci- and included Laplace’s solar nebula hypothesis
entific creationism” in science courses.
as opposed to the newer idea of planetesimals,
hot versus cold accretion of Earth, advective heat
The age of the Earth is not controversial among transfer in the mantle, the source of heat in the
scientists. Clear rebuttals to young-Earth advo- Sun, and the first habitats for life on Earth. Kelvin
cates include those by Dalrymple (1991) and was confident in his position because the age of
Wiens (2002). The academies of science in 67 the Sun was estimated to be less than 20 Ma,
nations have formally concluded that “within sci- based on the assumption that its energy derived
ence courses taught in certain public systems of from chemical reactions or gravitational energy
education, scientific evidence, data, and testable during compression. At a time when radioactivity
theories about the origins and evolution of life on was unknown, it was a stretch to conceive of a hot
Earth are being concealed, denied, or confused Sun more than 20 Ma old. Chamberlin questioned
with theories not testable by science” and that no nearly all of Kelvin’s assumptions, prophetically
scientific evidence contradicts the age of 4500 Ma enquiring:
for Earth or the theory of evolution (IAP 2006).
If we all agree, why do we need to talk about it?
“Is the present knowledge relative to the behavior
of matter under such extraordinary conditions as
The question is: how best to explain the age of the obtained in the interior of the sun sufficiently
Earth to nonscientists? We confront this in many
venues, including education at all levels. Each
year, at the University of Wisconsin, I ask classes
Cont’d on page 4
3
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FROM THE EDITORS
THIS ISSUE

INTRODUCING PATRICIA DOVE,
PRINCIPAL EDITOR 2013–2015

This issue takes us on a voyage in time, starting with the discovery of
radioactivity and carrying us forward to today. We meet the giants the
field of geochronology is indebted to. We see the challenges that have
been met and those that lie ahead. We are reminded that for a mineral
date to have meaning, the context of the mineral analyzed and the
rock of which it is a constituent must be thoroughly documented. And
this is an overarching theme of all papers in this issue.

With the start of 2013, Patricia M. (Trish) Dove
joins the Elements team as a principal editor. Trish
is the C. P. Miles Professor of Science in the
Department of Geosciences at Virginia Tech. She
earned her bachelor’s and master’s degrees at
Virginia Tech, then her PhD at Princeton, and
she completed a postdoctoral fellowship at
Stanford. Trish is one of the outstanding geochemists of her generation. She has made wideranging contributions in the biogeochemistry of
Earth processes, which includes mineral surface
processes at the molecular scale, the kinetics of geochemical processes,
mineral–microbe interactions, and biomineralization.

It took me a while to understand the “crisis” mentioned in the Schmitz
and Kuiper article. After all, 251.2 ±3.4 Ma and 249.98 ±0.2 Ma seemed
like dates in pretty good agreement. But as geochronology matures and
instruments allow higher precision, scientists set out to answer ever
more complex questions.
While checking facts on the Web, I learned that Rutherford did most
of the research that led to his Nobel Prize at McGill University in
Montréal, and that his collaboration with Soddy also started at McGill—
it began as a debate “where we hope to demolish the Chemists,” said
Rutherford. Read an account of this fascinating encounter at http://
publications.mcgill.ca/headway/magazine/turning-points-a-look-backat-how-a-great-debate-led-to-mcgills-fi rst-nobel-prize.

Honors she has received include the Clarke Medal of the Geochemical
Society, the US Department of Energy’s Best University Research Award
(twice), Geochemical Fellow status jointly from the Geochemical
Society and the European Association of Geochemistry, and membership in the National Academy of Sciences. She will be awarded the
Mineralogical Society of America’s Dana Medal in 2014. She has served
on the Board of Directors of the Geochemical Society and has a strong
interest in education and communication as well as research. We are
delighted to have her as a member of the editorial team.

And if you have only a few minutes to explain the dating of minerals
in a Geology 101 class, I suggest you download a video produced by
the EARTHTIME community. Noah McLean, a coauthor in this issue,
explains his geochronology research in this 4 m 42 s long video, which
you can access at http://www.youtube.com/watch?v=k9RbnRDx9ts.

James I. Drever, Principal Editor 2010–2012

Pierrette Tremblay, Managing Editor

EDITORIAL Cont’d from page 3
exhaustive to warrant the assertion that no unrecognized sources of
heat reside there? What the internal constitution of atoms may be is
yet an open question.” (Chamberlin 1899, p 12)

of Kelvin’s age. More importantly, however, mantle convection is also
at odds with Kelvin’s conductive model (Perry 1895; Chamberlin 1899;
Richter 1986; England et al. 2007). The real importance of radioactivity,
as laid out by Holmes (1913), was to provide better and well-founded
techniques of geochronology. This issue of Elements describes impressive
new capabilities that deserve the attention of Earth scientists, but the
earlier writings may help you explain them to others.

One wonders how much Chamberlin, a geologist in Chicago, knew of
the implications of Henri Becquerel’s physics experiments in Paris that
began with a chance observation just three years earlier.
The decade before Holmes’s book saw extraordinary advances that overturned Kelvin’s age of the Earth. Important milestones were Becquerel
rays (Becquerel 1896), the theory of radioactive decay (Rutherford and
Soddy 1902), the discovery that radium decay produces heat (Curie and
Laborde 1903), and the hypothesis of radioactive heating of the Sun
(Rutherford and Soddy 1903). The discovery of radioactivity provided
an explanation for an old Sun and is generally credited for the rejection

John Valley* (valley@geology.wisc.edu)
University of Wisconsin

* Principal editor in charge of this issue
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PEOPLE IN THE NEWS

J. William Schopf, Distinguished

Robert A. Berner, Emeritus
Professor at Yale University, won the
2013 Benjamin Franklin Medal in
Earth and Environmental Science of
the Franklin Institute “for deepening
our understanding of the Earth system
through studies of the chemistry of
geologic processes and their influence
on the atmosphere and oceans.” In his
55 years of research, Robert Berner has
tried to show how chemical principles
can be applied to a wide variety of geological problems. This includes the mineralogy and thermodynamic
stability of iron sulfides and iron oxides, the processes of sedimentary
pyrite formation, the electrochemistry of modern sediments, calcium
carbonate chemistry in the oceans, silicate mineral surface chemistry
during weathering, modeling of biogeochemical changes during early
diagenesis, the effect of land plants on chemical weathering, and the
geochemical cycles of carbon, sulfur, and phosphorus. His work has
led to the development and refi nement of models for the evolution of
atmospheric oxygen and carbon dioxide over Phanerozoic time.

Professor of Paleobiology at the
University of California, Los Angeles,
is the recipient of the U.S. National
Academy of Sciences Award in Early
Earth and Life Sciences, presented this
year with the Charles Doolittle
Walcott Medal. Schopf is being honored for his studies of the microscopic
fossils that represent the earliest forms
of life on Earth and for his generous
and inspirational leadership of large,
collaborative research groups. These “Precambrian Paleobiology
Research Groups” have brought together scientists from multiple scientific disciplines and focused their efforts to yield new ideas and
information. Their work has stimulated countless further studies of
the earliest history of life on Earth. The Walcott Medal is presented
every five years with a $10,000 prize and recognizes contributions to
research on Cambrian or Precambrian life. Schopf contributed to the
Early Earth issue of Elements with an article titled “The First Billion
Years: When Did Life Emerge?” He will be among the 18 individuals
recognized by the National Academy of Sciences for their outstanding
scientific achievements in a wide range of fields spanning the physical,
biological, and social sciences. The National Academy of Sciences is a
private, nonprofit institution that was established under a congressional charter signed by President Abraham Lincoln in 1863. The year
2013 marks the 150 th anniversary of its creation.

Founded in 1824, along with the Franklin Institute, the Franklin
Institute’s awards program has long been recognized as bestowing the
oldest and most comprehensive science and technology honor in the
United States and around the world. Dr. Berner will receive his award
in April at the Franklin Institute.

2012 AGU FELLOWS
Among the 61 individuals 1
who were elected as 2012
Fellows of the American
Geophysical Union, we
highlight those who are
members of one of Elements’
pa r t ic ipat ing soc iet ies.
Fellowship is awarded to
AGU members who have
made exceptional scientific contributions and
attained eminence in the fields of Earth and
space sciences. The 2102 Fellows were recognized during an honors ceremony at the 2012
AGU Fall Meeting in San Francisco.
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Nicolas Gruber, for his extraordinary
scientific accomplishments and visionary
leadership in ocean biogeochemistry
research and education
George W. Luther III, for his pioneering research in redox reactions, trace
element speciation, and the development
of novel in situ electrochemical methods

John M. Ferry, for his contributions to
metamorphic geology and fluid-mediated
processes in Earth’s crust

Andrew J. W. Gleadow, for pioneering contributions to fission-track
analysis as a tool for geological dating
and thermotectonic investigations

Robert H. Byrne, for his groundbreaking research and scientific leadership in the physical chemistry of seawater and the global carbon cycle

4

4

Janne Blichert-Toft, for being the
world’s leading geochemist in the
application of hafnium isotopes to the
evolution of the Earth and the early
Solar System

3

3

Joel D. Blum, for innovative and
important contributions in trace metal
and isotopic geochemistry that have
significantly advanced understanding
of Earth processes

2

2

8

Kenneth H. Nealson, for his pioneering work and leadership in the fields
of geomicrobiology and geobiology
and for his qualities as an inspirational
mentor and creative scientist
6

9

Yuji Sano, for his studies of volatile
isotopes of volcanic and environmental
systems, and for his invention and application of ion microprobe U–Pb dating
of apatite

10 Jane Selverstone, for elucidating the
relationships among metamorphism,
fluid composition, and fluid flow, and
the mechanisms of deformation in the
crust
11 Stephen Self, for his fundamental
work in understanding the mechanisms
and consequences of explosive and
effusive eruptions
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FIELD-PORTABLE XRF:
A GEOCHEMIST’S DREAM?
field generally involves little sample preparation beyond the removal
of a weathered surface or the digging of a trench to reach a target
soil horizon. There are some obvious advantages associated with such
portable technology:

Recalling back several decades to my undergraduate field training,
high-tech involved a Brunton compass, black-and-white air photos,
and perhaps dragging a theodolite over the mountains of northwestern
Wyoming. Well, technology has certainly brought much change in the
methods geologists use for collecting and interpreting data in the field.
GPS location determinations, GIS software run on “ruggedized” tablet
computers, and easy access to satellite images represent some of the
more obvious advances in the field geologist’s toolkit. One technology
that many readers might not be so familiar with is the field-portable
X-ray fluorescence (pXRF) device, an analytical tool that has experienced rapid uptake in recent years. Such devices weigh only a couple of
kilograms, can rapidly quantify most elements heavier than aluminum,
and often provide limits of detection reaching the low micrograms/
gram range (FIG. 1).

 Data are obtained in real time within a period of a minute or two (no
need to collect samples, submit them for analysis, and wait for results).
 Data are collected in situ (effectively eliminating laboratory blank
problems).
 The method is by its very nature nondestructive (of critical importance
for rare samples, such as cultural heritage objects).
For an in-depth review of pXRF technology, I point the reader to a tome
edited by Potts and West (2008) on this subject.
Technological advances both in the generation of the excitation X-rays
as well as the quantification of the resulting fluorescence spectra have
greatly encouraged the uptake of pXRF technology. Miniaturized X-ray
tubes, providing adequate brightness while remaining compatible with
battery-derived power, have supplanted earlier radioactive X-ray sources.
Perhaps more important has been the development of Si(PIN) detectors,
now commonly supplanted by silicon drift detectors, these having obviated the need for cumbersome cryostats, which were required in the
early years. New features, including touch-screen color displays, wireless
data transfer, advanced factory software for spectral deconvolution,
and automated integration of Bluetooth-delivered GPS data, have all
contributed to the interest in this technology. Instrument manufacturers have developed both handheld and portable benchtop models
to satisfy diverse user demands (FIG. 2A, B). Such rapid developments in
both analytical capabilities and user friendliness point towards pXRF
becoming a fundamental tool in a very broad range of fields, including:






Example of a pXRF instrument being used to investigate the chemical
composition of a soil profile. The quantitative results are reported on
the instrument’s display. IMAGE COURTESY OF GWENDY HALL, GEOLOGICAL SURVEY OF C ANADA

FIGURE 1

Regardless of the rapid growth in utilization, a nagging question
remains: how well do pXRF data fit the real-world needs of the geoscience community? A recent study addressing this issue was published by
Kenna et al. (2011), who compared pXRF data to the “true” concentration values for a suite of sediment and soil reference materials (RMs).
Although they did report examples of significant drift in instrument

A few years back, my interest in pXRF technology was piqued by stories of hordes of workers being dispatched to survey entire tropical
river basins. The strategy was to systematically survey the entire length
of each and every tributary, with the hope of fi nding a geochemical
anomaly in the river sediments that might reveal some previously
unknown natural treasure. Often anomalies will be on the scale of a
few tens of micrograms/gram of some high-value element, whereas readings from elsewhere remain “below the detection limit.” This strategy
obviously leads to concerns about the robustness of the data from such
handheld devices. Could a false positive result in large expenditures
for acquiring prospecting claims where no economic resource exists?
Could a false negative lead to a valuable resource being overlooked?

A

Portable XRF devices have existed for well over a decade—early reviews
by Potts et al. (1995) and Argyraki et al. (1997) are worth consulting.
Such field-portable devices work on the same, well-established principles
as larger, laboratory-size instruments. Basically, a sample is excited by
primary X-rays, which cause it to fluoresce at characteristic wavelengths,
the intensity of a given spectral line being roughly proportional to the
concentration of the corresponding element in the target. In the case of
portable devices, data are acquired using an energy-dispersive detector,
and it is not uncommon that low-intensity lines are significantly overlapped by high-intensity spectral peaks with similar wavelengths.
Obviously such overlaps must be corrected for. The pXRF approach
differs from lab-based hardware not only in the size of the apparatus
but also by the fact that the analysis of geochemical samples in the
E LEMENTS

mineral prospecting by field geologists
ore-grade evaluation at processing plants
site contamination and remediation surveys
art and cultural heritage fingerprinting
metal recycling, scrap sorting, and precious metal assaying

B

(A) Portable XRF instrument mounted under a table for on-site
chemical analysis of drill core samples. IMAGE COURTESY OF GWENDY HALL
(B) Handheld device being used to survey soil contamination at a former industrial
site. IMAGE COURTESY OF M. H. R AMSEY, UNIVERSITY OF SUSSEX

FIGURE 2
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sensitivity as a function of time, these authors found reasonably good
agreement between the pXRF data for 31 elements and the established
values for the 10 RMs they studied.

Not surprisingly, the instruments provided varying degrees of data
quality. No single instrument was found to provide consistently superior data across the range of rock types and elements. The benchtop
and handheld models were not found to systematically differ in their
data quality. It was also shown that instrument drift and background
issues need close attention, including the role of the thin foils often
used to protect the samples. The most important conclusion was that
relying on factory-set calibrations puts the user at risk of unreliable,
or even systematically wrong data. The CAMIRO report recommended
that users pay close attention to the need to recalibrate their pXRF
instrument using well-characterized RMs. Such calibration sets are now
becoming available from RM providers, and these need to be used if the
user wants accurate data (FIG. 4); using them should lead to significantly
improved data quality.

A good understanding of the performance parameters of pXRF instrumentation is of crucial importance to the mining industry. For this
reason, the Canadian Mining Industry Research Organization (CAMIRO)
sponsored a study, funded by 31 companies involved in the mining
sector, with the goal of establishing empirical performance parameters
for pXRF technology (Hall et al. 2011). With its 171-page report and
equally voluminous material in the five appendices, the CAMIRO Phase
I study provides an amazingly detailed picture of what one can expect
from pXRF instrumentation. Hall et al. (2011) looked at five devices
that had been provided by instrument manufacturers, including three
handheld instruments and two portable benchtop models. Each of
these units was used to analyze 41 well-characterized RMs spanning
a spectrum of compositions as diverse as soils, stream sediments, gabbros, and even pitchblende ore. Concentration data were recorded for
all elements that a given instrument reported (typically around 45 or
50 elements per analysis), and this exercise was conducted using both
the “soil” and the “ore” factory-set calibrations provided by each of
the instruments. The
pXRF data sets were
A
plotted against the
“assigned” concentration values for the
given material, and
each of these plots
was evaluated for
slope, intercept, and
the r2 -defi ned scatter
of the data from the
best-f it reg ression
(FIG. 3A, B).

An example of a suite of reference materials for field calibration of
pXRF devices. Each packet contains six plastic wells, each of which
contains a pressed powder disk made from a certified reference material; each disk is
covered by a thin plastic foil to make it suitable for rugged field conditions. IMAGE
COURTESY OF M IKE M CWHA , A FRICAN M INERAL STANDARDS

FIGURE 4

The CAMIRO Phase I report will soon appear at www.appliedgeochemists.org for public download. I strongly recommend this as essential
reading to anyone interested in pXRF technology. The CAMIRO Phase II
study is already completed—certainly, it too will provide much fascinating reading when it is released to the public in August 2013.

B

Michael Wiedenbeck (Michael.Wiedenbeck@gfz-potsdam.de)
Helmholtz Centre Potsdam
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Examples of data plots from the CAMIRO Phase I study. (A) Potassium
determined using “Handheld A” operating in mining mode. The data
show very good correlation, but the slope indicates a systematic offset by a factor
of 3.6. (B) Niobium determined by “Benchtop A” operated in soil mode. The data
show reasonable correlation but there are major analytical uncertainties beyond
what would be predicted by the observed repeatability of the measurement, as
indicated by the vertical error bars. The colors identify different material types.

FIGURE 3
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Yuri A. Amelin is a senior fellow at the Research
School of Earth Sciences, Australian National
University. He has worked in the fields of geochronology and isotope geochemistry at the Institute
of Precambrian Geology and Geochronology (St.
Petersburg), the Royal Ontario Museum, and the
Geological Survey of Canada. His research interests include the formation of the Solar System,
the early evolution of the Earth’s crust and mantle, disequilibrium in
the U and Th decay series, the use of isotopes to study the genesis of
rocks and ores, and the advancement of precision and accuracy of age
determination in the geosciences.

Klaudia F. Kuiper is a research associate in the
Department of Earth Sciences at the Vrije
Universiteit Amsterdam, the Netherlands. She
obtained her PhD in geology from Utrecht
University, the Netherlands. Her research focuses
on methodological developments and applications
of 40Ar/39Ar geochronology. She coordinated the
GTSnext Marie Curie Initial Training Network,
which contributed to the next generation (2012) of the standard
Geological Time Scale by improving its accuracy, precision, and resolution through integration and intercalibration of state-of-the-art numerical dating techniques; this work was the European contribution to
EARTHTIME.

Morten B. Andersen is an isotope geochemist.
After completing his PhD at ETH Zürich,
Switzerland, he spent 6 years doing postdoctoral
research in the School of Earth Sciences, University
of Bristol, UK, before returning to ETH Zürich as
a senior scientist. His research is focused on paleoclimatology using isotope proxies, with particular
interest in the behavior of uranium and its
daughter isotopes in Earth system processes and its application in highprecision U-series geochronology.

James M. Mattinson, professor emeritus in the
Department of Earth Science at the University of
California, Santa Barbara, received a BA (1966)
and PhD (1970) in geology from UCSB, then was
a postdoctoral fellow at the Geophysical
Laboratory of the Carnegie Institution of
Washington from 1970 to 1973. He returned to
UCSB as a faculty member, where he has specialized in U–Pb geochronology, dividing his time about equally between
applying geochronology to geologic problems and developing improved
techniques for U–Pb zircon analysis.

Daniel J. Condon is a research scientist at the
NERC Isotope Geosciences Laboratory (British
Geological Survey, UK). He received a PhD from
the University of St Andrews (2002) and was a
postdoctoral researcher at the Massachusetts
Institute of Technology. His research interests are
in geology and geochronology, with an emphasis
on stratigraphic applications from the Quaternary
to the Paleoproterozoic and on the U–Pb and U–Th dating methods.

Noah McLean is a postdoctoral researcher at the
NERC Isotope Geosciences Laboratory, British
Geological Survey. He received a BS in geology
from the University of North Carolina, Chapel
Hill (2004) and a PhD in geochemistry from the
Massachusetts Institute of Technology (2012). His
research interests include geochemistry, geochronology, and thermochronology, with a special
emphasis on acquiring and using statistics to confidently interpret data
at the highest precision possible and applying these data to explore
complex problems in the Earth sciences.

Matthew S. A. Horstwood is the Plasma Mass
Spectrometry Facility manager at the NERC
Isotope Geosciences Laboratory (UK), where he
has worked since 2000. After completing his BSc
in geology at the University of Wales Aberystwyth
(1994), he earned a PhD from Southampton
University (1998). His research focuses on LA–
ICP–MS U–Th–Pb geochronology, the development of LA and ICP–MS analytical science and its application to isotope
geoscience, particularly with respect to appropriate data handling,
uncertainty quantification, and their impact on interpretation. He is
a fellow of the Geological Society, member of the Geochemical Society,
and vice president of the International Association of Geoanalysts.

Leah Morgan is a Marie Curie postdoctoral fellow
at the Scottish Universities Environmental
Research Centre. She previously had studied at
Carleton College (BA), the University of California
at Berkeley (PhD), and the Vrije Universiteit
Amsterdam (GTSnext postdoctoral position). She
is an 40Ar/39Ar geochronologist with interests in
various applications of the method, particularly
those involving human origins. She is also leading an effort to recalibrate mineral standard ages via metrological 40Ar and 40K concentration
measurements.

Trevor R. Ireland is a professor in Earth chemistry
at the Research School of Earth Sciences, Australian
National University (ANU). After a geology–
physics undergraduate degree in New Zealand, he
migrated to Canberra to carry out research on the
recently installed SHRIMP ion microprobe,
receiving his PhD in 1987. He is interested in the
application of microscale analytical techniques to
the analysis of natural materials. His research has ranged from cosmochemistry (notably chemical and isotope systematics of refractory inclusions in meteorites) to zircon U–Pb geochronology (particularly of
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n 1913, Frederick Soddy’s research on the fundamentals of radioactivity
led to the discovery of “isotopes.” Later that same year, Arthur Holmes
published his now famous book The Age of the Earth, in which he applied
this new science of radioactivity to the quantifi cation of geologic time.
Combined, these two landmark events did much to establish the field of
“isotope geochronology” – the science that underpins our knowledge of the
absolute age of most Earth (and extraterrestrial) materials. In celebrating
the centenary, this issue brings together modern perspectives on the continually evolving field of isotope geochronology – a discipline that reflects and
responds to the demands of studies ranging from the early evolution of the
Solar System to our understanding of Quaternary climate change, and the
4.5 billion years in between.

A century ago, Arthur
Holmes’ 1913 book,
The Age of the Earth,
outlined the basic tenets
of geochronology in a
remarkable early
application of
radioactive decay to
constraining the
geologic timescale and
the age of the Earth.

concept of “radio elements chemically non-separable” which, at the
suggestion of Dr. Margaret Todd, he
termed “isotopes” (Soddy 1913) (FIG.
1). Soddy received the 1921 Nobel
Prize in Chemistry for this work,
which contributed to the burgeoning
field of nuclear physics. Arthur
Holmes’ pioneering application of
radioactivity to dating rocks and his
prescient realization of the importance of a quantified geologic timescale instigated the quantitative
study of the stratigraphic record,
KEYWORDS : radioactivity, geochronology, isotopes, geologic time
which continues to this day
(Gradstein et al. 2012). This converINSIGHTS GAINED FROM A CENTURY
gence in 1913 of physics, chemistry and geology marks the
OF GEOCHRONOLOGY
birth of isotope geochronology, the field of the Earth sciences
To paraphrase Monty Python, what’s geochronology ever
that exploits the radioactive decay of isotopes in minerals to
done for us? Quite a lot it turns out. The quantification of
quantify geologic time. While these centenaries deserve an
time is fundamental to our understanding of planetary evolu- auspicious marking, the current state of isotope geochrotion and the geologic processes that shape our own planet
nology also merits celebration.
Earth. The origin and evolution of life on Earth is recorded
in its sedimentary carapace, within stratigraphic successions Today, isotope geochronology underpins much of our knowlthat we sequence and order using radioisotopic dates. edge of the absolute age of minerals and rocks, and the records
Geochronology informs our understanding of plate tectonic they contain. In this issue of Elements, Schoene et al. (2013)
processes, their influence on the development of topography, lead off with a primer on precision and accuracy in geochronology and on the metrological foundations of radioisotopic
and in turn the climate system. The integration of disparate
geologic records via absolute dating illuminates the connec- dates. The resolving power of radioisotope geochronology is
further explored in terms of temporal resolution by Schmitz
tions and feedbacks among the biological, climatic and
tectonic components of the coupled Earth system. Their and Kuiper and spatial resolution by Nemchin, Horstwood
causal links to phenomena like biological mass extinctions and Whitehouse. Schmitz and Kuiper (2013) address the
and changes in atmospheric composition are also tested and special challenges of rock-clock calibration when increasingly
revealed by radioisotopic dating. Geochronology has become precise radioisotopic ages impinge upon accuracy limits
a key tool of geological mapping and exploration for the imposed by systematic errors and geological complexity. The
mineral and energy resources upon which our society is built. tools with which radioisotopic dates are measured have also
And equally relevant is the role of chronology in under- proliferated over the past few decades, and Nemchin et al.
(2013) explore the high-spatial-resolution methods that have
standing environments during the last tens to hundreds of
thousands of years, an understanding that provides the opened windows onto geologic processes preserved at the
micron scale in minerals. Our understanding of geologic
context for anthropogenic climate change. Indeed, geochrohistory is heavily informed by radioisotopic dating methods,
nology has done quite a lot for us.
and the articles on cosmochronology by Amelin and Ireland
The year 2013 marks the centenary of two landmark publica(2013) and Quaternary geochronology by Richards and
tions that laid the foundations of modern geochronology: Andersen (2013) explore the general and unique challenges
(1) a book by Arthur Holmes entitled The Age of the Earth in applying radioisotope geochronology to the extreme ends
(Holmes 1913), and (2) a paper by Frederick Soddy on the
of the geologic timescale. The last article, on “revolution and
evolution” in geochronology by Mattinson (2013), brings us
full circle, reminding us not only of our early geochrono1 NERC Isotope Geosciences Laboratory, British Geological Survey
logical heritage but also of the links in the chain to the
Keyworth, Nottinghamshire, NG12 5GG, UK
present flourishing of the field.
E-mail: dcondon@bgs.ac.uk
2 Department of Geosciences, Boise State University
Boise, ID 83725, USA
E-mail: markschmitz@boisestate.edu
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(A) Arthur Holmes ca. 1910, the father of “modern
geochronology.” (B) Frederick Soddy ca. 1922, who,
while a lecturer at the University of Glasgow, showed that a radioactive element may have more than one atomic mass though the
chemical properties are identical.

Spherules in the impact layer at the Cretaceous–
Paleogene boundary, Montana. Despite being one of
the most iconic stratigraphic boundaries, its exact numerical age
continues to be revised as radioisotopic dating methods are refined.

“ABSOLUTE AGES AREN’T EXACTLY?”

mination of previously assumed “constants” such as the
terrestrial 238U/235U value (Hiess et al. 2012); and the combination of data from physical counting experiments and
complementary U–Pb and 40Ar/39Ar datasets to provide
improved estimates of fundamental parameters in 40Ar/39Ar
geochronology (Renne et al. 2010). Together, these efforts are
moving the various chronometers towards improved traceability and increased accuracy, a theme – the elimination of
bias – that links all the articles in this issue of Elements.

FIGURE 1

FIGURE 2

You would be forgiven for thinking that the analytical uncertainties on published radioisotopic dates would be sufficiently
large to encompass the true geologic age in question. Yet
research during the past decade and a half demonstrates that
this often held assumption is not always true. For example,
the estimated age of the Cretaceous–Paleogene boundary (FIG.
2) has shifted from 65.5 ± 0.3 Ma to 66.04 ± 0.05 Ma between
publication of the 2004 and 2012 Geological Timescales
(Gradstein et al. 2004, 2012). These evolving age estimates,
significantly different at the stated level of confidence, reflect
the refinement of radioisotopic dating methods – in this case,
the improved calibration of the reference mineral used for
40Ar/39Ar dating (Kuiper et al. 2008). With the proliferation
and increasing precision of radioisotopic dating in the last
decades of the twentieth century, it has become increasingly
common to combine geochronologic methods that use
different parent and daughter isotopes, and data generated
in different laboratories, in order to address complex problems. In a 1998 note, Paul Renne and others highlighted the
issues related to systematic uncertainties in geochronology
and the fact that many published dates from one method
could not be easily compared with other chronologies, thus
greatly limiting their utility. Quantifying the coincidence of
the Siberian Traps large igneous province with the endPermian mass extinction is a great example of this dilemma:
the extinction level has been dated using U–Pb zircon
geochronology of silicic ash beds in stratigraphic sections
that record the extinction of marine fauna, whereas the
basaltic rocks of the Siberian Traps have largely been dated
using the 40Ar/39Ar system in feldspar (Renne et al. 1995). At
what level of uncertainty can these two chronologies be
compared and inference made about the cause of
mass extinction?

THE NEXT 100 YEARS OF GEOCHRONOLOGY
A crystal ball isn’t required to predict that high-precision
geochronology will become increasingly precise or that highspatial-resolution techniques will allow us to analyse even
smaller domains. These trends of the 20th century and the
first decade of the new millennium will continue, with incremental improvements in technology and methodology.
More interesting perhaps are the directions in which synergies amongst analytical methods and chronometers will lead
us. Whereas historical competition between different analytical methods and chronometers during their development
has promoted significant scientific advancements, in recent
years there has been an increasing realization that the
strengths of one methodology can actually be used to inform
the weaknesses of another – that often the best solution to a
problem involves the tandem application of a number of
methods. This could mean combining U–Pb, 40Ar/39Ar and
astrochronologic data to develop an age model for a stratigraphic succession, or using a rapid, in situ method to characterize the provenance of a sandstone followed by analysis
of the youngest grains by high-precision techniques to
confirm and refine the maximum depositional ages.
Other breakthroughs, perhaps more significant, will come
from increased collaboration and changes in the ways
geochronologists and their collaborators work together and
share ideas within and across disciplines. These changes
are already underway, and in the “high-precision” community this has largely been driven by the EARTHTIME
Initiative (www.earth-time.org) (see Schmitz and Kuiper
2013), in which scientists interested in the quantification
of Earth history have come together to explore issues
related to accuracy of the different chronometers, interlaboratory agreement, and the robust integration of
geochronology, palaeontology and stratigraphy. While
there are a number of tangible analytical outputs from the
EARTHTIME Initiative (e.g. new reference materials,
improved best practices, common software platforms for

The perspective provided by Renne et al. (1998) was that
radioisotopic ages should include systematic sources of uncertainties that were often neglected in the past, greatly limiting
the degree to which ages could be compared and the inferences about temporal associations that could be drawn. In
response, the new millennium marked a watershed in the
recent history of radioisotopic dating because, since then, a
number of studies aimed at tackling accuracy and intercalibration have been initiated. These include the use of astrochronologic dating of tephra to improve the accuracy of
40Ar/39Ar geochronology (Kuiper et al. 2008); the refinement
of estimates of decay constants used in U–Th–Pb geochronology through diligent analysis of closed-system, secular
equilibrium materials (Cheng et al. 2000); the accurate deterE LEMENTS
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data reduction and analysis), the greatest outcome of this
effort has been the evolution of our attitudes – collaboration is now contagious.

techniques now in the isotope geochemist’s toolkit. While
acknowledging these shortcomings, we hope that the
articles in this issue will inspire the reader to further
investigations of the myriad forms and applications of
isotope geochronology.

Finally, we close with a caveat. The breadth of topics
within the field of geochronology is immense, and though
we have attempted to gather perspectives on both fundamental issues and exemplar applications, we readily
acknowledge our incomplete coverage of many areas of
geochronology. For example, much of this issue deals with
chronologies derived from the decay of the uranium
isotopes – fitting, given our celebration of the pioneering
contributions of Soddy and Holmes, but certainly not
representative of the full spectrum of radioisotopic
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GLOSSARY
This glossary explains some useful terms
encountered in this issue, but we also
refer you to past Elements articles that
have covered the topic of geochronology
(Harley and Kelly 2007).

Accuracy – The closeness of agreement
between a measured quantity value
and a true quantity value
Decay constant (λ) – The reciprocal
value of the average lifetime of a
radionuclide, which is the time over
which a population of parent radionuclides is reduced by 1/e times its
initial value. The half-life of a radionuclide is equal to ln(2)/λ.
Isotope dilution thermal ionisation
mass spectrometry (ID-TIMS) –
A method of isotopic analysis in
which an artificial or enriched
isotopic tracer is added to a dissolved
sample (e.g. zircon) to make a homogeneous isotopic mixture, the
isotopic composition of which is
analysed using TIMS. This technique
is currently the form of isotopic
measurement with the highest precision and accuracy, but it requires
complete dissolution of the sample.
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LA–ICP–MS (laser ablation inductively
coupled plasma mass spectrometry)
– A microanalytical method that
employs a focused laser beam to
ablate material from samples. The
ejected matter is ionised using a
plasma before being passed through
to a mass spectrometer.

ysis of geological materials) allows
in situ analysis of geological materials. The method is relatively nondestr uctive, allowing multiple
analyses to be performed within
single grains or zones within grains,
but has lower analytical precision
than ID-TIMS.

MSWD (mean squared weighted deviation) – A goodness of fit statistic that
compares the sum of the squares of
the deviations of a set of measurements from their mean value to the
corresponding sum of the variances
of each measurement

Radioactive decay – Nuclear reactions
by which an atomic nucleus transforms via emission of ionising particles and electromagnetic radiation.
Radioactive decay is a stochastic (i.e.
random) process at the level of single
atoms, in that it is impossible to
predict when a given atom will
decay. However, the probability that
a given atom will decay is constant
over time.

Precision – The closeness of agreement
between indications or measured
quantity values obtained by replicate
measurements on the same or
similar objects under specified
conditions
Secondar y ion mass spect rometry (SIMS) – Also referred to as an
ion microprobe or microscope, SIMS
measures the chemical or isotopic
composition of small sample
volumes by focusing a beam of highenergy primary ions onto a polished
sample surface, ablating atoms and
molecules, and generating secondary
ions that are analysed by mass spectrometry. The high spatial resolution
offered by SIMS (commonly <30 µm
wide and <1 µm deep during anal-
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Uncertainty (of measurements) –
A parameter characterising the
dispersion of the quantity values
being attributed to the subject of a
measurement, which can include
components arising from both
random and systematic measurement errors. Random errors are
those that in replicate measurements
vary in an unpredictable manner;
systematic errors are those that
remain constant or vary in a predictable manner across replicate
measurements.
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in the source end of a
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eochronology in Earth and Solar System science is increasingly
in demand, and this demand is not only for more results, but for
more precise, more accurate, and more easily interpreted temporal
constraints. Because modern research often requires multiple dating methods,
scrupulous inter- and intramethod calibration in absolute time is required.
However, improved precision has highlighted systematic analytical biases and
uncovered geologic complexity that affects mineral dates. At the same time,
both enhanced spatial resolution through microbeam geochronology and
creative uses of disparate data sets to inform age interpretations have helped
explain complexities in age data. Quantifying random and systematic sources
of instrumental and geological uncertainty is vital, and requires transparency
in methodology, data reduction, and reporting. Community efforts toward
inter- and intracalibration of chronometers will continue to help achieve the
highest possible resolving power for integrative geochronology.

come from”—their foundation in
metrology, mass spectrometry,
chemistry, and physics—and show
how measurement and geologic
uncertainty propagate into age
interpretations.

Radioisotopic methods capitalize
on the radioactive decay of parent
to daughter nuclides. Though
the sources of uncertainty and
the calculation of dates vary for
each dating method, we highlight
below some key generic themes
common to many dating methods.
Terminology is important, and
often the terms precision, accuracy,
and uncertainty are used loosely
in the geological literature even
KEYWORDS : precision, accuracy, geochronology, intercalibration,
though strict defi nitions are used
uncertainty, U–Pb, 40Ar/39Ar
in the metrology and analytical
chemistry communities (e.g. Potts
2012). Defi nitions for precision,
accuracy, and uncertainty are
The uncertainty of a date
given in a Glossary (page 17), and FIGURE 1 illustrates their
is as important as the date itself.
common usage in geochronology. Precision is one component of uncertainty and indicates the degree to which
—Ludwig (2003a)
measurements are repeatable and reproducible. Accuracy,
another component of uncertainty, expresses how close a
THE IMPORTANCE OF PRECISION
measurement comes to the true value (FIG. 1).

AND ACCURACY

When considering uncertainties in radioisotope geochronology, it is useful to differentiate between “systematic”
and “random” uncertainties. Systematic uncertainties are
constant or skew results in a predictable way such that
they affect accuracy. The best example of systematic
uncertainties comes from decay constants. In contrast,
random uncertainties vary in an unpredictable manner,
usually with an assumed Gaussian distribution, and include
analytical uncertainties in isotope ratio mass spectrometry. With unlimited time and amount of sample, repeat
measurements could reduce random uncertainties to zero,
but systematic effects would remain.

Few, if any, scientific disciplines publish numerical data that
are accepted by nonexperts and propagated through the
literature as extensively as geochronology. Radioisotopic
dates are used to constrain the age of a wide variety of
rocks and minerals, from 4.4-billion-year-old zircon grains
to volcanic eruptive products and corals only a few tens
to hundreds of years old. Driven by increasingly intricate geological questions and a more complete geologic
timescale, more precise and accurate time constraints
are required through integrating multiple analyses from
different laboratories using different decay schemes. Of
paramount importance, therefore, is that reported dates are
of adequate precision and accuracy to answer the question
asked. But how do we distinguish precision from accuracy
in geochronology, and how do we use these terms quantitatively? In this article we outline “where radioisotopic dates

Differentiating between random and systematic uncertainties is important, because we want to confidently answer
the question “Are these two dates really different from
one another?” For example, to quantify the time difference between two samples dated by one method, say U–Pb,
we can ignore decay constant uncertainties because they
would bias both ages in the same predictable manner. If
however, we wanted to compare two dates, one Rb–Sr and
one 40Ar/ 39Ar, we would have to incorporate the decay
constant uncertainties of both systems so as not to mistake
interchronometer bias for a real age difference (see BOX 1).
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Correctly reporting a date as an age thus depends on
accurate interpretation of radioisotopic data, which is not
easy given the complicated nature of geologic processes.
Over the past several decades, analyses employing new
technology with increased spatial resolution have revealed
intramineral isotopic variability important for interpreting
mineral dates. Recognition of millimeter- to micrometerscale isotopic variation has inspired microsampling
(e.g. microdrilling) and in situ “microbeam” techniques
(primarily SIMS and LA–ICP–MS; Nemchin et al. 2013
this issue). These methods offer the potential for more
informed sampling and coupling with geochemical and
textural data and thus contribute to more accurate age
interpretations. During this same period of time, precision in some lower spatial-resolution techniques (i.e.
those that require manual manipulation and/or dissolution) has improved from several percent to less than a
permil on single dates (e.g. ±3 Ma to ±100 ka for a 100 Ma
sample). As a result, systematic biases now often dominate
uncertainty in comparisons between dating methods and
between laboratories. Improving the values of physical
constants such as decay constants and verifying measured
unknowns by analysis of reference materials have become
increasingly important.

What is the difference between precision and
accuracy? This schematic plot illustrates variably
accurate and precise data sets. The top panel is a series of bull’s-eye
targets typical of those used to illustrate precision and accuracy.
Below them are plots more typical of those used in geochronology
studies, which show ratios or dates versus analysis number. The
colored bars represent single analyses, and the height of the bar
reflects the 2-sigma uncertainty for that analysis. The y-axis is in
percent of the true daughter to parent ratio (D/P) on the left and
in millions of years on the right. The partly transparent boxes
behind groups of analyses represent a weighted-mean value for
that group, with the box height equivalent to ±2-sigma
uncertainty.

FIGURE 1

Field observations can be used to establish relative time
constraints for geologic events through stratigraphic
analysis or from crosscutting relationships. Geochronology,
however, provides what are often referred to as “absolute”
time constraints. Absolute dates are ones that can be traced
to the International System of Units (i.e. SI units, such as
kilogram, second, and becquerel) through a series of metrological experiments (traceability). This allows quantification of systematic uncertainties and permits comparison
of radioisotopic dates to chronologies based upon independent temporal proxies. For example, U–Th dates that are
calibrated against metrologically traceable standards and
the U and Th decay constants (see below) can be meaningfully compared to independently derived models of solar
insolation as a means to assess potential cause and effect
between drivers of ice-sheet volume change and sea level
(e.g. Cutler et al. 2003).

The task of comparing and integrating dates from different
dating methods thus requires incorporation of geochemical and isotopic data with stratigraphic and field data.
In other words, understanding complex geologic systems
entails relating each date to a process, which results in
exciting interplay among scientists from nearly all realms
of the geosciences.

Many geochronologists distinguish the terms date and
age. A date is a number calculated using measured isotopic
ratios and the decay equation, and a date becomes an age
when geologic significance is attached to that number.
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BOX 1

different elements (i.e. U and Pb, Re and Os); (2) fractionation of the D/P ratio during ion exchange chemistry
(employed to purify an element prior to mass spectrometry); (3) mass-dependent fractionation of different isotopes
during mass spectrometry; (4) correction for nonradiogenic
D; that is, the measured sample may contain not only the
daughter isotope derived from the decay of the parent but
also D that was within the material when it formed and/
or was introduced during sample processing in the laboratory; and (5) traceability of age standards employed by
some methods (e.g. 40Ar/39Ar). Each of these factors can
contribute to inaccurate dates, depending on the nature of
the material being analyzed, the type of mass spectrometer,
and the radioisotopic method being used.

What Is an Error Bar?

A

Tracing D/P back to fi rst principles measurements can be
done accurately provided systematic and random uncertainties are carefully accounted for. In order to effectively
eliminate fractionation of D/P during chemical purification of a sample and/or isotope ratio mass spectrometry,
isotope dilution is employed. This involves adding to the
sample synthetic or highly enriched tracer isotopes of the
D and P elements, with a precisely determined ratio, prior
to any procedures that could result in D/P fractionation
(the tracer isotopes are denoted below as T D and T P; for
example, 205Pb and 233U, which do not exist in nature, are
often added to a sample targeted for U–Pb dating). As the
sample is processed and D/P fractionates in the laboratory,
T D/T P also fractionates in exactly the same way. Therefore
knowledge of TD/TP allows determination of D/P, even if the
isotope ratio measurements of D and P are carried out using
different methods and/or at different times. A critical link
in the traceability chain is the calibration of these tracers,
and this is done in a similar manner, this time treating
T D and T P as unknowns and mixing them with a gravimetric reference solution (Wasserburg et al. 1981; Cheng
et al. 2000). These solutions are made by dissolving large
amounts of precisely and accurately weighed high-purity
reference material (typically salts or metals) of the D and P
elements such that their elemental ratio is known through
concentrations traceable to the kilogram.

B

An error bar, or confidence interval, illustrates a range of possible
values for a measured parameter such as a date. It is a visualization of the uncertainty of the measured parameter, and it should
always be presented along with an estimate of the probability
that the parameter falls within the bounds given. (A) Most highprecision geochronologic data are normally distributed, as shown
here in blue, and the confidence level of the error bar corresponds
to the area under the curve between the bounds of the error bar.
For instance, the true value of the date has about a 68% chance
of lying within a one-dimensional ±1σ error bar, depicted as a
black line, and about a 95% chance of lying within a ±2σ error
bar, depicted as a red bar. While error bars are a simple, succinct
way of depicting data, the reader should imagine the shape of the
distribution they imply. Thus, there is a higher probability that the
true value lies near the center of the error bar than near its limits,
and importantly there is a finite probability that the true value lies
outside the error bar. The latter outcome is expected about 32% of
the time for a correctly estimated ±1σ error bar and about 5% of
the time for a ±2σ error bar, and does not imply that the measurement is “wrong.” (B) Both random (analytical) and systematic
uncertainties may be displayed in the same error bar. In the two
analyses depicted, the smaller black bar represents the analytical
uncertainty for each analysis, while the larger white bar encompasses the combined random and systematic uncertainties. In the
case where the two analyses are from the same dating method (i.e.
Lu–Hf, Re–Os, U–Pb, etc.) and the systematic contribution is from
decay constants only, the white portion of the error bar need not
be considered: there is a high probability that these two dates are
different. The situation changes, however, if the two analyses are
from different isotopic systems. In this case, although the analyses
agree poorly within analytical uncertainties (black), they agree well
when the systematic uncertainties associated with their different
decay constants are considered (white): the dates must be considered indistinguishable (see Renne et al. 1998).

Isotope dilution requires the tracer isotopes to be mixed
and equilibrated with the sample; therefore, this approach
cannot be used with analytical methods that directly
analyze a solid material, such as the in situ microbeam
methods that employ a laser or ion beam to remove
material from a solid sample. These methods derive
their accuracy by determining D/P relative to a standard
material, commonly a mineral that has a homogeneous and
known D/P. Thus, “relative dating” methodologies depend
on a reference material whose D/P can be known by isotope
dilution (e.g. Wiedenbeck et al. 1995).

DETERMINING PARENT/DAUGHTER
ISOTOPE RATIOS: MASS SPECTROMETRY
A date (t) for a mineral or rock can be calculated using
the age equation if one determines the atomic ratio of a
stable daughter isotope relative to its radioactive parent
isotope (D/P) and if one knows the parent isotope’s
decay constant (λ).

FROM ISOTOPE RATIOS TO TIME:
DECAY CONSTANTS
The absolute accuracy of radioisotopic geochronometers
universally depends on the decay constant of the parent
isotope in the age equation. Some systems rely on decay
constants for multiple isotopes; others rely on branched
decays, where a single parent isotope has multiple daughter
isotopes. Other physical constants are important in some
decay schemes, in particular natural isotopic ratios. For
example, U–Pb dating often relies, in part, on assuming a
natural and constant 238U/235U ratio, while the 40Ar/39Ar
system relies on the atmospheric 40Ar/36Ar ratio to differentiate radiogenic 40Ar from atmospheric 40Ar and also
depends on the natural 40K/39K ratio.

Age equation:
These two inputs, and their accuracy and precision,
control the accuracy and precision of radioisotopic dates.
Determining the ratio of daughter products to their parent
isotopes is the field of isotope ratio mass spectrometry and
isotope geochemistry, and the principles and methods for
achieving this are covered in many textbooks (e.g. Faure
and Mensing 2005).
In brief, determining accurate D/P ratios using isotope
ratio mass spectrometry is complicated for several reasons,
including: (1) differential ionization of isotopes from
E LEMENTS
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Determining decay constants is a nontrivial task, and
several methods can be used. Direct determination by
activity counting (measuring the energy resulting from
radioactive decay as a function of time; e.g. Beckinsale and
Gale 1969; Jaffey et al. 1971) and ingrowth experiments
using isotopically enriched materials (measuring the moles
of D produced relative to P over a known length of time;
e.g. Rotenberg et al. 2012) have been used to measure λ with
traceability to standard units. Due to the long half-life of
most radioactive isotopes useful in geochronology, these
experiments are difficult and measurements of different
decay constants may have order-of-magnitude differences
in their experimental uncertainties.

FROM DATES TO AGES:
GEOLOGIC INTERPRETATION
Transforming a date into an age requires interpreting a date
calculated using the age equation to represent a specific
geologic process, and this is just as important as the date’s
numerical accuracy and metrological traceability. Examples
of interpretations of mineral dates include assigning
crystallization ages in an igneous system, reporting ages
of volcanic eruptions based upon dates of minerals from
ash beds, associating datable minerals to ages of metamorphic events, using dates of carbonates to determine ages of
low-temperature aqueous precipitation, and using dates to
calibrate cooling beneath a certain temperature for systems
in which diffusion of a daughter product occurs at high
temperatures (see Reiners and Ehlers 2005 for the latter
example). As the questions we ask become increasingly
detailed and sophisticated and as our methods become
increasingly precise, the knowledge of how a date is
recorded in a mineral, or mineral subdomain, and how that
in turn relates to some other geological information (e.g.
petrographic context, other isotope and/or geochemical
information) becomes crucial.

An alternative approach is intercalibration, where the
accuracy of one system can be exported to another system
by selecting minerals or rocks that (1) are amenable to highprecision geochronology using multiple methods and (2)
are relatable to a set of processes that occurred at the same
time, for example, crystallization of two minerals immediately prior to a volcanic eruption or rapid crystallization
and cooling beneath Earth’s surface. The result is that one
can compare dates from different techniques (e.g. U–Pb
on zircon and 40Ar/39Ar on sanidine) with uncertainties
that are smaller than those in the decay constant experiments. Typically, intercalibration experiments exploit the
most precisely determined decay constant, λ238U, which
has an uncertainty of ±0.11% (2σ; Jaffey et al. 1971). For
example, the analyses of closed-system minerals, such as
zircon, have been used to improve the accuracy of the other
U and Th decay constants relative to λ238U: λ232Th (Amelin
and Zaitsev 2002), λ235U (Schoene et al. 2006; Mattinson
2010), and λ234U and λ230 Th (Ludwig et al. 1992; Cheng
et al. 2000). Coeval or relatable mineral pairs have also
been used in calibrations of other decay constants, such
as λ187Re (Selby et al. 2007), λ40K (Min et al. 2000; Renne
et al. 2010), and λ176Lu (Scherer et al. 2001).

The application of petrographic and microimaging
methods for characterizing the internal structure of
minerals has improved our understanding of mineral
growth and rock petrogenesis. Analytical methods used
for radioisotope ratio measurements tend to capitalize
on either high-precision dates using isotope dilution and
physical manipulation of mineral fragments (Schmitz and
Kuiper 2013 this issue) or high spatial resolution using a
focused ion beam or laser, guided by imaging (Nemchin
et al. 2013). A frequent point of discussion is the merits of
high-spatial-resolution analyses as opposed to dissolution
methods, given the complementary strengths of the two
methods. Acknowledging that nearly all geologic samples
contain some age variation (it can be argued that very few
analyzed volumes represent instantaneous crystallization),
what is critical is both the temporal and spatial scale of the
variation (FIG. 2). In cases where a single crystal records a
protracted crystallization history, say an old mineral core
surrounded by a much younger overgrowth, analysis of
whole minerals can result in dates that represent a mixture
of different domains, and microbeam sampling methods
are preferred. However, if we wish to measure the timescales
of geologic processes that occur more quickly than can
be resolved with in situ techniques, employing isotope
dilution methods is necessary, and one must attempt to
understand the impact of averaging growth histories over
a larger volume of material. Several steps can be taken in
sample preparation and analysis to help geochronologists
determine whether temporal or spatial resolution is more
important for a given study, and thus to attain the most
accurate dates possible. These are briefly outlined below.

Though decay constants determined by intercalibration
of different decay schemes provide a means to enhance
the relative accuracy of dates, we must recognize that
such systems are no longer independent measurements.
In practical terms, the accuracy of a system intercalibrated
with λ238U is limited by the accuracy of the U–Pb system.
The resulting covariance between dates means that systematic uncertainties in the U–Pb system propagate through
every other system. These contributions to the uncertainties include the original experiments used to determine the
U decay constants (Jaffey et al. 1971), the isotopic composition of uranium (Hiess et al. 2012), and the standard
reference materials used in tracer calibration and related
experiments (see above).
It is also possible to improve the accuracy of decay
constants by comparison with a nonradiometric means of
determining geologic time, such as astrochronology, which
relies on cyclic climate records preserved in sedimentary
rocks as an absolute clock. Intercalibration of radiometric
clocks with time estimates from astrochronology has
been highly successful (Kuiper et al. 2008), but has also
revealed disparities likely created by errors in age models for
sedimentary cyclicity (e.g. Westerhold et al. 2012). While
researchers continue to explore the best methods to determine accurate and precise decay constants, the current
situation is one where different researchers are applying
different values to their measurements. This ambiguity
can be confusing to the larger geological community, and
therefore geochronologists must be particularly careful to
state the values of the decay constants and standards used
to calculate dates from isotopic ratios, and readers must
also look for this information.

E LEMENTS

Sample Characterization
Field relationships – Despite the power of geochronology
to resolve absolute time, interpreted ages must be consistent with field relationships, for example, crosscutting
relationships in igneous bodies or the law of superposition in sedimentary rocks. Rock-sampling strategies in
well-mapped areas can discriminate between and refi ne
hypotheses and minimize the number of samples necessary
for geochronology.
Petrography – It is essential to use petrographic or
mineral-texture data to guide geochronologic sampling.
Observations in thin section can help determine the
petrogenetic history of datable minerals, for example, by
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growth. Right: An early Pliocene crystal with 300 ky
of crystal growth. Note that in all datable minerals
with equal parent concentration across a grain, the
volume–age relationship is always biased towards the
youngest growth domains, but in reality the concentration of the parent nuclide also has to be considered.
This figure illustrates that both the spatial resolution of
sampling and the temporal precision of the analytical
method control whether a single date can be considered accurate.

Precision versus accuracy in
minerals with complex growth
histories. This cartoon illustrates how the scale of
intracrystal age zonation, combined with the scale of
sampling and the analytical precision, impacts the
potential accuracy of a date. Mineral zones are colorcoded by age, with keys provided; uncertainties are
assumed to be >2% for in situ microbeam techniques
and <0.2% for isotope dilution (ID) techniques.
Left: A Mesozoic mineral with a Precambrian core.
Center: A Cambrian grain with 300 ky of crystal

FIGURE 2

and Harrison 1999). Reproducibility among many minerals
in the same sample is also a method of verifying closedsystem behavior given that the effects of metamorphism,
daughter-product loss, and recrystallization tend to be
distributed heterogeneously in single samples.

relating them to metamorphic reactions or equilibrium
assemblages. Microbeam methods permit in situ analyses
of mineral subdomains of interest.
Textural and geochemical characterization – Internal textures
of the datable minerals themselves, such as growth zoning,
can be observed using optical microscopy or backscattered electron and/or cathodoluminescence imaging, and
a scanning electron microscope is usually employed for
this. Textural data can also be combined with geochemical
and crystallographic data, determined either in situ prior to
microbeam geochronology or on a portion of the dissolved,
dated sample. For example, X-ray diffraction analysis of
fossil coral is routinely employed to determine whether
secondary/diagenetic calcite is present in a sample, and
optical microscopy can be used to assess the presence of
secondary aragonite, both of which impact the accuracy
of U–Th dates.

Statistical Models for Combining
Multiple Data Points
It is common to apply a statistical model to a set of dates
to assess reproducibility and/or to arrive at an interpreted
age. The two most common models used are linear regressions (isochrons) and weighted means. Associated with
these statistical models are measures of the goodness of
fit, such as the mean square of weighted deviates (MSWD,
also known as the reduced chi-squared statistic; Wendt
and Carl 1991; York et al. 2004) and the related probability of fit. It is important to note that these measures are
related to the precision of the single data points used in
the statistical model: if the scatter in the single data points
can be predicted by their estimated uncertainty, then the
MSWD will be near unity; however, if the uncertainties
of the same data are much smaller than the intrasample
variation, then the MSWD or other measure will highlight
the lack of coherence (FIG. 1). It is extremely important
that, when statistical models are used to calculate dates or
assess closed-system behavior, a goodness of fit is reported,
because this helps a reader (and an author) to evaluate the
accuracy of the age interpretation (Ludwig 2003b)

Testing for Closed-System Behavior
Some systems offer an internal check for closed-system
behavior in that they contain more than one radionuclide,
which means that two dates can be obtained from one
mineral/rock sample. If the mineral/rock has behaved as
a closed system with respect to the parent and daughter
nuclides since the start of daughter ingrowth, the dates
should be concordant. Examples include 238U–206Pb and
235
U–207 Pb dates on zircon and other uranium-bearing
minerals (Schoene 2013), and 235U–231Pa and 234U–230 Th
dates in carbonate (e.g. fossil coral; Edwards et al. 2003).
Other possible internal checks include natural isotopic
compositions that are predictable in nature when a material
forms (e.g. 234U/ 238Useawater) but are perturbed during
alteration and open-system behavior. Date reproducibility
between heating steps also allows for an assessment of
open-system behavior in 40Ar/ 39Ar analyses (McDougall
E LEMENTS

SUMMARY AND THE FUTURE
The complexity and abundance of studies in the Earth and
meteoritic sciences requiring absolute time constraints have
risen in recent years. In general, the reported precision of
ages has improved, and the number of studies that integrate
multiple dating methods has escalated. With increased
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resolving power comes an increased responsibility to use
radioisotopic dates and their uncertainties appropriately;
this statement applies to both researchers producing and
publishing geochronologic data and those who use these
ages in their work.

age precision must be balanced with complementary efforts
to couple geochronology with field, stratigraphic, geochemical, and textural data to ensure that better precision does
not come at the expense of accuracy. The rates, durations,
and sequence of processes and events determined by
isotope geochronology are essential for understanding
the physical and chemical underpinnings of mountainbuilding events, crust formation, paleogeography, volcanic
eruptions, paleoclimate, and biotic evolution. Given the
increased emphasis in the geosciences on understanding
the rich and complex feedbacks among these interrelated
Earth systems, a focus on precise and accurate geochronology is of timely importance.

Efforts to hone decay constant and physical constant
uncertainties will likely continue, as will experiments to
better estimate inter- and intralaboratory agreement. This
will help geochronologists to understand and quantify the
various sources of random and systematic uncertainties
stemming from the laboratory methods, standards, and
physical constants used for various decay schemes. More
experiments tracing age determinations to standard units
and better relating them to one another are crucial for our
understanding of absolute uncertainty in geologic time and
application to the geologic timescale.
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The future of geochronology will see continued increases
in precision of age determinations by multiple analytical
methods, with respect to both single analyses and statistical treatments of data such as weighted means. Enhanced
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igh-precision geochronology is integral to testing hypotheses regarding
the correlation, causes, and rates of events and processes in Earth
history. Recent studies have sought to reconcile very precise, but
apparently conflicting, ages for the same geological samples and events using
different chronometers. Both systematic (decay constants, ages of standard
materials) and geological (daughter-nuclide loss, inheritance) complexities
contribute to the challenges of rock-clock calibration. Community-wide
efforts to improve radioisotope geochronology have successfully mitigated
many of these factors, and have brought high-precision geochronology to a
threshold of unprecedented integration with stratigraphic and geochemical
proxies of Earth systems dynamics.
KEYWORDS : 40Ar/39Ar geochronology, U–Pb geochronology, biostratigraphy,
astrochronology, Permo-Triassic, Bishop Tuff

occurred, its resolution demands
a much greater relative precision
and accuracy for geochronological
measurements. As an example,
Earth’s orbital short eccentricity
cycle (variation in shape of the
Earth’s orbit around the sun) has
an average period of about 100,000
years, and resolving this cycle as
a driver of Pleistocene glaciations requires a precision of just
a few percent of the absolute age.
By contrast, resolving the same
cyclicity in the 300-million-yearold rocks of the Late Paleozoic ice
age requires a relative precision
100 times greater.

Over the past two decades, paleoclimate and paleobiological studies have spurred the
science of high-precision geochronology forward because
of their demands for multimillennial-scale resolution of
orbital cycles and biological extinction or evolutionary
mechanisms in deep time. Similarly, igneous petrology and
volcanology have also driven advances in high-precision
geochronology, for example, in the study of the role of
melting and differentiation processes operating during
the millennial-scale lifetimes of magma batches in the
mantle and crust. In these fields of enquiry, the targets for
geochronology are often the eruptive products of explosive
volcanism—volcanic “ash” or tuff beds that create geologically instantaneous, datable marker horizons in a variety of
volcanic and sedimentary successions. Precise and accurate
radioisotopic ages of these volcanic ash beds in combination with the stratigraphic, paleobiological and geochemical information from the rock record provide geoscientists
with tools to unravel the history of the Earth in critical
intervals of geologic time. This article focuses on the stateof-the-art methods in high-precision geochronology that
have evolved to meet the challenges of studying the deeptime rock record.

INTRODUCTION
Geochronology places our observations of the Earth into a
robust temporal framework. Studies of the Earth’s processes,
phenomena, and origins are unique in the physical sciences
for their need to observe and measure past events over
spatial and temporal scales that range from the micron and
second to the astronomical unit and gigaannum. The radioactive decay of unstable atomic nuclei is the basis of the
geochronometers used by Holmes (1913) to fi rst calibrate
the geologic timescale using measurements of U/Pb ratios
in minerals. Radioisotopic dating has matured over the
past century into a vibrant field of enquiry, exploring
and testing hypotheses regarding the global correlation
of events, causal mechanisms for dramatic changes in the
Earth system, and the rates of geological, paleobiological,
geophysical, and geochemical processes.

What Drives High-Precision Geochronology?
Some Earth processes can be studied in the recent past or
via methods that have intrinsic high temporal resolution—
for example, using short-lived nuclides to develop chronologies for the Quaternary (Richards and Andersen 2013 this
issue) and the early Solar System (Amelin and Ireland 2013
this issue). Other aspects of the Earth system, like plate
motion and orogenesis, are integrated over longer timescales, thus skirting the need for precise ages (Nemchin et
al. 2013 this issue). But many phenomena occur over timescales of only thousands of years, and yet took place tens
or even hundreds of millions of years ago in Earth’s past—
in the “deep time” record. Because the duration is short
relative to the long span of time since the phenomenon

Rock Clocks in Crisis?
The premier high-precision geochronometers are the U–
Pb method (particularly 238U decay to 206Pb) in zircon
(see BOX 1 AND FIG. 1) and the 40Ar/39Ar method (based on
40K decay to 40Ar) in sanidine feldspar. The strengths of
these two methods include low initial daughter nuclide
contents, a propensity for closed-system behavior and the
availability of means for quantitatively assessing it, and
our ability to precisely measure the parent/daughter ratio
in these minerals. State-of-the-art measurements of both
chronometers can yield precisions on the order of ≤0.1%
in the age of these minerals.
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Each of these examples is a case study in the evolution of
high-precision geochronology, and together they illustrate
the progress that has been made over the past decade in
reconciling rock clocks.

WHAT IS “HIGH-PRECISION” GEOCHRONOLOGY?

BOX 1

A variety of analytical methodologies can
now analyze U–Pb isotope ratios in accessory minerals
like zircon. In situ techniques, like laser ablation inductively coupled mass spectrometry (LA–ICP–MS) and
secondary ion mass spectrometry (SIMS), with inherently high spatial resolution and rapid analysis times,
can produce large data sets with individual spot
and group weighted mean isotope ratios (and interpreted ages) of ±3–5% and ±1% relative precision,
respectively. High-precision geochronology relies on
isotope dilution thermal ionization mass spectrometry
(ID-TIMS), a technique that can provide individual
crystal-fragment and weighted mean isotope ratios
(and interpreted ages) of ±0.1% and ±0.03% relative
precision, respectively. In situ and ID-TIMS techniques
are complementary approaches best applied, whether
alone or in tandem, to crystals characterized for their
internal complexity using imaging techniques like
cathodoluminescence.

spot analysis
± 3-5 Ma (3-5%)

90

Geochronology is uniquely suited to testing hypotheses
regarding cause and effect. The historically strong focus
on stratigraphic boundaries like the Permo-Triassic or the
Cretaceous–Paleogene stems in large part from the fact that
those boundaries represent extraordinary reorganizations
of the Earth system. Testing the competing hypotheses for
the major biological extinction events accompanying these
reorganizations has been a major goal of high-precision
geochronology.
As host to the greatest biological extinction event in Earth
history, the Permo-Triassic (P-T) boundary transition has
been scrutinized by geologists for decades. The boundary
sections in marine strata of South China provide some of
the most complete records of the lead-up to, and recovery
from, this extinction event. These strata are unique
because they host both a rich pre- and postextinction
biota and abundant volcanic ash beds, and these can be
used to constrain the timing and rates of change across
the boundary.

SIMS/
LA-ICP-MS weighted mean (n≥25)

100 Ma

99

single crystal...
± 100 ka (0.1%)

THE PERMO-TRIASSIC EXTINCTION EVENT:
A WATERSHED FOR U–PB GEOCHRONOLOGY

± 1 Ma (1%)

110

Claoué-Long et al. (1991) used ion probe (SIMS) analyses
of the “boundary clay” bentonite bed to establish the fi rst
U–Pb zircon age of 251.2 ± 3.4 Ma. Subsequent 40Ar/39Ar
feldspar step-heating analyses of the same boundary beds
were reported by Renne et al. (1995), who commented on
the synchrony of their apparent age—249.98 ± 0.20 Ma—
with the beginning of Siberian Traps volcanism at 250.0
± 1.6 Ma, also dated via 40Ar/39Ar analysis. Bowring et al.
(1998) were the fi rst to bring high-precision U–Pb ID-TIMS
dates on zircon to bear on the problem, and they interpreted the age of the boundary as 251.4 ± 0.3 Ma on the
basis of a large data set of physically abraded, single- and
multigrain zircon analyses. These results provided the fi rst
glimpse of a potential systematic discrepancy between the
U–Pb and 40Ar/39Ar rock clocks. Subsequent ID-TIMS U–Pb
zircon studies (Mundil et al. 2001) questioned the ability
to precisely date the boundary because of the apparent
ubiquity of open-system behavior in bentonite-hosted
zircon. Perhaps just as important for U–Pb geochronology,
these studies also highlighted the averaging biases inherent
to multigrain analyses containing crystals suffering from
both Pb loss and Pb inheritance—the result being an
overestimation of age precision and accuracy.

101

ID-TIMS

weighted mean (n≥9)
± 30 ka (0.03%)

Representative analytical precision and accuracy
for individual analysis and group weighted mean
U–Pb zircon ages using in situ (SIMS or LA–ICP–MS) and
isotope dilution (ID-TIMS) methods.

FIGURE 1

Notwithstanding the potential of these chronometers,
the past decade has seen intense scrutiny of radioisotopic
methods and ages as the scientific demands on precision and accuracy have increased. Particular attention
has been focused on the accuracy of radioisotope decay
constants (Min et al. 2000; Begemann et al. 2001; Schoene
et al. 2006; Mattinson 2010) and the accuracy of isotopic
measurements and their age interpretation (Mundil et al.
2001; Kuiper et al. 2008). Schoene et al. (2013 this issue)
describe the metrologic framework that must underpin
the measurement and decay systematics of highly precise
radioisotope methods.

An unexpected analytical breakthrough would overcome
this impasse for U–Pb geochronology of the P-T boundary.
The chemical abrasion (CA-TIMS) method of Mattinson
(2005) overcomes leaching artefacts to provide a more
selective and effective chemical method for removing
Pb-loss domains from zircon crystals compared with traditional physical abrasion. Mundil et al. (2004) demonstrated
the effectiveness of CA-TIMS for zircon from the Meishan
and Shangsi boundary sections in South China, and they
arrived at a more robust age for the P-T extinction event of
252.6 ± 0.2 Ma. Most recently, Shen et al. (2011) revisited
the same ash beds using the chemical abrasion technique
and applying improvements in analytical blank and ionization efficiency. Their results demonstrate the reproducibility of the CA-TIMS method among laboratories (FIG. 2),
and they have refi ned the age estimate for the extinction
event to just before 252.28 ± 0.08 Ma.

The emergence of an apparent “crisis” in high-precision
geochronology stemmed from published differences
between results from different radioisotope methods—or
from the same methods measured in different laboratories—for the same critical samples and events in Earth
history. Three examples of this discordance are particularly noteworthy: the Permo-Triassic extinction recorded
in the boundary sections of South China; the astronomical
tuning of the cyclostratigraphy of Miocene sediments in
the Mediterranean Basin; and the magmatic history and
eruption of the Bishop Tuff, the archetypical eruption
product of a zoned, large-volume, silicic magma chamber.
E LEMENTS

The 40Ar/39Ar method was also in flux during this period
of rapid innovation in U–Pb geochronology. Researchers
carrying out experiments on the intercalibration of the
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40
Ar/39Ar chronometer with both U–Pb ages (Min et al.
2000) and astrochronology (Kuiper et al. 2008) were
arriving at similar conclusions—that the consensus values
of the 40K decay constants used since the late 1970s are
likely in error by ~1% (see B OX 2). Renne et al. (2010)
used pairs of high-precision U–Pb and 40Ar/39Ar ages for
selected rocks to arrive at a joint determination of the 40K
decay constants and the radiogenic argon-to-potassium
ratio (40Ar*/40K) of the most commonly used irradiation
monitor, the Fish Canyon Tuff sanidine (FIG. 3). Using their
intercalibration produces a 40Ar/39Ar age for the P-T extinction of 252.27 ± 0.18 Ma, in remarkable agreement with
the U–Pb zircon ages for Bed 25 in the Meishan section.

BOX 2

SYSTEMATIC AGE BIAS AND DECAY CONSTANTS

Several 40Ar/39Ar and U–Pb geochronological
studies have highlighted discrepancies at the percent
level between the eruption ages for silicic volcanics
estimated by the two methods—with U–Pb zircon ages
yielding consistently older ages. Two explanations for
this discrepancy have been proposed: either historic
calibrations of widely used 40Ar/39Ar standards and/
or the consensus values for the 40K decay constants are
significantly in error (Min et al. 2000), or zircon crystallization in silicic magmas occurs well before eruption
(Simon et al. 2008). Recent compilations of data for
quickly cooled volcanic and shallow plutonic rocks now
quantify a ~1.0% younger bias in 40Ar/39Ar dates due to
inaccuracy in the 40K decay constants (Schoene et al.
2006; Renne et al. 2010). This bias has been demonstrated in rocks whose relative ages render magmatic
residence irrelevant, and several recent studies have
proposed new decay constants and/or monitor standard
ages on the basis of intercalibration with either U–Pb
ages (Renne et al. 2010) or astronomical dating (Kuiper
et al. 2008; Rivera et al. 2011).

The Permo-Triassic boundary is also an excellent example
of the integration of quantitative biostratigraphy and
high-precision geochronology. Several computationally
intensive approaches, including constrained optimization
and matrix permutation (Sadler 2004), provide a means of
quantitatively correlating disparate stratigraphic sections
or fossil occurrences into an ordinal framework including
robust uncertainty assessment. Constrained optimization (using the program CONOP9) is a computer-aided
method for finding the best-fit ordering of biological events
and marker beds in multiple stratigraphic sections. The
method incorporates constraints from stratigraphic thickness and radioisotopically dated event beds. Shen et al.
(2011) applied this method to the South China boundary
sections, sequencing over 1450 species occurrences from 18
stratigraphic sections with high-precision U–Pb zircon ages.
This quantitative combination of bio- and geochronology
constrains an absolute maximum of 200 ± 100 ky for the
duration of the major extinction event, and demonstrates
synchrony between an abrupt (<20 ky duration) negative
carbon isotope excursion and the beginning of the extinction event.
This intensive study of the Permo-Triassic boundary has
irrevocably changed the practice of high-precision U–Pb
geochronology by promoting (1) the exclusive analysis
of single crystals, (2) a switch from physical to chemical
abrasion, and (3) the scrutiny and recalibration of tracer
solutions and decay constants. These studies also motivated
developments in 40Ar/39Ar geochronology, driven by inter-

Bias between 206Pb/238U zircon ages and “conventional” calibration of the 40Ar/39Ar system for data
pairs, from Renne et al. (2010). Comparison curves depict the
effects of zircon “residence time” (red), bias in the electron
capture decay constant for 40K (blue), and bias in the beta
decay constant for 40K (green). R EDRAFTED FROM R ENNE ET AL. (2010)

FIGURE 3
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comparison of U–Pb and 40Ar/39Ar ages both for the same
samples from South China and between the marine extinction record and the eruption of the Siberian Traps flood
basalts—one possible cause of the dramatic changes in the
biosphere. While both U–Pb and 40Ar/39Ar chronometers
have been brought to bear on the Permo-Triassic boundary,
rocks of this age represent some of the oldest that can be
reliably dated with high precision using 40Ar/39Ar. Much
of the development of the 40Ar/ 39Ar method, and its
intercalibration with both U–Pb clocks and astronomical
dating, has taken place in younger rocks of the Miocene
Mediterranean Basin.
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ASTROCHRONOLOGY AND RADIOISOTOPES:
BRINGING 40AR/39AR INTO HARMONY

247

The geologic timescale is a fundamental tool for correlating and establishing the rate of Earth events. In reality,
the geologic timescale is a composite of both relative and
numerical dating techniques, stitched together with varying
degrees of intercalibration. For much of the Cenozoic and
Mesozoic, a combination of cyclostratigraphy or “astrochronology” and radioisotopically calibrated magnetostratigraphy provides the backbone of the geologic timescale.

Bed 25
volcanic ash

U–Pb zircon (yellow circles) and 40Ar/39Ar sanidine
(blue circles) age estimates for the Bed 25 “boundary
clay” volcanic ash at Meishan, South China. The blue and orange
bars represent, respectively, analytical and full systematic, 95% confidence interval uncertainties for each age. The start of workshops
associated with the EARTHTIME Initiative is also highlighted. The
illustrated section is 1 m thick. PHOTOGRAPH : SHUZHONG SHEN

FIGURE 2
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Astrochronology is based on the correlation or tuning
of cyclic sedimentary successions (cyclostratigraphy) to
astronomical target curves (e.g. precession, obliquity,
eccentricity, insolation) that are computed based on astronomical solutions for the Solar System (Laskar et al. 2011).
Oxygen isotope compositions of deep-sea sediment cores
correlated to astronomically derived target curves led to
the fi rst commonly employed high-resolution timescale for
the last 800,000 years (the SPECMAP project) (Imbrie et
al. 1984). Neogene sediments of the Mediterranean Basin
also preserve a robust signal of orbital cyclicity in marl–
sapropel alternations and have provided an astrochronological calibration for the entire Neogene timescale (Hilgen
et al. 2012).

chambers is explained by repeated injection of mafic magmas
and/or the rejuvenation of crystal mushes; the models include
predictions that the crystal load of silicic magmas could
have formed tens or hundreds of thousands of years before
eruption. Early estimates of up to 0.7 My for the lifetime of
active silicic magma chambers in the Long Valley caldera
system based on Sr isotope model ages and 40Ar/39Ar measurements on quartz-hosted melt inclusions have subsequently
been refined to shorter residence times of <100 ky by in situ
analyses of zircon (Simon and Reid 2005; Reid 2008).
The Bishop Tuff illustrates how different mineral–isotope
chronometers may be dating different events or processes.
For example, 40Ar/39Ar ages for sanidine feldspar are usually
interpreted to date eruption, as this mineral can accumulate
radiogenic Ar only after posteruptive cooling. By contrast,
zircon begins to crystallize in Zr-saturated silicic magmas
tens of degrees above commonly observed eruption temperatures. Combined with its propensity to retain accumulating
radiogenic Pb even at the high temperatures of silicic-magma
genesis, U–Pb ages for domains in zircon crystals could span
a range encompassing progressive differentiation of the
host magma. These potential differences between chronometers are both a boon and a liability. On the one hand, the
intercomparison of U–Pb and 40Ar/39Ar ages has brokered
a rich field of research into silicic-magma dynamics—one
seeking to disentangle the operative petrologic and volcanic
processes via the geochemical, isotopic, and age archives in
single zircon crystals. On the other hand, a potential ≤100
ky overestimation of zircon-based eruption and deposition
ages for volcanic tephras has been proposed from a recent
compilation of ion microprobe U–Pb zircon ages for silicic
volcanic rocks compared to their 40Ar/39Ar-based eruption
ages (Simon et al. 2008).

The 40Ar/39Ar method relies on the reproducible analysis
of a standard material with a known age and a homogeneous ratio of radiogenic daughter 40Ar* to parent 40K, in
order to calibrate the neutron fluence controlling the 39Ar
production reaction in a sample. Primary standards are
those materials that have absolute ages determined by the
K–Ar or other methods, while secondary standards are
those materials whose ages are known based on 40Ar/39Ar
intercalibration with primary standards. A surprisingly
limited number of primary standards—mainly biotite and
hornblende—have their ages linked to first principles 40K/40Ar
measurements, and unfortunately, even the best primary
standard K–Ar analyses cannot achieve the potential precision
of 40Ar/39Ar ratio analyses. Instead, select volcanic sanidine
crystal populations—notably including the Fish Canyon
Tuff (FCT)—are the most reproducible and commonly used
secondary standard materials for 40Ar/39Ar analysis. However,
determining the absolute age of FCT sanidine has proven a
difficult task, in part because sanidine is difficult to quantitatively degas and thus cannot be confidently dated by the
K–Ar method. Other studies have illustrated the difficulties
in calibrating the age of FCT sanidine directly to the 238U
decay constant using ages for U-bearing accessory minerals
(Bachmann et al. 2007), due to the petrologic complexity
of the storage and eruption dynamics of the Fish Canyon
magma body.

Do preeruptive ages for zircon record the protracted hypersolidus evolution of single or coeval magma batches? Or is
zircon, by its refractory nature, prone to recycling from earliercrystallized magmas? Some ion probe U–Th and U–Pb zircon
investigations of Pleistocene ash-flow tuffs and lavas have
concluded that silicic magma bodies may remain as crystal
mushes for up to hundreds of thousands of years prior to
eruption (Schmitt 2011). However, other studies of Pleistocene
to Miocene eruptive rocks have emphasized crystal recycling
by rapid melting and assimilation of earlier-formed plutons or
volcanic caldera fill (Bindeman et al. 2001). These contrasting
models for the crystal cargo of silicic volcanics have profound
implications for high-precision geochronology, as zircon
grown from rapidly formed and segregated magmas would
more accurately date eruption, if methods could be derived
to isolate the magmatic from antecedent crystals.

An alternative approach is to intercalibrate the 40Ar/39Ar
chronometer with astronomical time as recorded by
cyclostratigraphy. Kuiper et al. (2008) measured the 40Ar*/40K
of populations of sanidine grains from several tuffs intercalated within an astronomically tuned marine succession
of the Messinian Melilla Basin in Morocco. Using the astronomical ages for seven tuffs, they arrived at an absolute
age for the FCT sanidine standard of 28.201 ± 0.046 Ma,
incorporating all sources of analytical and systematic uncertainty. This result has been recently confirmed by Rivera et
al. (2011) using a tuff layer in a Messinian astronomically
tuned section in Crete. This new age for the FCT sanidine
succeeds in bringing a majority of U–Pb and 40Ar/39Ar age
pairs for the same volcanic and quickly cooled plutonic rocks
into agreement, thus harmonizing astrochronology and the
two premier radioisotope chronometers.

In the products of the Bishop Tuff eruption, Reid and Coath
(2000) and Simon and Reid (2005) interpreted the dispersion
of spot ion probe U–Pb ages in zircon crystals as indicating
at least 90 ky of magma differentiation and zircon crystallization prior to the climactic eruption dated by sanidine
40Ar/39Ar ages at 768 ka (FIG. 4A, B). Subsequently, Crowley
et al. (2007) overcame challenges of analytical blank and
ionization to present the first high-precision ID-TIMS results
for zircon crystals from the Bishop Tuff. In contrast to the
dispersion in ion probe ages, these ID-TIMS results are much
more precisely clustered, with the majority of single crystals
and crystal halves (polished and imaged by cathodoluminescence—FIG. 4C) recording an apparently short crystallization
interval at 767.1 ± 0.9 ka, within a few thousand years of
the 40Ar/39Ar-constrained eruption age (Sarna-Wojcicki et
al. 2000). This short timescale of differentiation is in agreement with independent estimates based on quartz zoning,
melt inclusions, crystal size distributions, and numerical
models (Gualda et al. 2012). Rivera et al. (2011) recently

High-precision geochronology depends on standard materials
to ensure the accurate translation of isotope ratios into
isotopic “dates.” However, just as important to geochronological interpretation are the basic assumptions regarding the
geologic significance of the “ages” generated from these dates.
This latter challenge weaves itself into our next example.

THE BISHOP TUFF:
WHAT ARE WE DATING?
Few volcanic deposits have inspired more discussion of the
timescales of silicic-magma residence and differentiation
than the Bishop Tuff of Long Valley caldera, California. The
eruptive products of this volcanic center have been used to
test models in which the longevity of large silicic magma
E LEMENTS
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0.08

tions in both scientific practice and thought. Yet each of these
studies can also be viewed as a motif within the overarching
response of the scientific community to the challenges of
high-precision geochronology.
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The response to these challenges has been arguably one of
the most remarkable outpourings of synergetic activity in the
past quarter century of isotope geochronology. Beginning in
2003, a series of community workshops under the moniker
“EARTHTIME Initiative” have fostered (1) unprecedented
cooperation among geochronologists to resolve interlaboratory and interchronometer calibration, sample handling, and
data-analysis issues; and (2) the community-wide involvement of stratigraphers, geochronologists, geochemists,
magnetostratigraphers, and paleontologists, with the goal
of producing a highly calibrated geologic timescale as a new
temporal stratigraphic framework for geoscience research
(www.earth-time.org).
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In bringing together a critical mass of scientific expertise across methodologies and disciplines, these
workshops set the stage for intensive efforts
to identify and mitigate interlaboratory biases
through group intercalibration experiments. An
international quorum of high-precision U–Pb
and 40Ar/39Ar laboratories participated in these
experiments, analyzing a variety of reference
materials. In the U–Pb community, an initial
experiment in 2005 using natural zircon gave
one of the first clear snapshots of the significant variations
among laboratories. This experiment was a key motivator
for subsequent innovations sponsored by EARTHTIME,
including the production of synthetic Pb–U isotope solutions
for assessing mass spectrometer performance, and one of
the most ambitious efforts in the history of isotope ratio
measurements to procure, mix, and distribute a common
set of carefully calibrated, enriched-isotope tracer solutions
for isotope dilution analysis. Armed with these tracer and
synthetic standard solutions, the community embarked upon
a second intercalibration experiment in 2008, which demonstrated that 0.05% reproducibility was achievable among and
between different laboratories.

D

Probability density functions (A, B) for various U–Pb
zircon and 40Ar/39Ar sanidine age estimates for the
Bishop Tuff (BT), Long Valley caldera. Data sources: 1, Simon et al.
(2005); 2, Reid and Coath (2000); 3, Crowley et al. (2007);
4, Rivera et al. (2011); 5, Sarna-Wojcicki et al. (2000). (C) Cathodoluminescence images from Crowley et al. (2007) illustrating the
regular oscillatory and sector zoning patterns of BT zircons.
(D) Schematic cross-section through a zircon crystal illustrating the
different area versus volume sampling and averaging of in situ (oval
craters) versus CA-TIMS (crystal fragment) methods.

FIGURE 4

reported a refined 40Ar/39Ar sanidine age of 767.4 ± 0.2 ka for
the Bishop Tuff eruption, which further supports rapid zircon
crystallization just prior to the climactic eruption.
The jury is still out on how to interpret the differences
between the ID-TIMS and ion probe zircon measurements.
Setting aside possible systematic analytical difficulties with
either U–Pb methodology, it could be argued that greater
analytical precision of individual measurements is important for recognizing analytical versus geological dispersion
within the probability density functions of different experiments (including comparisons to 40Ar/39Ar results; FIG. 4B).
Alternatively, reconciliation may lie in the different volume
(ID-TIMS) versus surface (ion probe) averaging of the two
techniques. By their sampling nature, ID-TIMS analyses
will tend to emphasize volumetrically dominant late zircon
growth, while essentially two-dimensional ion probe spots on
polished-grain interiors are more sensitive to intracrystalline
age variation in crystal cores (FIG. 4D). This hypothesis can
be tested in the future with intracrystal ID-TIMS sampling
and innovative crystal surface and serial depth-profiling ion
probe work (Reid et al. 2010). In conclusion, the example of
the Bishop Tuff suggests a rich potential for the next generation of complementary 40Ar/39Ar, ion probe, and ID-TIMS
studies of Quaternary volcanic systems. These studies will
likely explore more sophisticated modeling of the averaging
effects of different sampling techniques, as well as the integration of geochemical, thermometric, and geochronological
data via ion probe, LA–ICP–MS, and ID-TIMS.

In the 40Ar/39Ar community, two intercalibration experiments using three common sanidine standards have revealed
a surprising amount of dispersion (>1%) among results from
over a dozen established 40Ar/39Ar laboratories. A new experiment with a traveling pipette system promises to isolate
the analytical sources of this dispersion in the near future.
Analytical innovations with the next generation of multicollector mass spectrometers have the potential to eliminate
sources of variance (Coble et al. 2011).
The EARTHTIME Initiative has also fostered a new style of
collaborative study among geochronologists, stratigraphers,
and paleobiologists. Multidisciplinary teams of scientists
are now tackling key intervals in Earth history, combining
geochronological methods and innovative stratigraphic and
geochemical analyses.

The Future
What is the future of high-precision geochronology?
The geochronological community has emerged from the
aforementioned “crisis” with a new set of tools and methodologies and a broadened base of scientists. Can we contemplate how these resources will be used to study the Earth
system over the next 100 years of geochronology?
In 40Ar/39Ar geochronology, a new generation of multicollector mass spectrometers will soon be in widespread use.
These instruments, with higher mass resolution and ion sensitivity, will likely help to elucidate and promote interlaboratory
reproducibility. Much like in U–Pb zircon geochronology, the
greater analytical precision of these instruments will help to

WORKING TOGETHER:
THE EARTHTIME COMMUNITY
Viewed in isolation, each of these case studies reflects the
challenges of making and interpreting geochronologic
measurements, and each was important in driving innovaE LEMENTS
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reveal and interpret geological complexities in crystal populations. 40Ar/39Ar geochronology will also continue to grow
into its role as an important method for dating Pleistocene
materials and processes. The lessons learned from highprecision 40Ar/39Ar analysis will also benefit its application
to thermochronology.

Within the context of these continued innovations in highprecision geochronology, the original goal of EARTHTIME—
the high-resolution calibration of the past 600 million years of
Earth history—appears to be within reach. As the geological
and methodological barriers to precise and accurate ages are
overcome, a broad community of interdisciplinary scientists
will pursue new opportunities to combine high-precision
geochronology with other quantitative disciplines in order
to develop high-resolution timescales. The next 100 years of
isotope geochronology look to be exciting ones!

Frontier problems critical to the petrologic and chronostratigraphic application of U–Pb geochronology revolve around
the origins of complex mineral age spectra in silicic volcanic
and plutonic rocks, and the precise link between the ages
recorded by zircon crystals and the thermal evolution of their
magmas. Answers to some of these questions will likely come
from the integration of in situ and isotope dilution techniques
and various age, thermobarometric, and geochemical proxies
on an intragrain scale.
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igh-spatial-resolution isotope analyses have revolutionised U–(Th–)Pb
geochronology. These analyses can be done at scales of a few tens
of microns or less using secondary ion mass spectrometry or laser
ablation inductively coupled plasma mass spectrometry. They allow determination of the internal age variation of uranium- and thorium-bearing minerals
and as a consequence much greater understanding of Earth system processes.
The determination of variation on the micron scale necessitates the sampling
of small volumes, which restricts the achievable precision but allows discrimination of discrete change, linkage to textural information, and determination
of multiple isotopic and elemental data sets on effectively the same material.
High-spatial-resolution analysis is being used in an increasing number of
applications. Some of these applications have become fundamental to their
scientific fields, while others have opened new opportunities for research.
KEYWORDS : high-spatial-resolution analyses, isotopes, zircon, mineral zoning,
sedimentary provenance

More than two decades of extensive
application of high-spatialresolution techniques have highlighted areas where these
methods are uniquely suited to solving geochronological
problems. This article highlights applications that illustrate
the state of the art and the need for high-spatial-resolution
geochronology in the geochronologist’s toolkit; we
particularly focus on some less well-known studies that
illustrate new directions for future research. The examples
given here concentrate on U–Th–Pb age determinations,
but there are many examples of the utility of high-spatialresolution analysis in other geochronometric systems,
particularly 40Ar/39Ar (see Hodges et al. 2005 for a review).

INTRODUCTION
Modern geochronology has evolved by gradual sample-size
reduction, decreasing from the analysis of whole-rock and
multigrain fractions to single mineral grains and grain
fragments. These advances have culminated in modern
high-spatial-resolution methods that can determine isotope
ratios from within single zones of crystals as small as 1–5
microns across. A complete history of this transformation
and a listing of the full range of achievements of
these methods are beyond the scope of this article (a
comprehensive summary is given by Davis et al. 2003).
Instead we focus on the fundamental capabilities that
give high-spatial-resolution methods their unique niche
in geochronology.

GEOCHRONOLOGICAL APPLICATIONS
OF HIGH-SPATIAL-RESOLUTION METHODS

Analysis using secondary ion mass spectrometry (SIMS)
and laser ablation inductively coupled plasma mass
spectrometry (LA–ICP–MS) requires comparison of
measured values from a sample with those from a reference
material whose ratios have been previously calibrated
(typically by isotope dilution thermal ionisation mass
spectrometry; ID-TIMS). Because the efficiency of this
calibration varies among media for the same elemental
species, matrix-matched calibration is usually essential.
As a consequence, the precision and accuracy of analyses

Intragrain and In Situ Studies
A unique niche for high-spatial-resolution techniques in
geochronology (and geochemistry in general) is provided
by the small, often submicron-scale complexities of the
analysed materials. Rock-forming and accessory minerals
typically display zoning in their elemental and isotopic
compositions, including variations in age of minerals
used as geochronometers. This zoning may reflect the
incorporation of material older than the main age of the
crystal (“inheritance”), result from chemical evolution of
the magma or fluid from which these minerals crystallised or were precipitated, or arise from post-crystallisation
processes that have reequilibrated and/or disturbed the
mineral. This zonation can be revealed and “mapped” at
the micron scale through the use of optical microscopy
and/or elemental quantification techniques (cathodoluminescence or backscattered electron imaging and
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of elemental ratios in unknown
samples is limited by the precision
and accuracy of analyses of these
ratios in the reference (commonly
natural) materials. However,
the inherent lack of chemical
preparation when using SIMS and
LA–ICP–MS techniques allows
microstructural and chemical
zonation in minerals and rocks
to be targeted directly, rapidly
and relatively easily at a precision
level (usually not better than 2%,
2σ) still appropriate for answering
a multitude of geochronology
questions that would otherwise be
difficult or impossible to address
by lowe r- spat ia l-resolut ion,
higher-precision geochronological
methods.
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Zircon grains showing different types of internal
complexity. (A) Cores with ages older than 440 Ma,
overgrown by magmatic rims defining the crystallisation time of
the Why Worry Tonalite in southeastern Australia as 393 ± 2.6 Ma
(Kemp et al. 2005). IMAGE REPRODUCED WITH PERMISSION FROM SPRINGER
(B) Magmatic core overgrown by a metamorphic rim in zircon from
the Xianjinchang tonalite, Eastern Block of the North China Craton
(Grant et al. 2009). IMAGE REPRODUCED WITH PERMISSION FROM ELSEVIER

(C) Igneous core overgrown by an igneous rim in zircon from
granite formed as a result of Paleozoic felsic magmatism during the
Terra Australis accretionary orogeny; similar internal structures in
the core and rim require high-spatial-resolution analyses of both
parts of the grain to recognise that the zircon is inhomogeneous
(Cawood et al. 2011). Uncertainties of individual analyses in (B)
and (C) are 1σ.

electron microprobe). High-spatial-resolution geochronological techniques, with their typical 5–40 micron spatial
resolution, are therefore required to determine the age of
individual parts of zoned crystals, and the combination of
image analysis with the geochronology of mineral grains
is essential for improving the interpretation of geochronology data.

or where igneous cores are overgrown by magmatic rims
(FIG. 1C), requires a combined application of imaging and
SIMS or LA–ICP–MS techniques. Consequently, combining
imaging techniques and high-spatial-resolution chronological methods is essential for accurate timing of rocks
with a complex history.

FIGURE 1

A comparatively underutilised but powerful tool for
studying zoned age patterns in geochronometric minerals
is scanning ion imaging using SIMS (FIG. 2). In this method,
the primary ion beam is rastered at high frequency over
a large sample area (e.g. 100 × 100 microns), while the
secondary ion beam is measured in low-noise ion-counting
detectors. Coupling the primary-beam raster and the
secondary-beam realignment deflectors allows the mass
spectrometer to perform the high-mass-resolution measurements necessary for Pb isotopes. The ion image is generated by software that links a specific ion count to a given
pixel in the raster; in practice, images are accumulated
over many cycles in order to yield reasonable integrated
intensities and low counting-statistic uncertainties. The
spatial resolution of the image is determined solely by the
primary-beam spot size and is typically as low as just a few
microns. In geochronological applications, this method
can be used to generate 207Pb/ 206Pb age maps of zircon
that can reveal processes of isotopic redistribution within a
crystal (FIG. 2). In this example, heterogeneity in apparent
age is an artefact of ultrahigh-temperature metamorphism,
illustrating how mapping methods can be used to test the
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0
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increase in U content (image A), suggesting that the radiogenic Pb
in the “hot” spots is not supported by U. This produces a sharp
variation in 207Pb/206Pb and apparent age (C), with some spots
indicating apparent ages in excess of 4.0 Ga (bright yellow) while
some are as young as 2.5 Ga (purple). Although the apparent-age
map uses 207Pb/206Pb uncorrected for common Pb, 204Pb measured
simultaneously is insignificant and does not contribute to the
observed heterogeneity in the 207Pb/206Pb ratio.

SIMS ion images of an area within a zircon grain
from an orthogneiss (Napier Complex, Antarctica),
modified after Kusiak et al. (2013). (A) The 238U relative (i.e.
normalised to the 180Hf16O peak) intensity reflects variations in U
concentrations, which determine the zircon zoning pattern. (B) The
206Pb relative intensity defi nes the variability of 206Pb, which in
general follows the U distribution. However, the image also shows a
number of <2–3 micron-size “hot” spots with significant amounts
of Pb. This increase in Pb concentration does not reflect a similar

FIGURE 2
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Both SIMS and LA–ICP–MS techniques involve the analysis
of polished or sectioned samples, which allows U–Pb ages
to be linked to (1) microstructures commonly observed in
these minerals, likely reflecting complexity of their history,
and (2) textures of the host rocks when U–Pb analyses are
done in situ using thin sections or polished rock chips. The
most common use of microprobe techniques is the U–Pb
geochronology of zircon, where the isotopic analysis of
small spots within each grain combined with the investigation of internal structures of these grains allows the
determination of chronological information from structurally complex zircon grains recording multiple crystallisation and/or recrystallization events (Scherer et al. 2007).
Numerous published cases illustrate how these techniques
permit us to distinguish between the magmatic parts
of zircon grains and inherited cores (FIG. 1A), recognise
metamorphic overgrowths (FIG. 1B), or just allow us to avoid
submicron-scale complexities in the grains. While some
complex internal relationships in zircon grains are easily
recognisable from the images alone, the identification of
others, where grains record multiple metamorphic episodes
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veracity of spot ages (Kusiak et al. 2013). The application of
mapping discrete domains in minerals and indeed wholerock materials is a rapidly expanding area of research
likely to contribute significantly to high-spatial-resolution
geochronology in the coming decade.

(FIG. 4C, D). To date, the two most significant outcomes of
this approach in lunar geochronology have been to establish a minimum age for the crystallisation of the Lunar
Magma Ocean at 4417 ± 6 Ma (Nemchin et al. 2009) and
to identify a number of large impacts on the Moon significantly predating the Late Heavy Bombardment at about 3.9
Ga (e.g. Grange et al. 2013); the latter event is believed to
be responsible for substantial changes in the evolution of
planets in the inner Solar System, including Earth.

Over the past thirty years, in situ geochronological studies
have largely been dominated by SIMS and subsequently
LA–ICP–MS U–Pb analysis of zircon. In the last decade,
however, other U-bearing minerals, in particular monazite
and xenotime, have received increasing attention. These
minerals are especially important for dating diagenesis and
thereby constraining the depositional age of sediments.
Rasmussen et al. (2011a) illustrate complex zircon–xenotime
overgrowth textures in sandstones, phyllites and pelitic
schists targeted by SIMS using a 5-micron analysis spot.
The technique allowed them to discriminate multiple age
domains within the xenotime overgrowths indicating the
gradual replacement of detrital and diagenetic xenotime
by metamorphic xenotime during prograde metamorphism (FIG. 3).

The analysis of small sample volumes results in lowerprecision data, but in some circumstances this compromise is required to arrive at a correct age determination.
An example is the case of the multiple analyses of high-Ti
volcanic-glass beads extracted from an Apollo 17 soil sample
(FIG. 5). Several attempts to analyse lunar volcanic-glass
beads using ID-TIMS in the 1970s and 1980s (Tatsumoto
et al. 1987) were hindered by terrestrial contamination
superimposed on the lunar initial Pb, probably associated
with the outer coatings of the glass beads. This resulted
in extremely imprecise ages. Mounting these beads for ion

Analysis of Rare Materials
The low sample consumption of high-spatial-resolution
geochronological techniques, particularly SIMS, is essential when dealing with unique samples, allowing repeated
analysis of effectively the same material in the course of
different elemental and isotope investigations. Equally,
problem areas within samples (e.g. fractures, inclusions and
crystallographic imperfections) can be avoided, based on
prior or real-time imaging techniques, to analyse the bestpreserved, most analytically favourable material. Perhaps
one of the best examples of this concept is provided by the
fast-expanding field of lunar U–Pb geochronology, which
now encompasses investigation of a variety of U-bearing
minerals including zircon, apatite, baddeleyite, zirconolite and tranquillityite. The physical separation of these
minerals from lunar materials would result in substantial
sample loss and potential breaking of U-bearing minerals
along the multiple fractures existing in lunar samples as
a result of their prolonged impact history. By contrast, in
situ analysis allows the utilisation of the wealth of textural
information available, essential for the interpretation of
chronological results in samples that represent a complex
mixture of materials originating from different sources. In
studies of lunar zircon, this textural information permits
the identification and dating of specific groups of igneous
rocks, ranging from troctolites and norites to anorthosites
and felsites, and now preserved as small submillimetre-size
lithic clasts in the lunar impact breccias (FIG. 4A). Textural
characterisation also allows recognition of specific types
of zircon grains growing in the impact melts and therefore direct dating of the impacts that formed these melts
(FIG. 4B). Finally, in situ zircon geochronology combined
with the imaging of analysed grains helps to identify
complexities inside some zircon grains, giving an opportunity to determine the time of both magmatic crystallisation and the impacts that modified these zircon grains
E LEMENTS

Xenotime growth structures
imaged using a backscattered
electron detector. Zr = zircon, xt = xenotime,
qtz = quartz, ilm = ilmenite, ms = muscovite,
ap = apatite. Oval pits in B and C are SIMS
analytical areas, and Pb–Pb ages (±1σ) are
shown. I MAGES FROM R ASMUSSEN ET AL. (2011A),
REPRODUCED WITH PERMISSION FROM S PRINGER

FIGURE 3
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B
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D

Zircon grains in thin sections of lunar breccia samples
showing different textural and microstructural
characteristics indicative of their origin and essential for the
interpretation of their ages (Grange et al. 2013). (A) Backscattered
electron (BSE) image of zircon inside a felsic clast (outlined) in
Apollo 17 breccia sample 73235 (the age of this grain defines the
timing of crystallisation of the igneous host). (B) BSE image of
zircon in Apollo 17 sample 73217; the zircon grew in a felsic impact
melt and allowed dating the impact that formed this melt.
(C) Cathodoluminescence (CL) image of zircon from an anorthosite
clast in Apollo 17 breccia sample 73235 showing crystalline zircon
fragments (zrc 1) used to define the time of anorthosite
crystallisation. The crystalline fragments are surrounded by
amorphous zircon (zrc II) formed as a result of impact and dating
this impact. (D) BSE image of the same area as (C) demonstrating
that the amorphous parts (black in CL) show BSE contrast similar
to that of crystalline zircon fragments, which indicates that the
amorphous parts preserve zircon’s chemical composition.
Zrc = zircon, fsp = feldspar, plg = plagioclase, K-fs = K-feldspar,
px = pyroxene. IMAGES REPRODUCED WITH PERMISSION FROM ELSEVIER

FIGURE 4
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The relatively non-destructive nature of high-spatialresolution analyses allows the determination of ages and
the investigation of chemical and isotopic compositions of
several elements and isotope systems in the same mineral
grain. One of the most studied cases illustrating this
capability is the Jack Hills (Australia) detrital-zircon population, which contains the oldest terrestrial grains. This
example is a testament to the power of high-spatial-resolution methods, even though the interpretation of the results
obtained on these zircon grains remains highly controversial. SIMS U–Pb geochronological studies revealed that
the zircon population in the original location described
by Compston and Pidgeon (1986) contains ca. 10% of
grains that are older than 3.9 Ga (FIG. 6A). The remaining
part of the population is dominated by zircon grains with
ages between 3.4 and 3.2 Ga, with the youngest recorded
ages being about 3.0 Ga (e.g. Pidgeon and Nemchin 2006).
Heavy oxygen isotope compositions observed in some >3.9
Ga zircon grains (FIG. 6B) have been used to suggest a supracrustal component in the source of melts from which these
grains crystallised, as well as the presence of surface water
(Cavosie et al. 2005). Elevated and normal light rare earth
element concentrations (Peck et al. 2001) reflect variable
alteration in some grains (FIG. 6 C) (Cavosie et al. 2006).
A felsic source for >3.9 Ga Jack Hills zircon grains was
proposed from the crystallisation-temperature estimates
for these zircon grains, which range between about 650 oC
and 750 oC based on their Ti content (Watson and Harrison
2005) as well as on the presence of inclusions dominated
by quartz, K-feldspar, micas and monazite (Hopkins et al.
2010). Results from combined SIMS U–Pb and LA–ICP–MS
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(A) Optical images of volcanic-glass beads from the
Apollo 17 soil sample. The formation of these beads is
linked to eruptions during which magma was thrown into space
and broken into small droplets, which solidified and accumulated in
the lunar soils. (B) Tera-Wasserburg concordia diagram showing
SIMS U–Pb analyses of Apollo 17 high-Ti volcanic-glass beads
(uncertainties of individual analyses are shown as 2σ). (C) BSE
image of one of the analysed glass beads showing a SIMS analytical
spot. MSWD = mean square of weighted deviates

FIGURE 5

probe analysis followed by polishing to expose the inner
parts of the beads (and cleaning of the mount surface)
minimised contamination and allowed the determination
of the purely radiogenic Pb component preserved in the
beads. Even though both U and Pb concentrations in these
glasses are only a few hundred parts per billion, multiple
analyses of the 40 beads resulted in a precision equal to
9 Ma (or about 0.2%), assuming that the data contain
only analytical scatter and represent a single population.
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In this example, the limitations of Pb isotope analysis by
SIMS preclude verification of potential heterogeneities
below the typical few per cent uncertainties associated
with individual spot analyses; however, other methods of
discrimination, such as employing chemistry to indicate
internal homogeneity of the analysed group of glasses, have
already been used to strengthen confidence in the assumption that all the beads belong to the same age population.
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Selected chronological, chemical and isotopic data
obtained from the Jack Hills (Western Australia)
detrital-zircon population. (A) Probability density distribution of
U–Pb SIMS ages observed in the Jack Hills population (Pidgeon
and Nemchin 2006). (B) Hadean zircon showing well-preserved
magmatic zoning and elevated δ18O values (Cavosie et al. 2005).
(C) Chondrite-normalized rare earth element (REE) distributions
in >4.0 Ga zircon grains with some showing elevated light REE,
resulting in a flat light REE pattern (Peck et al. 2001). (D) εHf (t)
versus time plot (Kemp et al. 2010). The observed distribution of
data can be interpreted to be the result of continuous recycling of
~4.4 Ga crust of either granitic or basaltic composition. MORB-DM
= depleted mantle mid-ocean ridge basalt, CHUR = chondritic
uniform reservoir, TTG = tonalite-trondhjemite-granite. (E) Dated
monazite inclusion (light grey) in Jack Hills zircon grain (Rasmussen
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LA–ICP–MS depth profiling (diagrams from Cottle et
al. 2009). (A) U–Pb concordia diagram using ID-TIMS
zircon data from an orthogneiss sample. (B) U–Pb concordia
diagram for 14 consecutive single pulses from one of the analysed
grains. (C) and (D) 206Pb/238U age–depth profiles through the rims
of two zircon crystals from this orthogneiss sample. Note how the
age resolvably increases to that of an older component with each
pulse after approximately pulse 6. (E) Ablation craters resulting
from 5, 10 and 30 pulses using a single-pulse laser ablation depthprofiling approach to determine the age of a 1 μm thick rim phase
of zircon. MSWD = mean square of weighted deviates, n = number
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domain, but had not been able to resolve either end-member
(FIG. 7A). Although this rim phase was too thin to target
using the normal approach of single-spot static ablation
on an equatorial section through the zircon grain, depth
profiling was successfully used to determine an 18 Ma age
for a ~1-micron-thick rim on two different zircon grains; the
analysis progressed into the zircon sample in 150-nanometre
increments on a pulse-by-pulse basis (FIG. 7B – D). FIG. 7E illustrates this shallow surface ablation on a zircon crystal face,
highlighting the essentially non-destructive nature of this
approach.

Hf isotope studies of zircon have also been interpreted
to reflect the presence of relatively felsic crust that did
not experience any juvenile addition since its formation
at about 4.4 Ga (Harrison et al. 2008).
An alternative explanation for the chemical and isotopic
features of Jack Hills zircon suggests that these data indicate
conditions different from those prevailing on the modern
Earth. In particular, heavy oxygen isotope compositions
identified in some zircon grains could indicate interaction of basaltic crust with a CO2 -rich atmosphere (Kramers
2007). Hf isotope data (FIG. 6D) are also consistent with a
protracted reworking of basaltic crust (Kemp et al. 2010).
Furthermore, in a study of inclusions of monazite (FIG. 6E)
and xenotime in Jack Hills zircon grains, Rasmussen et al.
(2011b) concluded that perhaps all inclusions were formed or
profoundly modified by metamorphic events at either 2.68
or 0.8 Ga. Regardless of the differing views and interpretations of information obtained from the studies of Jack Hills
zircon, high-spatial-resolution methods have been instrumental in delineating the currently existing controversy
and will help to resolve it in the future.

Determination of Growth Rates of Minerals

Microprobe techniques such as SIMS and LA–ICP–MS are
uniquely suited to depth-profiling studies and the determination of isotopic and elemental change on the submicron
scale. SIMS U–Pb analysis usually sputters a crater 1–2 microns
deep, while a typical laser ablation U–Pb analysis ablates to
15–40 microns depth. However, data obtained using either
method can yield time- and hence depth-resolved variation of age and chemistry on the 100-nanometer scale.
Depth profi ling in geochronology has traditionally been
the domain of SIMS techniques (Breeding et al. 2004) but
more recently laser ablation has also demonstrated comparable capability.

The capability of SIMS U–Th–Pb geochronology to provide
growth rates was demonstrated using opal by Paces et al.
(2004). Although Ludwig et al. (1980) recognized the ability
of opal to concentrate U, making it a potential U–Pb and/or
U-series chronometer, it was not until the U.S. Geological
Survey started working on the Yucca Mountain project,
aimed at assessing the site for a radioactive waste repository, that this potential was fully appreciated. This early
work (e.g. Neymark et al. 2000) was based on TIMS analysis
of U, Th and Pb chemically separated from opal samples of
a few to tens of milligrams. The study demonstrated that
precipitation of opal from groundwater is slow enough to
result in distinguishable age differences between separate
growth zones within the samples, and it highlighted the
fact that the relatively large samples used in these studies
contain multiple growth zones, producing a consistently
discordant pattern between 230 Th–238U ages, 234U–238U
ages and 207Pb–235U ages. Furthermore, ion probe studies
demonstrated that this discordance is still visible in the
single-spot analyses, indicating that even these 20-micron
spots produce average ages. These studies were followed by
one of the few attempts to obtain high-spatial-resolution
data using ID-TIMS (Paces et al. 2004).

Using LA–ICP–MS, Cottle et al. (2009) demonstrated the
utility of depth profi ling in U–Th–Pb geochronology.
In their study, single pulses from a laser ablation system
coupled to a multicollector ICP–MS apparatus were used
to ablate through the crystal face of a zircon thought to
possess a thin phase of growth around the edge of the
grain. Previous ID-TIMS determinations of single grains had
demonstrated a mixing relationship between an older ~514
Ma age component and a younger possibly non-zero age

A comparison of TIMS and SIMS data obtained for one of the
opal samples from Yucca Mountain is shown in FIGURE 8. The
sample was collected from the exploratory tunnel built to
investigate the suitability of the site for the storage of radioactive waste and is similar to many other samples collected
to study the hydrology of the site. It consists of 1–2 cm thick
calcite and opal coatings precipitated in lithophysal cavities
from water seeping through the water-unsaturated zone.
Both TIMS and ion probe data show a change in the age of

Depth Profiling
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A

2004), a cost-effective methodology is paramount. SIMS
methods have also been used to scan tens of thousands of
zircon grains in Archean metasediments to identify Hadean
components for studies of early Earth history (e.g. Holden
et al. 2009). Such studies would not have been feasible any
other way, since material consumption by laser ablation or
isotope dilution techniques would have prohibited further
study of these important grains.

Top
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3.56±0.03 Ma
0.42±0.12 Ma
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1 cm
450

LA–ICP–MS has found a particular niche in detritalprovenance investigations. Here the capability of recording
only 30–40 seconds worth of data while achieving data
uncertainties of ca. 2% (2σ) has enabled the development
of this field of research. Detrital-mineral age spectra from
sediment samples are used to investigate a range of problems,
from local transportation mechanisms to erosion histories
and regional palaeotectonic reconstructions (e.g. Alizai et
al. 2011; Gehrels 2012). The rapidity of this method, while
achieving uncertainty levels appropriate for the scale of the
scientific question, can be used to cost-effectively provide
constraints on a range of issues, from first-order questions
to complex geodynamic problems, or when undertaking
reconnaissance studies in remote areas with little previously
acquired data or knowledge. Gehrels et al. (2008) used a data
set comprising nearly 3000 analyses to illustrate differences
in Himalayan strata (FIG. 9); the data indicated that the Main
Central Thrust represents a major crustal divide between the
two terranes involved in Himalayan orogenesis.
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U–Pb and U-series ages of an opal sample from Yucca
Mountain (Nevada, USA). (A) Diagram showing areas
within a slice of the sample that were analysed using ID-TIMS
(modified from Neymark et al. 2000). (B) UV-light image of
different slices of the same sample analysed with SIMS, showing
the ages of the investigated opal parts (dark blue is non-luminescent calcite and green is opal). (C) Distance versus age plot for the
outermost part of the opal sample (analysed spots are shown as red
dots on the insert; area of the insert is shown as a red square in
(B). All errors are shown as 2σ.

FIGURE 8

LA–ICP–MS also lends itself to the rapid reconnaissance of
new or novel materials in geochronology (e.g. U–Pb geochronology of <1 Ma carbonates). In such cases, the elemental
and isotopic variability of a material can be initially characterised, thereby allowing better understanding of formative processes and the identification of the most appropriate
components for higher-precision determinations, if required.
In this way, faster, lower-cost, lower-precision, high-spatialresolution techniques (e.g. SIMS and LA–ICP–MS) can guide
the cost-effective application of slower, higher-precision,
lower-spatial-resolution methodologies (e.g. ID-TIMS). Used
in this complementary way, the two approaches are a very
powerful combination.

the opal that is consistent with the depositional sequence
from the base to the top of the coating and indicates an
average deposition rate of about 2 μm/ky. The ion probe data
are about an order of magnitude less precise, but the multiple
analyses made along three profiles in the outermost opal
layer indicate a decrease of 238U–234U–206Pb ages consistent
with the deposition order and enable an estimation of opal
deposition rates close to 1 μm/ky for this layer. This rate is
confirmed by the analysis of other Yucca Mountain samples
(Paces et al. 2004, 2010), where the youngest-identified
opal, forming hemispheres cupping calcite crystals, shows
238U– 234U– 230 Th and 238U– 234U– 206Pb ages that suggest
uninterrupted growth during the last million years, with
a similar rate of about 1 μm/ky. This very slow growth of
opal over the long time interval of about 10 My was used to
argue for precipitation in water-unsaturated rocks above the
water table and ultimately for the hydrological stability of
the site and its suitability as a radioactive waste repository
(Neymark et al. 2000; Paces et al. 2004, 2010). The slow opal
growth also allowed a high-spatial-resolution investigation
of U variations across the growth zones. These temporal U
variations were found to exhibit periodicity linked to the
major cycling of Earth’s orbital and rotational parameters
(Paces et al. 2010). As a result it is possible that opal samples
worldwide preserve a record of long-term climate variations.

CONCLUSIONS
High-spatial-resolution techniques such as SIMS and LA–
ICP–MS provide an essential capability in geochronology
for determining age variations within mineral grains and
structurally complex materials. The capability of these
techniques to resolve intracrystalline heterogeneity at the
micron scale – and the causative geological processes – even
at lower levels of precision, renders them an essential component of the geochronologist’s tool kit. The techniques enable

Sedimentary-Provenance Studies
The rapidity, access to instrumentation and facilities, and
relatively low cost of analyses using high-spatial-resolution
geochronological techniques have made them the dominant
techniques for large-scale provenance studies. Studies of
sedimentary provenance using the age spectra of detrital
mineral grains (e.g. zircon, monazite and rutile) are now a
key methodology in sedimentological research and commercial exploration (e.g. oil and gas and mineral deposits).
Requiring the analysis of more than 100 grains per sample
for statistically significant provenance results (Vermeesch
E LEMENTS
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important scientific discovery either directly or together
with higher-precision geochronological methods and other
elemental and isotopic techniques. They will be key tools for
geoscientists in the decades to come as the comprehension
of process and effects at smaller and smaller scales becomes
increasingly important.

REFERENCES
Alizai A, Carter A, Clift PD,
VanLaningham S, Williams JC, Kumar R
(2011) Sediment provenance, reworking
and transport processes in the Indus
River by U–Pb dating of detrital zircon
grains. Global and Planetary Change
76: 33-55
Breeding CM, Ague JJ, Grove M, Rupke AL
(2004) Isotopic and chemical alteration
of zircon by metamorphic fluids: U–Pb
age depth-profi ling of zircon crystals
from Barrow’s garnet zone, northeast
Scotland. American Mineralogist 89:
1067-1077
Cavosie AJ, Valley JW, Wilde SA, EIMF
(2005) Magmatic δ18O in 4400–3900 Ma
detrital zircons: A record of the alteration and recycling of crust in the Early
Archean. Earth and Planetary Science
Letters 235: 663-681
Cavosie AJ, Valley JW, Wilde SA, EIMF
(2006) Correlated microanalysis of
zircon: Trace element, δ18O, and U–Th–
Pb isotopic constraints on the igneous
origin of complex >3900 Ma detrital
grains. Geochimica and Cosmochimica
Acta 70: 5601-5616
Cawood PA, Leitch EC, Merle RE,
Nemchin AA (2011) Orogenesis without
collision: Stabilizing the Terra Australis
accretionary orogen, eastern Australia.
Geological Society of America Bulletin
123: 2240-2255
Compston W, Pidgeon RT (1986) Jack
Hills, evidence of more very old
detrital zircons in Western Australia.
Nature 321: 766-769
Cottle JM, Horstwood MSA, Parrish
RR (2009) A new approach to single
shot laser ablation analysis and its
application to in situ Pb/U geochronology. Journal of Analytical Atomic
Spectrometry 24: 1355-1363
Davis DW, Williams IS, Krogh TE (2003)
Historical development of zircon
geochronology. Reviews in Mineralogy
& Geochemistry 53: 145-181
Gehrels G (2012) Detrital zircon U-Pb
geochronology: Current methods and
new opportunities. In: Busby C, Azor A
(eds) Tectonics of Sedimentary Basins:
Recent Advances. Wiley-Blackwell,
Hoboken, NJ, pp 47-62
Gehrels GE, Valencia VA, Ruiz J (2008)
Enhanced precision, accuracy,
efficiency, and spatial resolution of
U-Pb ages by laser ablation–multicollector–inductively coupled plasma–
mass spectrometry. Geochemistry
Geophysics Geosystems 9: Q03017,
doi:10.1029/2007GC001805
Grange ML, Pidgeon RT, Nemchin AA,
Timms NE, Meyer C (2013) Interpreting
U–Pb data from primary and secondary
features in lunar zircon. Geochimica et
Cosmochimica Acta 101: 112-132

E LEMENTS

ACKNOWLEDGMENTS
We would like to thank Axel Schmitt and John Hanchar
for valuable reviews of the manuscript. We are also grateful
to guest editors Daniel Condon and Mark Schmitz and
principal editor John Valley for advice and suggestions,
which helped to improve the paper.

Grant ML, Wilde SA, Wu F, Yang J (2009)
The application of zircon cathodoluminescence imaging, Th–U–Pb chemistry
and U–Pb ages in interpreting discrete
magmatic and high-grade metamorphic
events in the North China Craton at
the Archean/Proterozoic boundary.
Chemical Geology 261: 155-171
Harrison TM, Schmitt AK, McCulloch
MT, Lovera OM (2008) Early (≥4.5 Ga)
formation of terrestrial crust: Lu–Hf,
δ18O, and Ti thermometry results for
Hadean zircons. Earth and Planetary
Science Letters 268: 476-486
Hodges KV, Ruhl KW, Wobus CW, Pringle
MS (2005) 40Ar/39Ar thermochronology of detrital minerals. Reviews
in Mineralogy & Geochemistry 58:
239-257
Holden P, Lanc P, Ireland TR, Harrison
TM, Foster JJ, Bruce Z (2009)
Mass-spectrometric mining of Hadean
zircons by automated SHRIMP multicollector and single-collector U/Pb
zircon age dating: The fi rst 100,000
grains. International Journal of Mass
Spectrometry 286: 53-63
Hopkins MD, Harrison TM, Manning CE
(2010) Constraints on Hadean geodynamics from mineral inclusions in >4
Ga zircons. Earth and Planetary Science
Letters 298: 367-376
Kemp AIS, Whitehouse MJ, Hawkesworth
CJ, Alarcon MK (2005) A zircon U-Pb
study of metaluminous (I-type) granites
of the Lachlan Fold Belt, southeastern
Australia: implications for the high/low
temperature classification and magma
differentiation processes. Contributions
to Mineralogy and Petrology
150: 230-249
Kemp AIS, Wilde SA, Hawkesworth CJ,
Coath CD, Nemchin AA, Pidgeon
RT, Vervoort JD, DuFrane SA (2010)
Hadean crustal evolution revisited: New
constraints from Pb–Hf isotope systematics of the Jack Hills zircons. Earth and
Planetary Science Letters 296: 45-56

Neymark LA, Amelin YV, Paces JB (2000)
206
Pb–230 Th–234U–238U and 207Pb–235U
geochronology of Quaternary opal,
Yucca Mountain, Nevada. Geochimica
et Cosmochimica Acta 64: 2913-2928
Paces JB, Neymark LA, Wooden JL,
Persing HM (2004) Improved spatial
resolution for U-series dating of opal at
Yucca Mountain, Nevada, USA, using
ion-microprobe and microdigestion
methods. Geochimica et Cosmochimica
Acta 68: 1591-1606
Paces JB, Neymark LA, Whelan JF,
Wooden JL, Lund SP, Marshall BD
(2010) Limited hydrologic response
to Pleistocene climate change in deep
vadose zones — Yucca Mountain,
Nevada. Earth and Planetary Science
Letters 300: 287-298
Peck WH, Valley JW, Wilde SA, Graham
CM (2001) Oxygen isotope ratios and
rare earth elements in 3.3 to 4.4 Ga
zircons: Ion microprobe evidence for
high δ18O continental crust and oceans
in the Early Archean. Geochimica et
Cosmochimica Acta 65: 4215-4299
Pidgeon RT, Nemchin AA (2006) High
abundance of early Archean grains and
the age distribution of detrital zircons
in a sillimanite-bearing quartzite
from Mt Narryer, Western Australia.
Precambrian Research 150: 201-220
Rasmussen B, Fletcher IR, Muhling
JR (2011a) Response of xenotime to
prograde metamorphism. Contributions
to Mineralogy and Petrology 162:
1259-1277
Rasmussen B, Fletcher IR, Muhling
JR, Gregory CJ, Wilde SA (2011b)
Metamorphic replacement of mineral
inclusions in detrital zircon from Jack
Hills, Australia: Implications for the
Hadean Earth. Geology 39: 1143-1146
Scherer EE, Whitehouse MJ, Münker C
(2007) Zircon as a monitor of crustal
growth. Elements 3: 19-24

Kramers JD (2007) Hierarchical Earth
accretion and the Hadean Eon. Journal
of the Geological Society 164: 3-17

Tatsumoto M, Premo WR, Unruh DM
(1987) Origin of lead from green glass
of Apollo 15426: A search for primitive lunar lead. Journal of Geophysical
Research 92: E361-E371

Kusiak MA, Whitehouse MJ, Wilde
SA, Nemchin AA, Clark C (2013)
Mobilization of radiogenic Pb in zircon
revealed by ion imaging: Implications
for early Earth geochronology. Geology:
G33920, doi: 10.1130/G33920

Vermeesch P (2004) How many grains
are needed for a provenance study?
Earth and Planetary Science Letters
224: 441-451

Ludwig KR, Lindsey DA, Zielinski RA,
Simmons KR (1980) U-Pb ages of
uraniferous opals and implications
for the history of beryllium, fluorine
and uranium mineralization at Spor
Mountain, Utah. Earth and Planetary
Science Letters 46: 221-232

Watson EB, Harrison TM (2005) Zircon
thermometer reveals minimum melting
conditions on earliest Earth. Science
308: 841-844

Nemchin A, Timms N, Pidgeon R,
Geisler T, Reddy S, Meyer C (2009)
Timing of crystallization of the lunar
magma ocean constrained by the oldest
zircon. Nature Geoscience 2: 133-136

37

F EBRUARY 2013

μm-cm
3D Chemical
Analysis

μ-XRF

EDS

... with the M4 TORNADO
μ-XRF spectrometer
&
the QUANTAX EDS system

5 mm

Analyze up to 12 orders of magnitude larger samples without longer measuring times using μ-XRF and
SEM/EDS with serial sectioning instead of 3D EDS focused ion beam (FIB) analysis!
The Gujba meteorite sample shown above was mapped with a M4 TORNADO μ-XRF spectrometer
(36 2D-sections). The 3D reconstruction of the μ-XRF data (voxel size: 32x32x148 μm) shows the
surfaces of Fe,Ni-metal particles in green and sulﬁdes in red. The Ni-content of the metal particles
varies from 5 wt% (dark blue) to 8 wt% (light blue). A smaller area was mapped with a QUANTAX
EDS system (21 2D-sections). The 3D reconstruction of the EDS data (voxel size:1.6x1.6x4 μm) shows
Fe (blue) and S (red).
More details can be found at: www.bruker.com/elements

Innovation with Integrity

EDS, μ-XRF

Dating the Oldest Rocks
and Minerals in the Solar System
Yuri Amelin* and Trevor R. Ireland*
1811-5209/13/0009-0039$2.50

DOI: 10.2113/gselements.9.1.39

M

eteorites originating from asteroids are the oldest-known rocks
in the Solar System, and many predate formation of the planets.
Refractory inclusions in primitive chondrites are the oldest-known
materials, and chondrules are generally a few million years younger. Igneous
achondrites and iron meteorites also formed in the first five million years of
the protoplanetary disk and escaped accretion into planets. Isotopic dates
from these meteorites serve as time markers for the Solar System’s earliest
history. Because of the unique environments in the protoplanetary disk, dating
the earliest meteorites has its own opportunities and challenges, different
from those of terrestrial geochronology.
KEYWORDS : Solar System, meteorites, protoplanetary disk, extinct radionuclides,
U–Pb dating, isotopic dating

INTRODUCTION

supporting information about
metamorphism, aqueous alteration
and shock history, necessary to
validate the ages. In this paper, we
discuss how the ages of the oldest
solids are determined and how
researchers are striving to improve
understanding of the sequence
of events that converted a dense
clump in an interstellar molecular
cloud into the planetary system we
inhabit. Our review is complementary to the recent reviews of the
early Solar System that are mainly
concerned with the processes and
application of the age data (Kleine
and Rudge 2011) or with analytical
techniques (Zinner et al. 2011).

Understanding the processes that transformed a cloud of
interstellar gas into our Solar System, the only planetary
system that is known to sustain life, is a key step in the
quest for our origins. Due to recent discoveries of Earth-like
exoplanets and the rapid accumulation of astronomical
observations of young stellar objects, we have obtained,
for the fi rst time in history, an opportunity to place
the formation of our Solar System in the context of an
emerging general model of formation and evolution of
planetary systems.

COSMOCHRONOLOGY, COSMOCHEMISTRY
AND STAR FORMATION

In his book On the Origin of Species, Charles Darwin referred
to the formation of our Solar System as “so simple a beginning,” but it is now realized that the beginning was not
simple at all. Most stars are born in a sequence of complex
processes in clusters within giant molecular clouds (Lada
and Lada 2003). In such dynamic and short-lived environments, accreting protoplanetary disks do not evolve in
isolation. Irradiation and influx of matter from nearby
massive stars can change the structure and composition of
the protoplanetary disk. The accretion of our Solar System
is seen as an assembly of hot and cold domains, pristine
dust and partially molten planetesimals that coexisted and
interacted for a short period – less than 10 million years
– some 4.5 billion years ago. Understanding the nature
of the processes involved is impossible without accurate
knowledge of their timing.

Cosmochronology is an application of the methods of
isotopic dating to extraterrestrial rocks and minerals. A
simplified view of the formation of the Solar System is
shown in FIGURE 1. It is important to note that the astronomical and cosmochemical timescales use different reference “zero” points: ignition of the star in astronomy, which
cannot be directly determined by means of isotopic dating,
and formation of the fi rst solid materials in cosmochemistry, which cannot be directly determined by means of
astronomical observations. Finding a common reference
point for the astronomical and cosmochemical timescales
is one of the main goals in the development of a general
theory of planetary system formation.

The early history of our Solar System cannot be observed
directly. It is recorded in the early minerals and rocks that
were removed from the final stages of accretion before formation of the planets. These primitive rocks are preserved in
asteroids that experienced only moderate heating and in
comets. Other asteroids that were extensively melted are
thought to be the sources of igneous meteorites.

Stars and their planetary systems form in giant molecular
clouds. In these environments, accretion disks are polluted
by ejecta and stellar winds from nearby rapidly evolving
massive stars. Freshly synthesized short-lived radionuclides
are injected into the solar nebula during the fi rst three
stages of accretion (FIG. 1). The decline in the abundance of
these radionuclides until extinction can be used for dating
early Solar System processes (Kita et al. 2005). The method
is similar to using the abundance of 14C produced by the
interaction of cosmic rays with the Earth’s atmosphere for
dating in archeology. In extinct radionuclide dating, it is

The key events of accretion and planetary growth can be
sequenced with high precision and accuracy by means of
U–Pb and extinct radionuclide dating of the oldest, best
preserved meteorites and their components, combined with
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In “terrestrial” geochronology, the development of sophisticated ways of extracting simple, closed-system parts of
crystals, and accurately analyzing them, proved much
more productive than analyzing bulk mineral fractions and
using elaborate models to interpret their isotopic systems.
Sequencing early Solar System history requires a similar
refi nement in isotopic dating. Covering the great variety
of processes that need dating requires many chronometers
and analytical techniques. Most meteorites are ultramafic
or mafic in composition, and minerals that concentrate
radioactive parent elements and effectively exclude
daughter elements, such as zircon for U–Pb, are only rarely
found in meteorites. Concentrations of parent nuclides in
meteorites and their minerals are usually very low, making
the analyses demanding. Finally, meteorites are assorted
random samples from an unknown, and possibly large,
range of parent asteroids. Under these circumstances,
the development of a coherent dating strategy is a great
challenge for the small community of cosmochronologists.

Five stages of formation and early evolution of the
Solar System: (1) Formation of dense clumps in a
giant molecular cloud. (2) The clumps collapse by gravitational
force to form a protostar; conservation of angular momentum
results in a protoplanetary disk. (3) The heating and rapid cooling
of dust creates Ca–Al-rich refractory inclusions (CAIs) and droplets
of silicate melt (chondrules). (4) Dust, CAIs and chondrules accrete
into planetesimals. (5) Oligarchic growth into planetary embryos
and planets. Possible external influences, such as radiation and
ejecta from supernovae and/or asymptotic giant branch (AGB) or
red giant stars, are shown in red. Outstanding questions with
respect to Solar System formation are shown in blue.

FIGURE 1

assumed that the radionuclide was uniformly distributed
in the solar nebula. The abundance of radionuclides is
determined from the distribution of their decay products.
The short-lived radionuclides are produced by two
dominant mechanisms: stellar nucleosynthesis followed
by injection into the nascent Solar System, and spallation,
where the breaking of larger nuclei produces radioactive
nuclear fragments, which could have occurred within the
Solar System. Identifying the production mechanisms is
not straightforward. While 10Be is produced only in spallation reactions and 60Fe only by nucleosynthesis in massive
stars, 53Mn and 26Al are produced by both stellar nucleosynthesis and irradiation (Huss et al. 2009). From U–Pb
dating combined with extinct radionuclide abundances, we
can determine at what stages of accretion freshly produced
radionuclides were added to our Solar System.

WHAT ARE WE DATING?
Three central, and closely related, questions of cosmochronology are: Which processes are we dating? Which isotopic
systems and techniques do we need to obtain those dates?
And which meteorites do we need to analyze to get the
dates of the processes we are interested in?

Which Processes?
Isotopic clocks measure the timing of the processes that
fractionate parent and daughter elements. From this
seemingly trivial notion, it follows that some processes
can be directly dated, whereas others cannot.

COSMOCHRONOLOGY
AND GEOCHRONOLOGY
Cosmochronology and geochronology share basic principles and many analytical techniques. Interaction and
exchange of experience between the two research communities are mutually enriching. Because of unique environments in the protoplanetary disk that differ from those
on the surfaces and in the interiors of the Earth and other
planets, dating the earliest meteorites and their components has its own opportunities and challenges.
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The datable processes include melt crystallization (fractionation driven by crystal–melt partitioning), metamorphism
(fractionation due to growth of new minerals in the solid
state), metasomatism (fractionation driven by solubility in
fluids), condensation and evaporation (volatility-induced
fractionation), and metal–silicate separation (fractionation
driven by the affi nity of certain elements to Fe–Ni metal as
opposed to silicate minerals, i.e. siderophile versus lithophile properties).
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Parent–daughter-element fractionations by magmatic,
metamorphic and metasomatic processes are well known
and widely used in terrestrial geochronology, whereas
fractionations by metal–silicate affi nity and by volatility
are unique to the early Solar System. Metal–silicate fractionation, such as in planetesimal core formation, influences
the 107Pd–107Ag, 60Fe– 60Ni and 182Hf–182W isotopic systems
(Kleine and Rudge 2011). Differences in volatility are
important for many parent–daughter pairs (FIG. 2). In solids
that condense from a cooling gas, an isotope chronometer starts measuring time when both parent and daughter
isotopes are retained in the solid phase. In several parent–
daughter pairs – 26Al–26Mg, 41Ca– 41K, 129I–129Xe, and U–
Pb – parent elements are much more refractory than the
decay products, and volatility-driven fractionation can
be important for using these systems as chronometers.
Calcium–aluminum-rich inclusions (CAIs), chondrules,
and achondrites – and minerals that comprise them –
experienced both volatility-driven and igneous fractionation. In some cases, it is possible to date these processes
separately using different scales of sampling, for example,
whole-rock versus microbeam analysis of minerals.

Isotope chronometers used in early Solar System
studies arranged by volatility (the lower of the parentor daughter-element condensation temperatures). The temperatures are equilibrium condensation temperatures for a gas of Solar
System composition as given in Table 8 of Lodders (2003).

FIGURE 2

lived isotope chronometers, e.g. 92Nb– 92 Zr, 107 Pd–107Ag
and 41Ca- 41K, are used when the parent nuclide is highly
concentrated or when parent–daughter fractionation allows
good temporal leverage. Other isotopic systems, including
initial Sr, 129I–129Xe, U–Th–He and the systems based on
the decay of 244Pu, popular in the past, are now forgotten
or used only rarely. The group of chronometers based on
the decay of extant radionuclides – 87Rb– 87Sr, 147Sm–143Nd,
40Ar– 39Ar and 176Lu–176Hf – usually yield dates with ≥10 Ma
uncertainties, which are insufficient for resolving processes
in the protoplanetary disk but provide valuable information about possible late disturbances.

Several processes in the protoplanetary disk, most importantly accretion of solids into larger aggregates, planetesimal collisions and planetary accretion, do not cause
chemical fractionation of elements and therefore cannot be
dated directly. Their ages can only be bracketed or approximated using associated processes, such as the formation of
new solids from shock melt.

Which Isotopic Systems?
Four isotopic systems have become the main contributors
to modern early Solar System chronology: 207 Pb/ 206Pb
26 Al– 26 Mg, 53 Mn– 53 Cr and 182 Hf–182 W. These isotopic
systems feature in recent reviews of early Solar System
chronology (Nyquist et al. 2009; Dauphas and Chaussidon
2011). Their wide applicability is based on their presence
and fractionation in a variety of minerals and rocks,
including both chondrites and achondrites. Several short-

A

Which Meteorites?
Early studies of the most common and easily available
meteorites, such as eucrites and equilibrated ordinary
chondrites, helped to establish the main benchmarks of

B

D

C

E

F

tion microscopic [secondary ion mass spectrometry (SIMS) and
laser ablation inductively coupled plasma mass spectrometry (LA–
ICP–MS)] techniques. The ages of these meteorites serve as reference points (“golden spikes”) in timescale construction. Dating
chondrules (D) in various chondrites, small CAIs in chondrites other
than CV chondrites (E) and ultramafic achondrites (F) is more diffi cult, and often requires in situ high-resolution analyses. The names
of the meteorites are indicated. Scale bars are 2 mm long.

Some meteorites are better suited for age determinations than others. Angrites (A), eucrite-like achondrites (B) and large CAIs in CV chondrites (C) can be dated with
U–Pb and one or more extinct radionuclide chronometers using
both high-precision macroscopic [isotope dilution thermal ionization mass spectrometry (ID-TIMS) and multicollector inductively
coupled plasma mass spectrometry (MC–ICP–MS)] and high-resolu-

FIGURE 3
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early Solar System evolution. Eventually it became clear
that their geological history was very complex and eventful,
and meteorites of other classes, although rare, are better
suited for high-resolution dating of the stages of nebular
condensation and accretion.

HOW WELL DO WE KNOW
THE FOUNDATIONS?
It was thought, until recently, that the rates of decay of
radionuclides used in cosmochronology were well known
and that the isotopic ratios of elements are constant, apart
from the accumulation of decay products and relatively
minor mass-dependent fractionation. These tenets have
been reexamined in several recent studies.

The modern chronology of Solar System formation is
based primarily on the studies of three groups of materials
(FIG. 3): (1) a relatively small number of exceptionally old
and well-preserved igneous meteorites, such as angrites,
anomalous eucrite-like meteorites and some unclassified
basaltic achondrites (Wadhwa et al. 2009; Bouvier et al.
2011); (2) chondrules from well-preserved, unequilibrated
ordinary and carbonaceous chondrites; and (3) CAIs and
amoeboid olivine aggregates (AOAs) from chondrites.
Establishing accurate age relationships between these
groups of materials is among the most important goals of
early Solar System chronology.

Half-Lives of Parent Radionuclides
In the last ten years, half-lives have been precisely
redetermined for four isotopes used in early Solar System
chronology: 182Hf (Vockenhuber et al. 2004), 41Ca (Jörg et
al. 2012), 60Fe (Rugel et al. 2009) and 146Sm (Kinoshita et
al. 2012). The fi rst two papers confi rm previously accepted
values with greatly improved precision, whereas the latter
two differ substantially from the currently used values.
Obtaining reliable half-life values requires a combination
of advanced decay counting, careful control of radiochemical purity, and accurate concentration determination with
isotope dilution mass spectrometry. Many older half-life
studies lack at least one of these components, and their
results need confi rmation.

The principles of timescale construction using two
chronometers, U–Pb and the extinct radionuclide system
26Al–26Mg, are illustrated in FIGURE 4. Direct comparison of
different chronometric systems is not a trivial task. Two
isotopic clocks in the same rock can read the timing of
different events because of the differences in volatility,
diffusion rate and chemical properties of parent and
daughter elements. When we compare U–Pb and 26Al–26Mg
ages of chondrules and chondrites, we have to consider
that the parent elements may reside in different minerals.
Chondrule mesostasis is the primary host of both Al and
U, but the secondary host minerals are different: feldspar
for Al, and Ca phosphates for U. The diffusion rates of
the daughter isotopes (Pb and Mg) are also different and
mineral dependent, so that in slowly cooled meteorites
the U–Pb system in phosphates and the 26Al–26Mg system
in feldspar could have closed at different times.

Isotopic Composition of Uranium
The 238U/235U ratio, which was considered constant until
recently, is now known to be variable and offset from the
previously accepted value. Variations among the CAIs are
most prominent (Brennecka et al. 2010), and it is currently
unclear whether the 238U/235U ratio in bulk chondrites and
achondrites is variable at a smaller scale and identical to the
238U/ 235U ratio in the Earth (Bouvier et al. 2011; Brennecka
and Wadhwa 2012; Connelly et al. 2012). Revisions to the
Pb isotope chronology of meteorites, with consideration
of 238U/235U variability, are being undertaken by several

Initial abundance of 26Al in the Solar System
(not used in the age calculation)
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time of the system closure (e.g. crystallisation). Red and yellow bars
show the quantity of radioactive 26Al and radiogenic 26Mg, respectively. From the difference in isochron slopes and known rate of decay
of the radionuclide we can calculate the time interval between the
events dated by these isochrons. If the absolute age of one of these
events is known from U–Pb dating, then the time intervals based on
26
Al–26Mg isochrons can be converted into absolute ages.

Linking extinct radionuclide chronometers to absolute
time and construction of the timescale of Solar System
formation using multiple chronometers. Most U–Pb and extinct radionuclide dates in modern cosmochemistry are based on isochrons (e.g.
Kita et al. 2005), which usually give more accurate and reliable results
than model dates. Extinct radionuclide (e.g. 26Al–26Mg) isochrons yield
relative abundances of the parent radionuclide (e.g. 26Al/27Al) at the
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research groups. The U isotope ratios of many meteorites precisely dated with the 207Pb/206Pb method are still
unknown, and their determination is one of the pressing
tasks in the refi nement of early Solar System chronometry.

CONCLUSION AND OUTLOOK
The road towards a unified timescale of Solar System formation is not straight. We know more about the behaviour
of radionuclide chronometers in meteorites, possess better
tools for isotope analyses and have accumulated much
high-quality data. Some of these data are inconsistent with
previous views on the formation of the Solar System and
demand the development of new models. Recent fi ndings
remind us that the foundations of cosmochronology,
and geochronology in general, require regular inspection, reinforcement and, if necessary, rebuilding, to make
sure they are strong enough to sustain the growing body
of knowledge.

THREE TALES OF METEORITE AGES
60

Fe– 60Ni: Not a Chronometer, and No Longer
a Proof for Supernova?
60Fe– 60Ni

has recently been the most troubled of all cosmochronometers. The fi rst TIMS work by Shukolyukov and
Lugmair (1993) found that the 60Fe/56Fe abundance ratio
in eucrites was below 10 −8. Ion microprobe analyses of
chondrules (Tachibana et al. 2006) yielded much higher
60 Fe/ 56 Fe ratios, implying the need for an additional
source of 60Fe, such as a supernova, where this isotope
was produced shortly before injection into the solar nebula.
New MC–ICP–MS data for both differentiated meteorites
and chondrites indicate an 60Fe/ 56Fe ratio around 10 −8,
close to the original TIMS value (Regelous et al. 2008;
Quitté et al. 2011). The high SIMS value appears to be an
artefact of data reduction (Ogliore et al. 2011). As it stands
now, the abundance of 60Fe is consistent with the galactic
background and no longer requires an input of material to
the protosolar nebula from a nearby supernova.
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to the age of CAIs) 53Mn– 53Cr age of secondary carbonates (calcite and dolomite) in chondrites (de Leuw et al.
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that the accretion of the chondrite parent bodies was
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et al. (2012) shows that extremely old 53Mn– 53Cr ages are
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the SIMS analyses in the earlier studies. New SIMS measurements with a matrix-matched standard for accurate Mn/Cr
determination yield an age of 4563.4 +0.4/–0.5 Ma, much
younger than the earlier estimated apparent ages between
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accretion of the chondrite parent bodies and suggests an
onset of aqueous activity in the Solar System contemporaneous with early thermal metamorphism.
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CAIs: How Old Is Old?

(A) Growth of scientific knowledge, and (B)
Pb-isotope age determinations of CAIs through time.
(A) Points in the knowledge growth curve. A: Paradigm established
(the age of CAIs is known with a precision of +2/-1 Ma; Allègre et
al. 1995). A–B: New observations confirm and refine the paradigm
(further improvement in precision; Amelin et al. 2002). B–C: More
facts consistent with the previous findings (more CAI dates consistent with the earlier results; Jacobsen et al. 2008, Connelly et al.
2008). C: First observations that contradict the paradigm; understanding plunges (demonstration of variable 238U/235U increases
uncertainty in the age of CAIs; Brennecka et al. 2010). C–D: More
facts, more controversies; understanding declines further (CAI ages
disagreeing with the previous results are reported; Bouvier and
Wadhwa 2010). D: It may be possible to reconcile the observations
(first report of a CAI age corrected for measured 238U/235U; Amelin
et al. 2010). D–A’: On the way to a new paradigm (three new,
more precise 238U/235U-corrected CAI ages from another meteorite;
Connelly et al. 2012. All four 238U/235U-corrected CAI ages reported
to date are consistent).

FIGURE 5

The progress in U–Pb dating of CAIs, recognized as the
oldest macroscopic objects in the Solar System, provides an
excellent illustration of the growth of scientific knowledge
(FIG. 5). As analytical techniques progressed, the precision
and consistency of CAI ages improved to less than 1 million
years. Then the discovery of large 238U/235U variations in
CAIs (Brennecka et al. 2010) added a previously unrecognized uncertainty to the age. An attempt to remedy
the situation by applying an age correction based on an
empirical 238U/235U versus Th/U correlation for other CAIs
(Bouvier and Wadhwa 2010) made the CAI age data set
discrepant. However, four 238U/ 235U-corrected CAI dates
reported recently (Amelin et al. 2010; Connelly et al. 2012)
show excellent agreement, with a total range for the ages of
only 0.2 million years – from 4567.18 ± 0.50 Ma to 4567.38
± 0.31 Ma. This short age interval is also consistent with
uniform 26Al/27Al values close to 5*10 −5 in CAIs. Such rapid
turnover of new ideas and interpretations in the wake of
analytical innovation suggests we are on the way to a new
paradigm for condensation in the protoplanetary disk.

E LEMENTS

(B) Error bars are 2σ. Symbols: red (earlier studies), calculated
assuming 238U/235U = 137.88; grey (Bouvier and Wadhwa 2010),
calculated with 238U/235U inferred from the 238U/235U versus Th/U
correlation of Brennecka et al. (2010); blue (new studies), calculated with measured 238U/235U and its uncertainty. Meteorites: bars
with circles = Efremovka; bar with diamond = NWA 2364; bars
without symbols = Allende
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T

he Quaternary Period, by virtue of the near-surface preservation and
widespread accessibility of its environmental archives, provides fundamental data to test models of climate change, sea level variation,
geomagnetic field variation, human and faunal migration, cultural evolution
and more. Spatially disparate records of past environmental change with
subannual to multimillennial temporal resolution are compared to examine
the relative timing of events and consider causal mechanisms, and this analysis
puts great demands on the chronological tools available. Highly precise and
accurate age estimates are required, in concert with correlative tools or
chronostratigraphic markers. We focus on radioisotope chronometers (e.g.
U-series, 40Ar/39Ar and 14C) and illustrate their application in three vignettes
for which different strategies are required: (1) the dramatic decades of the
last deglaciation (~14.7 ka), (2) before and after one of the last geomagnetic excursions (~41 ka) and (3) the glacial–interglacial cycles of the Middle
Pleistocene (125–780 ka).
KEYWORDS : Quaternary geochronology, palaeoclimate, uranium-series dating,
radiocarbon dating, chronostratigraphic markers, early modern humans

Environmental archives deposited during the Quaternary
Period, that is, the last 2.6 million years, provide an
extremely important test bed for theories of Earth system
change and human evolution because they are the most
accessible, spatially comprehensive and highest-temporalresolution records of Earth’s geological history. The
Quaternary Period encompasses both the Pleistocene and
the Holocene epochs and is characterised by large global
and regional climatic swings, most notably the waxing and
waning of the Northern Hemisphere ice sheets. Accurate
time constraints are crucial for understanding connections between different processes and quantifying rates
of change across the Earth system during this time period.
The complex pattern of environmental change provides
important boundary conditions and direct comparative
evidence for modelling efforts that assess the sensitivity
of climate to both natural and anthropogenic forcing.
Time slices and temporal records of Quaternary ice sheet
dimensions, sea surface temperatures, vegetation patterns,
greenhouse gas concentrations, atmospheric dust concentrations, and much more, provide the fundamental physical
evidence interpreted in successive Intergovernmental

1 Bristol Isotope Group, School of Geographical Sciences
University of Bristol, Bristol, BS8 1SS, UK
E-mail: david.richards@bristol.ac.uk
2 Bristol Isotope Group, School of Earth Sciences
University of Bristol, Bristol, BS8 1RJ, UK
PP.
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DEVELOPING
QUATERNARY
CHRONOLOGIES

The past century saw a tremendous effort by scientists working
at local or regional scales with
a wide range of sedimentary
archives, including ocean and lake
sediments, ice cores, glacial moraines, and aeolian and cave
deposits. They have amassed a vast array of information
using a combination of numerical, correlative and stratigraphical tools to provide a complex global chronostratigraphical framework for the Quaternary Period. A century
ago, Quaternary geochronology in Europe and beyond
was reliant on correlation with the fourfold Alpine glacial
scheme of Penck and Brückner (1909) – from oldest to
youngest, the Günz, Mindel, Riss and Würm – which was
based on mapping of glacial moraines, deltaic sequences
and river terraces (FIG. 1). For many years, age constraints
for Quaternary material from many different locations
and settings across the globe were achieved by recognising depositional or erosional units in the stratigraphical record, then “counting from the top” before making
poorly constrained correlations with the Alpine scheme.
Increasingly complex records of environmental change
relied on this simple and persistent model, the temporal
axis of which was based on a crude estimate of sedimentation rates in Alpine glacial lake deltas. The duration of
interglacials was based on relative ages, calibrated against
process rates. While the Alpine glacial scheme took hold,
astronomical theories of climate change that were developed by Köppen and Milankovitch, building on the earlier
work by Croll, gained strength, and it was recognised that
ages based on orbital parameters could be applied to the ice
ages. By the mid 1940s, the groundwork had been laid for
a move to radioisotopic methods that could provide robust
age estimates, especially radiocarbon (14C) and potassium–

INTRODUCTION
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Panel on Climate Change reports.
Importantly, the Quaternary
Period provides all the available
evidence for hominin evolution
from the earliest species of the
Homo genus (Homo habilis at 2.3 Ma)
to anatomically modern humans.
The range of materials and settings
studied in Quaternary science is
vast, but chronological control
underpins nearly all efforts. There
are two major challenges: effectively synthesising widely spaced
data, and matching age-estimate
uncertainty with ever-improving
sampling resolution.
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Global correlations 100 years ago and today.
(Top) Deeley (1913) was one of the first to redraw
Penck and Brückner’s (1909) plot of alpine snowline with units of
time on the abscissa (zero on the ordinate axis represents snowline
altitude in the early 20 th century). Also labelled at the time were
the increasingly advanced cultural industries found in European
contexts (Chellean to Neolithic; the former is no longer in common
use). Interglacial durations between the Würm, Riss, Mindel and
Gunz glaciations were estimated using local denudation rates.

(Bottom) Today, we can rely on a combination of high-resolution
archives of insolation forcing (e.g. insolation at 65°N), U–Th-dated
record of monsoon intensity in speleothem calcite (e.g Hulu δ18O,
Wang et al. 2001; Sanbao δ18O, Cheng et al. 2009) and oceansediment core proxy records of ocean ice volume, where lower δ18O
corresponds to less ice volume, tuned using similar geomagnetic
intensity signals (e.g. Channell et al. 2009, 2010). Laschamp
denotes a geomagnetic excursion (SEE ALSO FIG. 3). Also illustrated is
the Matuyama-Brunhes geomagnetic reversal, from reversed (black)
to normal (white).

argon techniques via decay counting or mass spectrometry.
A major proponent of the combined use of radioisotope
and astronomical methods at this time, F. Zeuner of the
Department of Geochronology, University of London, was
sufficiently confident to state in 1946 that “though many
adjustments will be made necessary by future research,
the story revealed by the ‘calendar’ of the Pleistocene
is extremely consistent” (Zeuner 1946). The underlying
tenets of his argument remain, but there has indeed been
much refi nement, and today’s picture is significantly more
complex (FIG. 1).

and the extent to which this is matched by improvements
in accuracy is dependent upon the techniques and materials
under investigation. By way of example, Arnold and Libby
(1949) used a technique that consisted of “combustion of
about 1 ounce of wood” (i.e. 28.3 g) to achieve specific 14C
activities with uncertainties of 2–10%, whereas routine
accelerator mass spectrometry methods during the past two
decades have precisions less than 5‰ (parts per thousand)
for samples less than 50 mg – an improvement of four
orders of magnitude.

FIGURE 1

We cannot fully illustrate the vast array of methods used to
“date the past” in this short review, nor all of the geological
deposits that record temporal patterns of change or events.
Rather, we focus on three time windows for which highresolution geochronology at different scales is fundamental
to current debate. Within these time windows, we illustrate
how state-of-the-art technology has improved our understanding of the dynamics of the Earth system, highlight the
accuracy of respective methods, and stress the importance
of multiproxy evidence, time-stratigraphic markers and a
combination of synchronous geochronometers.

Dating methods based on radioactive decay are part of
what has been termed the numerical, absolute or chronometric branch of geochronology. There are also many
important relative dating techniques that rely on calibration of process rates to assign temporal constraints. We do
not review these, but acknowledge the continued advances
in, for instance, amino acid racemisation and biomolecular clocks. Also not represented here are the cosmogenic
nuclide burial and exposure dating techniques that have
revolutionised studies of landscape evolution and glacial
history, and optically stimulated luminescence dating,
which is widely applied to aeolian and fluvial sediments.

Time Window 1: Towards Decadal Resolution
during the Last Deglaciation?

Critical for all geochronological methods is the combination of precision and accuracy (Schoene et al. 2013 this
issue) and, in ideal circumstances, these measures should
match achievable sampling resolution. Since the advent of
radioisotopic dating techniques for the Quaternary Period
in the 1940s, instrumental precision has improved sizeably,
E LEMENTS

Unravelling the driving mechanisms for the repeated
pattern of transitions, or deglaciations, from cold glacial
periods with large continental ice sheets across much of
North America and Eurasia to a warmer state with ice sheets
restricted to the high Arctic and Antarctica, is one of the
main challenges to our understanding of past and future
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Tying together ice, ocean
and atmosphere records
for the last deglaciation. Ice core
records (blue) rely on annual bands and
modelled accumulation rates, whereas
corals (red) and speleothems (dark red)
can be dated using U–Th methods with
uncertainties of decades for this time
window. Top to bottom: Greenland
NGRIP ice core δ18O (Rasmussen et al.
2006), which is a proxy for local temperature; atmospheric CO2 from Southern
Hemisphere ice core (Monnin et al. 2001),
synchronised with the Northern
Hemisphere using globally well-mixed CH4
in both records; the relative age of water
mass in Southern Ocean upper circumpolar deep water determined from
deep-sea corals (Burke and Robinson
2012); the relative sea level record using
fossil corals (Deschamps et al. 2012); East
Asian monsoon intensity based on Hulu
cave speleothem calcite δ18O (Wang et al.
2001). All ages are normalised to 1950 AD.
GI-1 = Greenland Interstadial 1. Inset
photos (top to bottom): ice core, deep-sea
coral, SEM image of Acropora Palmata
coral, and speleothem. PHOTOS : HEIDI ROOP,
DANN BLACKWOOD, PETE TOMIAK AND DAVID
RICHARDS, RESPECTIVELY

FIGURE 2

annual-layer counting in respective deposits, in spite of
much higher subsampling resolutions achievable for proxy
climate evidence.

climate. The last deglaciation, between 20 and 10 thousand
years ago (ka), has been intensely studied (see Clark et al.
2012 for a recent synthesis), and a large number of highresolution climate records have provided crucial information about changes in atmospheric CO2, CH4, sea level,
routing of glacial meltwater into the ocean, temperature
and many other parameters. The initiation of this deglaciation was triggered by an increase in Northern Hemisphere
solar radiation (insolation), causing the extensive ice sheets
to reduce in area and volume, passing a threshold before
major collapse. Although Northern Hemisphere insolation
variation was gradual and monotonic during the transition
to the warm interglacial climate of the Holocene, there were
abrupt changes in climate states in both directions at the
centennial to subdecadal scale.

At lower latitudes, U–Th-dated calcium carbonate deposits
offer some of the best evidence for climate change because
centennial or better age uncertainties can be achieved.
Data obtained from these deposits can be compared with
polar ice cores to detect synchroneity, causal links and
feedback in the Earth system. FIGURE 2 illustrates a range
of such evidence from the marine and terrestrial realm
of the last deglaciation, including deep-sea corals from
the Southern Ocean, which record the extent of carbon
exchange between the atmosphere and ocean water masses
(Burke and Robinson 2012); oxygen isotope composition
(δ18O) in speleotherm calcite from the Hulu cave, China,
which reflects the intensity of the Asian monsoon (Wang
et al. 2001); and fossil surface-ocean corals, which function
as direct sea level markers (Deschamps et al. 2012).

Greenland ice cores provide the highest-resolution, continuous records of climate change during the past 100 thousand
years, and we know, on the basis of hydrogen and oxygen
isotope evidence from annually banded layers, that one of
the highest-amplitude warmings during the last deglaciation occurred in this region over a period as short as ~3
years at ~14.7 ka (Steffensen et al. 2008). However, a precise
and accurate absolute age determination for this sharp
transition to the warm period known as the Greenland
Interstadial 1 (GI-1) (see FIG. 2) is hampered by uncertainties associated with counting these layers downwards from
the top, which can incrementally accumulate uncertainties
of as much as ~200 years at such depths. In Antarctica,
where snow accumulation rates are much lower, uncertainties are greater still. Therefore, matching age uncertainty
with sampling resolution in Greenland ice cores is not yet
achievable. It is possible, however, to synchronise polar
records from both hemispheres at higher resolution by
correlating the measured signals of globally well-mixed
gases, such as CH4, in trapped bubbles in the ice, and this
has yielded very useful information about the relative
timing of temperature shifts and greenhouse gases (e.g.
Stenni et al. 2011). But to extend such temporal comparison
globally, it is crucial that we fold in independent evidence
from alternative climate-sensitive sediments, such as lake,
ocean and cave deposits from lower latitudes. Currently,
this temporal comparison is restricted to the centennial
scale during the last deglaciation, due to the combination of uncertainties in radioisotope dating methods and
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Of particular importance to the last deglaciation are
north–south changes in ocean and atmospheric circulation and feedbacks associated with greenhouse gases. It
is suggested that the transition to the GI-1 warm period
was initiated by a stronger meridional overturning circulation that provided more effective heat transport to the
Northern Hemisphere high latitudes. This could have
triggered a major Northern Hemisphere ice sheet melting
event with an initially rapid sea level rise. This change in
sea level led to the collapse of an unstable portion of the
West Antarctic Ice Sheet, resulting in further large-scale
meltwater release. Increases in atmospheric CO2 at this
time, associated with reorganisation of water masses in
the Southern Ocean, would have accelerated the melting.
Concurrent with these high-latitude shifts, synchronous
behaviour is observed at lower latitudes – for example the
Asian monsoon – with evidence of global reorganisation
of atmospheric circulation. The extent to which changes
in East Asia are driven by sea surface temperature, wind
regimes and changing coastal morphology during sea level
change remains debated, but the key advantage here is that
the U–Th chronology of this region is amongst the most
intensively studied for this period, with uncertainties of
only decades.
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Time Window 2: Chronology Across the Earth
System at 40 ka
Quaternary geochronology cuts across the disciplines
of geophysics, geochemistry, archaeology and palaeoclimatology to provide critical information about the past
dynamics of the Earth system and human evolution. Here,
we focus on a combination of numerical age estimates and
correlative tie-points associated with events at ~41 ka: the
demise of the Neanderthals, a global geomagnetic excursion, the Campanian Ignimbrite caldera-forming volcanic
supereruption in the Mediterranean and rapid, largeamplitude swings in climate.
One of the most important questions about the evolution of
our own species is the relationship between early modern
humans, after their exodus from Africa at ~60 ka (based on
the mutation rate of mitochondrial DNA), and more archaic
humans. To investigate patterns and timing of migration,
cultural or genetic exchange, and species contraction and
disappearance, we need tight chronological constraints on
the death and burial of associated organic material (e.g.
bones) and cultural artefacts (e.g. cave art). Unfortunately,
the period of 60 to 35 ka is near the limit of 14C dating
techniques, and we are hindered by a combination of
theoretical and practical barriers, including calibration
and closed-system behaviour. Recent developments in 14C
calibration and methodology and complementary evidence
from chronostratigraphic markers and U–Th methods have
provided improved constraints.
Radiocarbon dating is by far the most widely used radioisotopic chronometer for the Holocene and Late Pleistocene
epochs and is based on the extent of radioactive decay
from an assumed initial 14 C concentration. However,
the 14C timescale must be calibrated using independent
chronometers because of past variations in 14C production in the atmosphere by as much as a factor of two
during the last glacial period. This variation is a function
of secular changes in helio- and geomagnetic intensity
and the partitioning of 14C in the various reservoirs of
the ocean–atmosphere–terrestrial system. Overlapping
annually banded tree ring records of 14C provide a detailed
curve to 12.55 ka. However, extension to the practical 14C
dating limit, which is 55–60 ka after consideration of
detection limits, backgrounds and reproducibility, relies
on (1) organic and inorganic forms of calcium carbonate,
including corals, marine foraminifera and cave calcites,
each corrected for reservoir age (or initial conditions), and
(2) organic carbon, such as leaves and twigs in sedimentary archives.. Over the course of the last decade, broad
consensus has emerged regarding past 14C variation, and
the international working group INTCAL periodically
reports updated calibration curves for widespread use
after careful scrutiny. Crucially, calibration efforts rely on
a combination of independent numerical ages (U–Th, varve
counts) and correlative ages (based on comparison with
alternative dated climate records). This is not an optimal
solution, and further refi nements will emerge as new data
with tighter constraints on the atmospheric signal come
to the fore.

Tephra, geomagnetic intensity and cosmogenic
nuclide variation provide regional to global
chronostratigraphic markers. Bottom to top: A global
palaeomagnetic intensity stack based on stacked ocean cores (Laj
et al. 2004) exhibits a low during the Laschamp geomagnetic
excursion. This feature has an age of 40.7 ± 0.9 ka, based on a
compilation of radioisotopic K–Ar, Ar/Ar and U–Th ages (Singer et
al. 2009) (black horizontal bar), which compares well with the
timing of polarity changes in Black Sea sediments [virtual geomagnetic pole >45°N (normal polarity) = white, >45°S (reversed
polarity) = black] (Nowaczyk et al. 2012). Chronological control for
Black Sea sediments is constrained by (1) matching the shifts in
sedimentological parameters within the ocean cores (such as bulk
carbonate content) with patterns of temperature change in the
Greenland δ18O record (see Svenssen et al. 2008 for chronology),
and (2) 40Ar/39Ar ages for the Campanian Ignimbrite present in the
same sediment cores. Geomagentic intensity influences cosmogenic
nuclide production as evidenced by peaks in cosmogenic 10Be in ice
(Muscheler et al. 2004) and Δ14C derived from twigs and leaves in
Lake Suigetsu, Japan (Bronk Ramsey et al. 2012).

FIGURE 3

of the Earth by its magnetic field during the Laschamp
geomagnetic excursion, a field-intensity low originally
observed in a lava flow near a village of this name in the
Massif Central, France. The precise timing, magnitude
and duration of this event are still subject to investigation from an empirical and theoretical stance. For example,
the duration is important for the possible explanations for
the differences between magnetic excursions and reversals, where the former might be related to reversals in the
fluid outer core alone. Data constraints are provided by
sparsely distributed volcanic fields that trap the magnetic
signal at high resolution, combined with lower-resolution
sedimentary archives. The best current estimate for the
Laschamp excursion is 40.7 ± 0.9 ka, based on a combination of 40Ar/ 39Ar, unspiked K–Ar ages and 230 Th/ 238U
data from three lava flows in France and one in Auckland,

While secular variation in atmospheric 14 C might be
considered an unavoidable obstacle to chronological
efforts, it provides valuable information about the state of
the Earth’s geomagnetic field strength, which is a useful
global chronostratigraphic tool itself. The most outstanding
feature in the atmospheric 14C concentration curve is a
large peak representing a >50% increase between 43 and
40 ka, coincident with large-amplitude peaks in the flux
of the cosmogenic isotopes 10Be and 36Cl in polar ice cores
(FIG. 3). The cause of these peaks is the reduced shielding
E LEMENTS
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New Zealand (Singer et al. 2009). This age also agrees
with the peak of the atmospheric 14C increase observed
in organic material in the Lake Suigetsu sediment core,
Japan (Bronk Ramsey et al. 2012). Ultimately, it is envisaged
that the Laschamp excursion will become sufficiently well
constrained in terms of both age and duration that it will
become a robust and precise tie-point with accuracy and
precision at the subcentennial scale. This is particularly
important in sediment records that are lacking material
suitable for radioisotopic age determination.

development in caves of the Iberian Peninsula (FIG. 4) have
yielded U–Th ages of >41 ka, pushing back the age of the
oldest art in Europe and leaving open the possibility that
symbolic expression was not restricted to modern humans
but may have been adopted earlier by Neanderthals (Pike
et al. 2012).
Additional chronological constraints used for archaeological and climate records during the late Pleistocene are
based on volcanic tephra and their eruption ages. These may
have only a regional fi ngerprint in sedimentary archives
but are proving to be critical in establishing links between
terrestrial, ocean and ice core records (e.g. the INTIMATE
initiative; Blockley et al. 2012). Iceland-sourced tephras
are particularly useful in the North Atlantic, and material
from central and southern Italy, the Hellenic Arc and
Anatolia have proved crucial in Mediterranean settings.
Particularly important for the time window of interest
here is the Campanian Ignimbrite tephra layer, with an
40Ar/ 39Ar age estimate of 41.1 ± 2.1 ka (2σ) (Ton-That et
al. 2001). Crypto-tephra (volcanic ash layers that are not
visible to the naked eye) associated with this eruption are
emerging in disparate locations across the Mediterranean
(Lowe et al. 2012) (FIG. 4C). Researchers use these layers to
test hypotheses such as whether the combined influence of
widespread ash and a synchronous Northern Hemisphere
cold climate caused the demise of the Neanderthals. These
chronostratigraphic markers – globally well-mixed gases,
geomagnetic intensity variations and volcanic tephra – are
fundamental to understand phasing relationships across
the Earth system. The key for the future is to provide
increasingly precise and robust constraints on their timing
using radioisotope ages.

Attempts to constrain ages at the limit of 14C dating have
been improved greatly by the calibration efforts discussed
above, but also important is the isolation of the original
geochemical signal in organic remains, assuming closedsystem behaviour since the time of death. In archaeological
contexts, the dating of bone is extremely important, be
it human, animal with cut marks, or cultural artefacts,
but providing a reliable 14C age is challenging. Successive
methodological advances in separating collagen and associated biomarkers from bone are consistently yielding older
ages, suggesting earlier determinations were subject to the
effects of contamination. This has resulted in a reassessment
of numerous sites. For example, a maxilla (jaw bone) from
what is currently thought to have been an anatomically
modern human, found in Kents Cavern, UK, was originally
estimated to be ~36 ka old, but its age is now considered
to be >41 ka, based on measurements after application of
ultrafi ltration methods (Higham et al. 2011). This pushes
back the dates for the dispersal of modern humans into the
new world of Europe and demands much faster dispersal
rates across Europe after arrival from Africa at ~60 ka.
An alternative approach to dating human presence and
artistic culture is determining the age of cave art. Again,
this is fraught with difficulties because of the potential for
contamination and post-depositional alteration, but recent
attempts using U–Th methods are extremely encouraging.
Thin layers of calcite covering various stages of artistic

Time Window 3: The Combination of Isotope,
Orbital and Magnetic Chronometers in the
Middle Pleistocene
Establishing precise and accurate timescales of environmental change during the Early to Middle Pleistocene
(2.6 to 0.126 Ma) is challenging and has a long history of
revision based on a combination of astronomical, geomagnetic and isotope chronometers. When a signal response
can be unequivocally ascribed to changes in insolation
forcing, records can be aligned and tuned to provide orbital
chronologies based on a priori assumptions about phasing
relationships. However, important caveats are associated
with this method because of the potential for diachronous
response, problems with interpolation between tie-points,
and tuning to parameters using phasing relationships
that are themselves under scrutiny by the palaeoclimate
research community.

Dating humans
and human
activity during the last
glacial period. (A) Maxilla
(or jaw bone) with 3 teeth
from Kents Cavern, UK, discovered in 1927. The calibrated
age of the bone determined
after using ultrafiltration
pretreatment is 41.5–44.2 ka,
some 6 ka older than the
original age estimate. PHOTO :
TORQUAY M USEUM (B) Detail of
the Panel of Hands, El Castillo
Cave, Spain, showing red disks
and hand stencils made by
blowing or spitting paint onto
the wall. A U–Th date from a
calcite coating shows the
painting to be older than 41.4
± 0.6 ka, making it the oldestknown cave art in Europe. The
bison overlies the hands and
was therefore painted later.
PHOTO : PEDRO SAURA (C)
Scanning electron microscope
image of volcanic glass in the
Campanian Ignimbrite found
above Neanderthal finds.
PHOTO : MARK HARDIMAN /SUZANNE
MACL ACHLAN

A

FIGURE 4

B

C

E LEMENTS

A host of strategies are available for confi rming the
accuracy of timescales, and critical among them is independent corroboration between isotope chronometers (see
also Schmitz and Kuiper et al. 2013 this issue, for older
examples). As illustrated in the preceding vignette (~40 ka),
the role of independently dated tie-points (or “golden
spikes”) and correlation via volcanic tephra and geomagnetic reversals or excursions is extremely important, and
a key “golden spike” for the Quaternary is the age of the
Matuyama-Brunhes (M-B) geomagnetic reversal. Channell
et al. (2010) provide the most precise and arguably the
most accurate age for the M-B boundary, that is, 773.1 ±
0.8 ka (2σ), determined on the basis of astrochronology
and magnetic records from five widely dispersed North
Atlantic Ocean sediment cores (FIG. 1). This astronomically
derived age compares well with an 40Ar/39Ar age for the
M-B boundary recorded in lava flows from Maui (Coe et al.
2004); the 10Be spike evidenced in the EPICA Dome C ice
core, East Antarctica (Raisbeck et al. 2006); and associated
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prominent lows in geomagnetic intensity from a stacked
ocean sediment record (PISO-1500; Channell et al. 2009)
(FIG. 1).

markers are apparent, they are extremely useful, but they
are few and far between and are subject to intense scrutiny
and inevitable controversy. Often, one has to rely on sitespecific or, at best, regional tie-points, and derive ages for
chronologies based on multiple chronometers, some with
lower precisions and based on relative methods, to gain
confidence in the ages ascribed. Also, where continuous
records are involved, one must apply age–depth models
to infer ages of material deposited between tie-points. The
tools of event stratigraphy, age–depth modelling and correlation are becoming ever more prevalent as we continue
to increase the resolution of past environmental records.
Age estimates of any materials have their own ”half-life,”
or measure of longevity for providing salient information,
which depends on the quality of the material under investigation, its context and preservation, understanding of the
geochemical history, an accurate reflection of the uncertainties involved, and full documentation of all information that has been used in its derivation. We put emphasis
on the last of these because the adjustment of fundamental
parameters or algorithms used to calculate ages is inevitable
and continual update of data is required. By focussing on
the legacy of chronological data, all syntheses of past Earth
system states will be much better served.

The M-B reversal provides a useful tie-point for ocean and
terrestrial records of the Early and Middle Pleistocene, but
we require continuous records with a high density of radioisotopic ages to test astronomically tuned chronologies for
this time period. Much of the Middle Pleistocene period
is within the range of U–Th dating methods (where the
oldest age estimates possible depend on the U concentration and instrumental procedure, but can be as high
as ~750 ka); thus corals and speleothems from this time
period may offer absolutely dated climate markers. Corals
formed during high sea stands offer excellent opportunities to constrain ice-volume change, but they are limited to
short periods of the Middle Pleistocene and often experience disturbance of the U–Th isotope system, compromising age determinations in all but a few cases (Stirling
and Andersen 2009). Speleothem calcite, however, holds
excellent promise because it is often well preserved and
provides unambiguous stratigraphy (Cheng et al. 2009)
(FIG. 1). In the future, we also expect to see the presentation of similar records based on U–Pb techniques, which
can improve upon U–Th disequilibrium methods where
applied to material older than 500 ka. U–Pb-dated continental records of glacial–interglacial change based on δ18O
in speleothem calcite offer much promise, and Bajo et al.
(2012) illustrate a chronology for a sample from Corchia
Cave, Italy, with uncertainties less than ±5 ka (2σ). This
sample preserves a record of glacial terminations to beyond
750 ka and offers an excellent opportunity for comparison
with ice and ocean-sediment cores. We expect speleothem
records to become extremely important to “plug the gap” in
numerical age constraints for sedimentary climate archives
between the M-B reversal and the U–Th-dated records of
the Late Pleistocene (FIG. 1).

Postscript: What has become of Penck and Brückner’s (1909)
chronology of glacial advance in the Alps? Global correlation
of such regional climate events is no longer attempted, but
their pattern, timescales and extent remain a major focus.
Dating glacial landforms, however, is challenging and even
recent results offer only tentative conclusions. In a recent
“multidating” study of the Most Extensive Glaciation in
Switzerland by Dehnert et al. (2010), ages from 170 to 140 ka,
including luminescence ages on a sequence of deltaic foreset
beds, cosmogenic 26Al/10Be burial ages on quartz, and U–Th
ages of a carbonate crust, are correlated with the Riss glaciation of Penck and Brückner.

CONCLUSIONS

ACKNOWLEDGMENTS

We have focussed here on state-of-the-art provision of
numerical ages for records of Quaternary climate and
human evolution, some one hundred years after the
pioneering work by Penck and Brückner (1909) on the
chronology of European glaciations. We have provided
examples of chronological constraint with local, regional
and global importance. Where global chronostratigraphic

The authors have benefitted from wider discussions
at meetings associated with INTCAL, INTIMATE,
ESF-Earthtime and PALSEA, a PAGES/WUN working group.
We are grateful for the suggested improvements to the
manuscript by Brad Singer and an anonymous reviewer
and the thorough editorial guidance of Dan Condon, Mark
Schmitz and John Valley.

REFERENCES
Arnold JR, Libby WF (1949) Age determinations by radiocarbon content:
checks with samples of known age.
Science 110: 678-680
Bajo P, Drysdale R, Woodhead J,
Hellstrom J, Zanchetta G (2012)
High-resolution U–Pb dating of
an Early Pleistocene stalagmite
from Corchia Cave (central Italy).
Quaternary Geochronology 14: 5-17
Blockley SPE and 10 coauthors (2012),
Synchronisation of palaeoenvironmental records over the last 60,000
years, and an extended INTIMATE
event stratigraphy to 48,000 b2k.
Quaternary Science Reviews 36: 2-10
Bronk Ramsey C and 17 coauthors
(2012) A complete terrestrial radiocarbon record for 11.2 to 52.8 kyr B.P.
Science 338: 370-374

E LEMENTS

Burke A, Robinson LF (2012) The
Southern Ocean’s role in carbon
exchange during the last deglaciation.
Science 335: 557-561
Channell JET, Xuan C, Hodell DA (2009)
Stacking paleointensity and oxygen
isotope data for the last 1.5 Myr (PISO1500). Earth and Planetary Science
Letters 283: 14-23
Channell JET, Hodell DA, Singer BS,
Xuan C (2010) Reconciling astrochronological and 40Ar/39Ar ages for the
Matuyama-Brunhes boundary and
late Matuyama Chron. Geochemistry
Geophysics Geosystems 11: QOAA12,
doi:10.1029/2010GC003203
Cheng H, Edwards RL, Broecker WS,
Denton GH, Kong X, Wang Y, Zhang R,
Wang X (2009) Ice age terminations.
Science 326: 248-252
Clark PU and 30 coauthors (2012) Global
climate evolution during the last deglaciation. Proceedings of the National
Academy of Sciences 109: E1134-E1142

50

Coe RS, Singer BS, Pringle MS, Zhao X
(2004) Matuyama-Brunhes reversal
and Kamikatsura event on Maui: paleomagnetic directions, 40Ar/39Ar ages
and implications. Earth and Planetary
Science Letters 222: 667-684
Deeley RM (1913) North American and
European drift deposits. Geological
Magazine 10: 14-17
Dehnert, A, Preusser F, Kramers JD, Akçar
N, Kubik PW, Reber R, Schlüchter C
(2010) A multi-dating approach applied
to proglacial sediments attributed to the
Most Extensive Glaciation of the Swiss
Alps. Boreas 39: 620-632
Deschamps P, Durand N, Bard E, Hamelin
B, Camoin G, Thomas AL, Henderson
GM, Okuno J, Yokoyama Y (2012)
Ice-sheet collapse and sea-level rise at
the Bølling warming 14,600 years ago.
Nature 483: 559-564

F EBRUARY 2013

Higham TFG and 12 coauthors
(2011) The earliest evidence for
anatomically modern humans in
northwestern Europe. Nature 479:
521-524

Schmitz MD, Kuiper KF (2013)
High-precision geochronology.
Elements 9: 25-30

Laj C, Kissel C, Beer J (2004) High
resolution global paleointensity
stack since 75 kyr (GLOPIS-75)
calibrated to absolute values.
In: Channell JT et al. (eds)
Timescales of the Paleomagnetic
Field. Geophysical Monograph
Series 145, AGU, Washington, DC,
pp 255-265

Schoene B, Condon DJ, Morgan
L, McLean N (2013) Precision
and accuracy in geochronology.
Elements 9: 19-24

Lowe J and 41 coauthors (2012)
Volcanic ash layers illuminate the
resilience of Neanderthals and
early modern humans to natural
hazards. Proceedings of the
National Academy of Sciences 109:
13532-13537
Monnin E, Indermühle A,
Dällenbach A, Flückiger J, Stauffer
B, Stocker TF, Raynaud D, Barnola
J-M (2001) Atmospheric CO2
concentrations over the last glacial
termination. Science 291: 112-114
Muscheler R, Beer J, Wagner G, Laj
C, Kissel C, Raisbeck GM, Yiou
F, Kubik PW (2004) Changes in
the carbon cycle during the last
deglaciation as indicated by the
comparison of 10Be and 14C records.
Earth and Planetary Science Letters
219: 325-340
Nowaczyk NR, Arz HW, Frank U,
Kind J, Plessen B (2012) Dynamics
of the Laschamp geomagnetic excursion from Black Sea
sediments. Earth and Planetary
Science Letters 351-352: 54-69

Singer BS, Guillou H, Jicha BR Laj C,
Kissel C, Beard BL, Johnson CM
(2009) 40Ar/39Ar, K–Ar and 230 Th–
238
U dating of the Laschamp excursion: A radioisotopic tie-point for
ice core and climate chronologies.
Earth and Planetary Science Letters
286: 80-88

Rafter Radiocarbon dating services
When you seek knowledge of “a moment in time”
Rafter Radiocarbon can provide the answers. We
offer world-leading research scientists whose
research spans climate, environmental protection
and sustainability, archaeology, and geology,
supported by expert technicians and modern
equipment including a new AMS.

Steffensen JP and 19 coauthors
(2008) High-resolution Greenland
ice core data show abrupt climate
change happens in a few years.
Science 321: 680- 684

We have worked with clients world-wide for
over 50 years.

Stenni B and 39 coauthors (2011)
Expression of the bipolar see-saw
in Antarctic climate records
during the last deglaciation.
Nature Geoscience 4: 46-49

www.rafterradiocarbon.co.nz
radiocarbon@gns.cri.nz

Stirling CH, Andersen MB (2009)
Uranium-series dating of fossil
coral reefs: Extending the sea-level
record beyond the last glacial cycle.
Earth and Planetary Science Letters
284: 269-283

get the
inside
knowledge

Svenssen A and 13 coauthors
(2008) A 60 000 year Greenland
stratigraphic ice core chronology.
Climate of the Past 4: 47-57

Penck A, Brückner E (1909) Die
Alpen im Eiszeitalter. Tauchnitz,
Leipzig, 1199 pp
Pike AWG and 10 coauthors
(2012) U-series dating of
Paleolithic art in 11 caves in Spain.
Science 336: 1409-1413
Raisbeck GM, Yiou F, Cattani O,
Jouzel J (2006) 10Be evidence
for the Matuyama-Brunhes
geomagnetic reversal in the EPICA
Dome C ice core. Nature 444: 82-84
Rasmussen SO and 15 coauthors
(2006) A new Greenland ice
core chronology for the last

unlock a
moment
in time

glacial termination. Journal
of Geophysical Research
Atmospheres 111: D06102

Ton-That T, Singer B, Paterne M
(2001) 40Ar/39Ar dating of latest
Pleistocene (41 ka) marine tephra
in the Mediterranean Sea: implications for global climate records.
Earth and Planetary Science Letters
184: 645-658

Stable & Cosmogenic Isotope science

Wang YJ, Cheng H, Edwards RL, An
ZS, Wu JY, Shen C-C, Dorale JA
(2001) A high-resolution absolutedated Late Pleistocene monsoon
record from Hulu Cave, China.
Science 294: 2345-2348

Isotopes are the key to knowledge about our past,
present and our future. Our isotope analysis services
can help you unlock the answers to ecological,
geological and environmental history.

Zeuner FE (1946) Dating the Past:
An Introduction to Geochronology.
Methuen and Co., London, 444 pp

We provide carbon, nitrogen, sulphur, oxygen and
hydrogen stable isotope analysis, 10Be, 26Al, 137Cs
and 210Pb dating.
Our analysis is backed by world-leading scientists
whose research spans climate, environmental
protection and sustainability, geology, and
hydrocarbons, and is supported by expert
technicians.
www.gns.cri.nz/nic/stabloeisotopes
stableisotopes@gns.cri.nz

National Isotope Centre
30 Graceﬁeld Road
Lower Hutt 5010
PO Box 31312
Lower Hutt 5040
New Zealand
T +64-4-570 1444
F +64-4-570 4657

E LEMENTS

51

F EBRUARY 2013

Revolution and Evolution:
100 Years of U–Pb Geochronology
James M. Mattinson*
1811-5209/13/0009-0053$2.50

DOI: 10.2113/gselements.9.1.53

U

–Pb geochronology has its roots in a spectacular decade of discovery.
Within about ten years of the discovery of radioactivity in 1896, old
ideas about the nature of matter were overthrown and the seeds of
geochronology were planted. After giants of physics like Ernest Rutherford
moved on to other research, Arthur Holmes nurtured the new field of geochronology, combining physics, chemistry, and geology to produce the earliest
quantitative geologic timescale. Over the following decades, geochronology
experienced a series of revolutionary and evolutionary advances, and became
a vital part of almost all fields of geology.
K EYWORDS : geochronology, history, radioactivity, Curie, Rutherford, Holmes

Kelvin’s experiments, his friendship with Pierre Curie, and the
surprising lack of interest in
uranium rays evidently encouraged Marie Curie to study
radioactivity for her PhD. In 1898, Marie Curie discovered
that pitchblende (uranium oxide) was several times more
radioactive than pure uranium metal, and she identified
two new elements, also radioactive: polonium and radium.
Curie laboriously isolated radium for detailed study from
large amounts of uranium ore. In 1903, Pierre Curie and
Albert Laborde reported that the radioactive decay of
radium produced large amounts of heat. This stunning
result invalidated a crucial assumption in Lord Kelvin’s
calculations of the age of the Earth: that the Earth had
no internal source of heat. Meanwhile, foreshadowing a
darker side of the early research on radioactive materials,
Becquerel and Pierre Curie published a paper on burns
resulting from exposure to highly radioactive samples.
Ultimately, many of the early workers in the field would
pay a high price for their dedication.

INTRODUCTION
Humans have long attempted to calculate the age of the
Earth or of specific geologic events by studying either the
natural world or religious texts. With the discovery of
radioactivity, a new and powerful approach became available. However, it would take decades to fully exploit the
new field of “geochronology,” with better instruments and
a greater understanding of the nature of matter and the
types of geologic materials best suited for dating various
kinds of geologic events. This brief review gives a broad
overview of the revolution that created geochronology
and of some of the key evolutionary developments since
then. Caveats: (1) Since almost all of the early history of
geochronology is based on the decay of uranium and since
many of the advances in geochronology, such as mass
spectrometry and isotope dilution, were fi rst applied to the
uranium–thorium–lead (U–Th–Pb) system and then used
to exploit other decay systems, this review concentrates
on the U–Pb system. Other articles in this issue discuss
several other methods. (2) Because of length constraints,
the bibliography contains only a few specific references
and a few useful, broader historical sources.

By this time, the new field had expanded considerably
(FIG. 1). In a series of brilliant papers in 1902, Ernest
Rutherford and Frederick Soddy established that radioactivity resulted from the transformation of unstable
elements into new forms. A competing theory, that radioactive elements were somehow absorbing then releasing
energy from outside sources, soon died out. Rutherford and
Soddy derived the mathematical principles of radioactive
decay and suggested that helium (He) was a stable daughter
product of U decay. Rutherford realized that the ratio He/U
could be used to measure ages of geologic materials and
presented the fi rst dates based on radioactive decay in a
1904 lecture.

A MIRACULOUS DECADE
In late 1895, Wilhelm Roentgen discovered “X-rays,”
creating a great sensation with the public and in the scientific community. French physicist Henri Becquerel was one
of those inspired by Roentgen’s work and, in 1896, he found
that uranium compounds emitted penetrating rays similar
to Roentgen’s X-rays. He had discovered radioactivity (a
term actually coined later by the Curies). Becquerel’s
discovery triggered a spectacular decade of research that
laid the foundations of modern physics and geochronology,

In a 1906 paper, Rutherford also suggested the possibility
of U–Pb dates using the Pb/U ratio, based on a suggestion
by Bertrand Boltwood in 1905 that Pb was also a stable
daughter product of U decay. Rutherford believed that U–Pb
dates would be more reliable than He–U dates, because the
He/U ratios were commonly too low owing to the escape of
helium by diffusion. Encouraged by Rutherford, Boltwood
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but not immediately. At first,
Roentgen’s X-rays greatly overshadowed Becquerel’s “uranium rays.”
Ironically, one of the few scientists who promptly followed up
on Becquerel’s work was William
Thomson (Lord Kelvin), then 73
years old. Kelvin, whose estimates
of the age of the Earth based on
simple cooling models had been
a thorn in the side of geology for
decades, confirmed Becquerel’s
observations.
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stopped there, but Holmes, the geologist, investigated the
geologic settings of all the dated samples and produced
the beginnings of a geologic timescale. Building on this
success, Holmes (1913) published a 196-page monograph
boldly titled The Age of the Earth. The book summarizes
early efforts to determine the age of the Earth, presents
an expanded version of Holmes’s geologic timescale, from
Pleistocene to Precambrian, and gives a flavor of the rather
bitter controversies that surrounded geochronology at that
time. Ironically, many of the same geologists who considered Lord Kelvin’s estimates of the age of the Earth to be
much too young now objected that the minimum ages of
the Earth based on radioactive decay systems were much
too old!

EARLY ISOTOPIC RESEARCH
The shock waves from the discoveries of X-rays, radioactivity, and the radioactive transmutation of atoms into
different forms inspired a great outburst of research on the
nature of matter. For example, in 1911 Rutherford discovered the atomic nucleus by bombarding thin metal foils
with collimated beams of alpha particles. In 1913, Joseph
Thomson (Rutherford’s professor) built a “positive ray”
apparatus, a simple antecedent of today’s mass spectrometers, and discovered that neon had two different forms,
one with a mass of about 20 and another with a mass of
about 22. Soddy, based on a suggestion from a friend at a
dinner party, coined the term isotopes for atoms of the same
element but with different atomic masses. The existence
of the “neutron” was suggested by Rutherford in 1920 and
later confirmed experimentally by James Chadwick in 1932.
Thus, the basic picture of the atomic nucleus had been
fleshed out.

A few of the giants of the early years. From top left:
Henri Becquerel (AIP EMILIO SEGRE VISUAL A RCHIVES,
WILLIAM G. MYERS COLLECTION), Marie and Pierre Curie (AIP EMILIO SEGRE
VISUAL A RCHIVES), Ernest Rutherford on the New Zealand 100 dollar
bill (MATTINSON PHOTO), Frederick Soddy (COURTESY OF U NIVERSITY OF
FRANKFURT PHYSICS-R ELATED STAMPS), and Arthur Holmes ca. 1910 and
ca. 1960 (COURTESY OF LONDON G EOCHRONOLOGY CENTRE,
U NIVERSITY COLLEGE LONDON)

FIGURE 1

in 1907 calculated dates for 43 uranium ore samples based
on their Pb/U ratios. These fi rst published U–Pb dates,
based mostly on published classical wet chemical analyses
predating the discovery of radioactivity, ranged from
410 Ma to 2200 Ma. At this time, the rate of decay of U
was poorly known. Nevertheless, the results confi rmed the
promise of the U–Pb system. Unfortunately the dates lacked
specific geologic context, as Boltwood’s primary interest
was in confi rming that Pb was a fi nal stable product of
the decay of U.

In 1919, Francis Aston built an improved version of
Thomson’s “positive ray” instrument. Aston’s “mass
spectrograph” (FIG. 2A) used photographic plates to record
the mass spectra of elements and allowed semiquantitative measurements of isotopic ratios. After confi rming
Thomson’s work on neon, Aston went on to investigate
the isotopic composition of many elements over his career,
including “ordinary” lead from samples of lead ore in 1927
and “radiogenic” lead from uranium ore in 1929. Lead

ARTHUR HOLMES
Arthur Holmes was a small boy when radioactivity was
discovered and a teenager when the fi rst U–He and U–Pb
dates were published. He grew up with the intense excitement of the dawning of a new scientific era. Holmes
attended a “higher grade school” with a strong science
orientation and an exceptional physics teacher who used
geologic examples in many of his lectures. In 1907 Holmes
began studying physics at the Royal College of Science,
London. In his second year, Holmes renewed his interest
in geology thanks to a dynamic geology professor, William
Watts, and switched his emphasis to geology. Another
professor at the Royal College of Science was Robert Strutt,
who had published a series of careful studies on helium
in a wide variety of minerals, including zircon (the fi rst
zircon date) and sphene (titanite), narrowly losing the race
to publish the fi rst U–He ages. Holmes seized the opportunity to combine his interests in geology and radioactivity,
and began developing improved U–Pb dating techniques
under the direction of Strutt.

A

C

Holmes’s timing was particularly fortuitous. Boltwood had
returned to his primary research interest in the chemistry
of the uranium and thorium decay series, leaving the newly
born field of geochronology wide open. Almost immediately Holmes made important contributions by developing
more sensitive chemical and radiochemical techniques
for the measurement of U and Pb. Whereas Boltwood had
been limited to U-rich ore minerals, Holmes could analyze
minerals much poorer in U and Pb, such as zircon and
even feldspar. In 1911, Holmes published a series of new
U–Pb analyses and dates and also recalculated Boltwood’s
earlier U–Pb dates. Holmes, the physicist, might have
E LEMENTS
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(A) Aston’s third mass spectrograph, used for Pb
isotope analysis (COURTESY OF C AMBRIDGE PHYSICS
O UTREACH); (B) Alfred Nier with the flight tube of his 180° mass
spectrometer, used to measure the isotopic composition of uranium
(U NIVERSITY OF M INNESOTA , COURTESY OF AIP EMILIO SEGRE VISUAL A RCHIVES);
(C) for comparison, a modern SHRIMP IIe SIMS instrument (SOURCE :
G EOSCIENCE A USTRALIA)

FIGURE 2

54

F EBRUARY 2013

from the uranium ore unexpectedly contained 207 Pb.
This discovery led to the conclusion that U consisted of
not just 238U but also 235U, a minor, previously unknown
isotope that decayed to 207Pb. With the knowledge that
two different isotopes of uranium decay at different rates
to two different isotopes of lead, the basis for modern U–Pb
isotope geology and geochronology was in place.

as a product of the neutron irradiation, and concluded that
the atom had been split. Lise Meitner, a colleague of Hahn’s
who had been forced to flee Germany as a result of Nazi
persecution, and her nephew, Otto Frisch, then provided
a theoretical explanation for the new phenomenon, which
they called “fission.”
The discovery of fi ssion triggered another period of
intense research and, with the onset of World War II, the
“Manhattan Project” in the USA. An essential part of the
Manhattan Project was the development of isotope-separation techniques to concentrate 235U, the isotope of uranium
susceptible to “induced fission” by neutron irradiation. The
ability to separate isotopes would open the door to a major
breakthrough in geochronology, the “isotope dilution
method” for precise and accurate measurements of very
small amounts of a large number of elements.

NIER AND MASS SPECTROMETRY
Over the next several years, improvements in instrument
design resulted in the “mass spectrometer,” in which
photographic plates were replaced by collection and
electronic amplification of the small electrical currents
produced by the beams of positively charged ions of each
isotope. The brilliant Alfred Nier not only made major
contributions to mass spectrometer design (FIG. 2B) but
also made several discoveries that were critical to advances
in geochronology. In 1938, Nier found that the isotopic
composition of “common lead”—for example, lead from
lead ores—varied significantly. Earlier measurements of the
mean atomic mass of lead from a variety of ore samples
gave essentially identical results, leading to the assumption
that all common leads had approximately identical isotopic
compositions. Nier showed that 206Pb and 208Pb varied in
a highly correlated way that fortuitously resulted in little
or no variation in mean atomic mass. Nier proposed that
common lead was a mixture of “primeval lead” of fi xed
isotopic composition, dating to the time of the Earth’s
formation, and radiogenic lead generated by the decay of
uranium and thorium after the Earth’s formation. This
stunning conceptual leap was crucial to all subsequent
estimations of the age of the Earth.

TILTON, PATTERSON,
AND ISOTOPE DILUTION
After World War II many scientists recognized that the
discoveries from military research could be applied to a
wide range of research problems in physics, chemistry,
and geology. Harrison Brown at the University of Chicago
led a group studying trace elements in meteorites using
improved mass spectrometry techniques, neutron activation, and radiation counting. The meteorite data would, it
was anticipated, better defi ne elemental abundances in the
Solar System. Brown also hypothesized that iron meteorites
would contain lead, but very little uranium or thorium,
preserving the isotopic composition of Pb from the time
the Solar System formed and enabling a significant advance
in estimating the age of the Earth.

In 1939 Nier turned his attention to uranium and lead
in uranium ores, making accurate measurements of the
238U/ 235U and 234U/ 238U ratios of uranium and of the decay
constant for 235U. Nier and his colleagues then reported lead
isotope measurements for still more lead ores. These data
attracted the attention of E. K. Gerling, Arthur Holmes, and
Fritz Houtermans, who used them to estimate the age of the
Earth. Gerling, Holmes, and Houtermans calculated ages
for the Earth ranging from ca. 3.0 to 3.9 Ga based on the
assumption that the ore with the lowest 206Pb/204Pb and
207 Pb/ 204 Pb ratios approximated the isotopic composition
of primeval lead. This assumption was incorrect, and the
calculated ages were too low. The age of the Earth would
have to wait just a little longer!

Key members of Brown’s group included Mark Inghram,
a physicist and mass spectrometer expert, and graduate
students Clair “Pat” Patterson and George Tilton (FIG. 3A, 3B).
Patterson’s role was to develop new mass spectrometric
techniques for measuring the isotopic compositions and
concentrations of the small amounts of lead in meteorites. Tilton was to do the same for uranium and thorium.
The meteorite Pb work was slow and very demanding,
owing to the extremely low concentrations of Pb in most
meteorite samples and the prevalence of lead contamination in the environment. Meanwhile, the Chicago group
recognized that the methods they were developing for
meteorites would be ideal for analyzing minerals from
terrestrial crustal rocks, so Tilton and Patterson honed their
techniques by analyzing virtually every mineral in a ca.
1.0 Ga granite sample, including zircon (for which they
reported the fi rst zircon U–Th–Pb isotopic ages), sphene
(titanite), and apatite.

NUCLEAR FISSION AND
ISOTOPE SEPARATION
Meanwhile, other momentous discoveries in nuclear
physics were underway, with profound implications for
geochronology, both directly and indirectly. In 1933,
only months before Marie Curie’s death, her daughter
and son-in-law, Irène and Frédéric Joliot-Curie, bombarded
aluminum with alpha rays and, for the first time, artificially
transformed a stable element into a different, radioactive
element. Many labs began bombarding a wide range of
elements with various particles. Irène Joliot-Curie and
Pavel Savitch bombarded uranium with neutrons and
produced a radioactive product that appeared to have the
properties of lanthanum, ca. 100 atomic mass units (amu)
lighter than uranium. As all other experiments to date
had yielded irradiation products within a few atomic mass
units of the target element, the Joliot-Curie–Savitch result
seemed highly unlikely. Joliot-Curie and Savitch reported
their results but refrained from making any bold interpretations. The Germans Otto Hahn and Fritz Strassmann
replicated the Joliot-Curie–Savitch experiments, positively
identified barium (also ca. 100 amu lighter than uranium)
E LEMENTS

A major key to Tilton's and Patterson's work was the isotope
dilution method—the addition of a known amount of a
highly purified isotope of the element of interest to a
sample. For example, they used a known amount of highly
purified 235U as a “tracer” or “spike” to measure natural
uranium, which is over 99 percent 238U. They measured
the ratio of 235U/238U of the tracer plus sample by mass
spectrometry, allowing accurate calculation of the amount
of 238U in the sample. The same approach was used for
lead, using a tracer of a highly purified isotope of lead. The
analysis of thorium was more complex. There is only one
long-lived isotope of thorium, 232 Th, so Tilton followed
in Marie Curie’s footsteps (albeit on a smaller scale),
extracting 230 Th from uranium ore. 230 Th, like 226Ra, is a
radioactive “intermediate daughter” isotope from the decay
of 238U. From ca. 1 kg of very pure uranium ore, Tilton
laboriously extracted ca. 1 mg of 230 Th for use as a tracer.
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(A) Clair “Pat” Patterson (COURTESY OF THE A RCHIVES,
C ALIFORNIA INSTITUTE OF TECHNOLOGY); (B) George Tilton
(COURTESY OF ELIZABETH TILTON); (C) Canyon Diablo Fe–Ni meteorite
with nodules of troilite (COURTESY OF R ANDY PARRISH); (D) synthesis of
205
Pb, ca. 1986; from left: Tom Krogh, Randy Parrish, and Atomic
Energy of Canada scientist Steve Oelsher (COURTESY OF R ANDY PARRISH)

FIGURE 3

KROGH AND HYDROTHERMAL
DISSOLUTION OF ZIRCONS

Another key to success was the development of more sensitive mass spectrometric instrumentation and methods. The
mass spectrograph of Aston required ca. 10 grams of Pb for
a single analysis. The mass spectrometer of Nier required
ca. 10 milligrams of Pb. Tilton and Patterson’s improved
methods plus Mark Inghram’s more modern mass spectrometer, equipped with an electron multiplier developed a
few years earlier by James Allen, allowed them to analyze
ca. 10 micrograms of Pb—a thousandth of the amount
needed by Nier and a millionth of the amount needed by
Aston. Today, these methods are commonly referred to
as “ID-TIMS” (isotope dilution thermal ionization mass
spectrometry). With precise and accurate measurements of
Pb and U in minor accessory minerals in common crustal
rocks now in reach, a new era of geochronology began.
At about the same time as the Tilton and Patterson work
with U, Th, and Pb, isotope dilution and improved mass
spectrometers were exploited to develop the Rb–Sr and K–
Ar dating methods. For many years thereafter, the basic
U–Pb, Rb–Sr, and K–Ar methods dominated geochronology.

The mid-1960s to early 1970s brought another series of
major advances in U–Pb geochronology. In the field of mass
spectrometry, digital data acquisition replaced less accurate
manual reading of recorder charts. The development of a
silica gel–phosphoric acid “emitter” for mass spectrometry
of Pb and UO2 by Angus Cameron and colleagues allowed
a decrease in Pb sample size into the nanogram range.
Arthur Jaffey and colleagues used alpha radiation counting
on exceptionally pure isotopes of 235U and 238U to improve
the precision and accuracy of the U half-lives by an order
of magnitude. These advances set the stage for a seminal
development by Thomas Krogh (1973). The classic Tilton
et al. (1955) analyses used the materials and techniques
available at that time for the digestion of zircon, a highly
refractory mineral, i.e. decomposition in a borax-based flux
at high temperature in a platinum crucible. Large volumes
of reagents were required for the subsequent separation of
Pb and U from the flux. The Pb “blank” (the amount of
Pb introduced during processing of the sample) was large,
and severely limited precision and accuracy in general and
dating of small and/or young zircon samples in particular. Krogh took advantage of the availability of teflon™
(discovered by Roy Plunkett at Dupont) to develop a hydrothermal-dissolution technique for zircon. In the Krogh
technique, zircon, along with highly purified hydrofluoric
acid, is placed in a teflon vial. The vial is enclosed inside
a stainless steel pressure vessel and heated in an oven at
slightly below the failure point of the teflon. Typical zircon
samples could be completely digested in several days, with
a very low Pb blank. Lead blanks were further reduced by
purification of acids in an all-teflon “2-bottle still” system
designed by James Mattinson.

Meanwhile, Patterson solved the difficult issues of the
lead work on meteorites. He analyzed Pb from troilite, an
iron sulfide mineral from the Canyon Diablo (FIG. 3C) and
Henbury iron meteorites. The troilite contained abundant
Pb but almost no U or Th, and thus preserved an archive
of primordial Pb from the early Solar System, as hypothesized earlier by Brown. The troilite data, plus Pb data from
stone meteorites and young terrestrial samples, the latter
presumably a reasonable proxy for the average modern Pb
isotope composition of the Earth, gave an age for meteorites and the Earth of ca. 4.5 Ga. Arthur Holmes warmly
congratulated Patterson and his colleagues for their great
achievement. The long quest had fi nally succeeded. A fi nal
hurdle was cleared when the “Top Secret” classification of
235
U from the Manhattan Project was lifted, and Tilton,
Patterson, and their colleagues were able to publish their
results for the granite and the age of the Earth in the open
literature (e.g. Tilton et al. 1955 and Patterson et al. 1955,
respectively).

E LEMENTS

The Krogh technique, along with the highly efficient silicagel emitter and new decay constants, was a generational
breakthrough. With ongoing improvements, blanks and
sample sizes have been further reduced into the picogram
range, and precise, accurate U–Pb dating of single zircon
crystals is possible at those labs willing to do the painstak56
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ingly careful work required (for example, see Schmitz and
Kuiper 2013 this issue). Krogh made many more significant
contributions, including the production of 205Pb for isotope
dilution (FIG. 3D) and the development of an “air abrasion”
technique (Krogh 1982) that could greatly reduce, and in
some cases apparently completely eliminate, discordance
due to Pb loss from zircon. Air abrasion was so effective
that it was supplanted only recently by “chemical abrasion”
(Mattinson 2005).

solid-state electronics, advanced vacuum pumps, and
sophisticated computer control of data acquisition. The
result has been improved precision and accuracy on still
smaller samples, plus improved throughput. As analytical
capabilities improved, it became more and more important
that rigorous, statistical error analysis replace the vague
estimates of earlier generations. No one has contributed
more to this effort over the years than Ken Ludwig, whose
Isoplot program is used around the world. Also vital to
continued improvements is the EARTHTIME geochronology community initiative, started about a decade ago by
Sam Bowring, Randy Parrish, and Paul Renne. EARTHTIME
has promoted, among other things, cooperation and intercalibration of international U–Pb and Ar–Ar labs, driving
significant improvements in all participating laboratories
and making great progress on Arthur Holmes’s lifelong goal
of a highly accurate geologic timescale.

During the decade following Krogh’s development of air
abrasion, remarkable new technologies entered the field of
U–Pb zircon geochronology. In the early 1980s, microbeam
analysis by secondary ion mass spectrometry (SIMS) burst
into U–Pb geochronology (FIG. 2C), thanks largely to seminal
contributions by William Compston and James Allen. About
a decade later, U–Pb dating by the laser ablation inductively
coupled plasma mass spectrometer (LA–ICP–MS) method
arrived. Both are discussed in more detail by Nemchin et
al. (2013 this issue), so are touched on here only briefly.
Both techniques provide the spatial resolution to determine
U–Pb dates on tiny spots within individual zircon grains,
revealing and resolving the complex nature of many zircon
populations (several excellent articles that discuss relevant
aspects of zircon geochemistry and geochronology are in
the February 2007 “Zircon” issue of Elements). The history
of an individual zircon grain might include inheritance of
older zircon from a magmatic source region, a period of
new magmatic growth, plus one or more periods of later
metamorphic replacement or overgrowth. With techniques
that date entire single grains or populations of grains, such
complexities can be missed. The price of such high spatial
resolution is that precision and accuracy are about an order
of magnitude lower than for ID-TIMS. As a result, microbeam techniques alone are less useful for research that
requires the highest levels of precision and accuracy, such
as high-resolution timescale work. Many labs now use the
microbeam and ID-TIMS techniques to complement each
other, taking advantage of “the best of both worlds.”

SUMMARY
U–Pb geochronology (1) was conceived during one of
the greatest scientific revolutions in history; (2) was born
by merging physics, chemistry, and geology; (3) had a
sometimes troubled childhood and adolescence; (4) as
a young adult, matured significantly thanks to military
experience and technological advances; (5) is now widely
respected and appreciated, as are numerous younger
siblings; and (6) has almost certainly an even brighter
future.
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At about the same time as Krogh’s 1982 publication, a new
generation of TIMS instruments became commercially
available. These instruments can measure several isotopes
simultaneously using multiple collectors, advanced
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(December 2012)
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The distribution and partitioning of rare earth elements (REEs) in
intensely weathered regolith were investigated through the analysis of
REE concentrations in different particle size fractions and in different
chemically extractable phases from a lateritic regolith developed on
meta-granitoids in Jarrahdale, Western Australia.
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High concentrations of REEs were found in the silt and clay size fractions, implying hosting of REEs by secondary minerals and adsorption
on clays. The sand size fraction had the lowest concentrations but the
highest mass of REEs, showing the dilution effect of quartz and the
importance of weathering-resistant minerals in the retention of REEs.
In the ferruginous zone, Ce was predominantly hosted by gravel, suggesting that Ce was fractionated and enriched by oxidative processes,
such as the precipitation of ferric minerals.
In the sequential extraction, the residual phase contained most REEs,
indicating that the abundance and distribution of REEs are controlled
by weathering-resistant minerals. The water soluble/adsorbed/exchangeable phase was the fraction hosting the next-highest proportion of total
REEs, suggesting adsorption on clays and potential REE bioavailability.
The amorphous and crystalline Fe (hydr)oxide–bound phases preferentially hosted light and mid REEs, whereas organic matter was enriched
in heavy REEs. These fi ndings inform on the use of REEs as tracers for
regolith weathering and pedogenesis, especially when particle-sizesorting processes are involved.
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THE PRESIDENT’S CORNER
I have frequently been involved in personal
and electronic discussions on journal impact
factors (IFs) and related issues, leading to both
expected and surprising information on this
subject. This contribution is certainly not a
complete and detailed analysis of the problem.
People wishing to learn more can get further
information from the source, the Web of
Science and its Journal Citation Reports. Many
of you know that IFs appear regularly every
year, and that a journal’s IF is a measure of
Peter Komadel
the frequency with which the “average article”
in a journal has been cited in a particular year.
However, many of you may not realize that
the IF helps evaluate a journal’s relative importance, especially compared to other journals in the same field. Comparisons among journals
from different fields are less straightforward and suffer from many
factors and variables. Again, much on this can be learned from Journal
Citation Reports.

The research grant program is designed to provide partial fi nancial
support (up to $3000) to graduate students of clay science and technology for master’s and doctoral research. The travel grant program
provides partial fi nancial support to graduate students to attend the
annual meeting of the Clay Minerals Society to present results of their
research. All student members of the Clay Minerals Society are eligible
for the travel grant program. Go to the CMS website, www.clays.org,
for more information. The application deadline is 30 April 2013.

STUDENT RESEARCH SPOTLIGHT

The most frequently used IFs are those covering two-year periods. The
most recent IFs are those of 2011. They were calculated as the citations
in 2011 to articles published in two previous years, C2009 + C2010,
divided by the number of papers published in the same two years,
P2009 + P2010. The numbers for our journal, Clays and Clay Minerals,
were C2009 = 104, C2010 = 54, P2009 = 70, P2010 = 66; thus, IF2011
= (104 + 54) / (70 + 66) = 158 / 136 = 1.162.

Michael B. Meyer

Based on this, it is easy to see that the effect on the IF of the papers
published during the year differs. In our example, citations from the
fi rst issue (February 2009) contribute to the IF2011 for almost two years
while those from the last issue (December 2009) for just over one year.
This is a rough estimate because electronic versions are available for
citation before the print version appears. The positive side of the competition for higher IFs is that it encourages publishing better papers. A
large number of citations of scientifically superior papers is the desired
target of the publishers and editors of all journals. The downside is the
possibility of manipulating a journal’s IF without improving the quality
of the papers. This is also known from papers devoted to this subject
published in different electronic and paper media, including journals
with the highest IFs, such as Science. Coercive citation in the scientific
literature has recently become a serious problem that is difficult to fight
effectively. Authors may be forced to include IF-increasing citations in
the reviewed paper. Such a message can appear in the officially available Instructions for Authors, or less visibly in the individual letters to
authors. These problems are known to the CMS Executive Committee,
but we decided to avoid any specific requirements on the number of
citations. Consequently, a paper’s references are not affected by any
generally applied wish or recommendation by anyone and remain the
full responsibility of the authors.

of The Clay Minerals Society

A NNUA
NNUAL
U L ME
EETING
NG
OCTOBER 6–10, 2013

Best wishes,
Peter Komadel (peter.komadel@savba.sk)
President, The Clay Minerals Society

UNIVERSITY OF ILLINOIS
AT URBANA-CHAMPAIGN

NOMINATIONS SOUGHT FOR CMS AWARDS
The CMS gives four awards at its annual meeting. Go to the CMS website, www.clays.org, for a description of the awards and an overview of
the nomination process. The nomination deadline for the 2014
awards is March 31, 2013.

E LEMENTS

Congratulations to Michael B. Meyer for
winning a CMS Student Research Grant award.
Michael is a PhD student in the Department
of Geosciences at Virginia Polytechnic and
State University, working on a project in
paleontology with Shuhai Xiao. He received BS
degrees in geology and anthropology from
Beloit College and an MS in geology from the
University of South Florida. His research
focuses on the underlying forces that drove
early metazoan radiations, and combines field
studies, isotope analyses, body and trace fossils,
and new microinvestigative tools.

www.clays.org/annual%20meeting/
50th_annual_meeting_website/
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APPLIED GEOCHEMISTRY CALL FOR
ASSOCIATE EDITORS

FROM THE PRESIDENT
This is my inaugural letter as the incoming
president of IAGC. During my two-year term,
I expect we will see some large changes in the
Association and in the world around us. Some
of these include:

As mentioned in “From the President” (above), Ron Fuge retired as the
executive editor of Applied Geochemistry at the end of last year, after
over 19 years of dedicated service. Our new executive editor, Michael
Kersten (Johannes Gutenberg University Mainz), is looking for enthusiastic new associate editors for the journal. If you are interested, please
e-mail Michael directly at kersten@uni-mainz.de.

 Changes in our official journal,
Applied Geochemistry

Rich Wanty

 As scientists we live in an ever-changing
world, with publications venues, communications, technology, etc. One of the benefits
of being an IAGC member is being part of a
global network of colleagues, organized for
our mutual advancement and maintaining
the excellence of our science.

SUCCESSFUL URBAN GEOCHEMISTRY
SESSION AT GSA CONFERENCE
The IAGC and the newly reorganized Urban Geochemistry Working
Group sponsored the fi rst “Urban Geochemistry” session at the annual
Geological Society of America meeting in Charlotte, North Carolina,
in November 2012. It is planned to hold other sessions on this theme
at future GSA meetings. There were 11 oral presentations and 11 posters
on a very wide array of topics, ranging from the concern for potential
lead contamination from urban gardening to the impacts of urban
disasters on human health. A number of themes were evident from the
presentations. They included: (1) the presence of geochemical inhomogeneities in the urban setting and ways to deal with them in the design
of hypotheses, sampling campaigns, and data analysis; (2) the nature
of “background” concentrations in urban environments; (3) the potentially harmful concentrations of chemicals in many urban areas; (4) the
need to link geochemistry to human health risks; (5) the influence of
the legacy of human development in time and space and its interplay
with environmental policy and technological innovation; and (6) the
need to better characterize the chemistry of complex urban materials.

 Turnover in our Board of Officers and Council, as members’ terms
are completed and new members step up to volunteer
 As time marches on, happily welcoming new young members and
unfortunately saying sad goodbyes to others
The biggest and most immediate change is that our Applied Geochemistry
editor, Ron Fuge, is stepping down after more than 19 years on the job.
I have had the great fortune to be a friend of Ron’s for some time, and
it really is not possible to say thank you in a sufficient way. From my
perch in Denver, Colorado, I am removed from Ron by 7 time zones,
but frequently I get messages from him when it is approaching (or past)
midnight in Aberystwyth, Wales, or on weekends, holidays…you name
it. Under Ron’s tenure, our journal’s impact factor has increased from
below 1 to significantly over 2, and the number of papers submitted
annually has more than quadrupled. Ron’s dedication to our journal
and our society has been beyond exemplary. Whether you have published in Applied Geochemistry or not, we all owe Ron a huge debt of
gratitude. Our sincere thanks also go to Michael Kersten, the new editor
in chief of Applied Geochemistry. Michael volunteered to take Ron’s position and was IAGC’s nomination to succeed Ron. We all appreciate his
willingness to serve in this most important capacity. I look forward to
getting to know Michael and working with him. Of course, as some of
us rotate into new positions, others are transitioning out. Clemens
Reimann has been our president the past two years and has done a
marvelous job of maintaining the Association in excellent health,
including negotiating our current contract agreement with Elsevier,
which helps support the day-to-day operations of the Association and
also funds the graduate student research grant program and the working
group meetings that the Association supports fi nancially. Clemens now
begins a two-year term as past president, and I look forward to continuing to learn from his experience. Russ Harmon is transitioning out
of the past president position, and I cannot thank Russ enough for his
dedication to IAGC and for all his hard work over the past 20 years.
Russ continues to be an extraordinarily valuable asset to the Association,
and he is currently working on the next version of our contract with
Elsevier. Fortunately, Tom Bullen will remain on as secretary and Berry
Lyons as treasurer, and we are all supported by the dedicated work of
Chris Gardner, manager of our business office. One of the things that
continually strengthens our scientific network is communication
amongst us. This can take a variety of forms, from Elements to the IAGC
Newsletter, to attending working group meetings, or to a simple e-mail.
With that in mind, I am always open to suggestions/comments, or
anything else. Please e-mail me at rwanty@usgs.gov. I look forward to
working with all of you.

W. Berry Lyons (The Ohio State University)
and David T. Long (Michigan State University)

APPLIED ISOTOPE GEOCHEMISTRY CONFERENCE
(AIG-10)
The 10th Applied Isotope Geochemistry Conference of the International
Association of GeoChemistry will take place on September 22–27, 2013,
in Budapest, Hungary. Early registration extends through March 31,
2013. Please visit the official conference website at www.aig10.com for
more information. Look for an official meeting announcement in the
next issue of Elements.

WATER–ROCK INTERACTION CONFERENCE (WRI-14)
REGISTRATION STILL OPEN
The 14 th Water–Rock Interaction triennial symposium of the
International Association of GeoChemistry will take place on June
9–14, 2013, in Avignon, France. Early registration has ended, but regularly priced registration remains open. Please visit www.wri14-2013.fr
and register as soon as possible!

Renew Your IAGC Membership Today!
Don’t miss any issues of Elements! Remember to renew your 2013 IAGC
membership, still only $25. Visit www.iagc-society.org and click on
Society, then Membership, today!

Rich Wanty, IAGC President
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quality assurance. Much work has been invested in establishing Mongolia
as a world leader in the production of geochemical RMs, a logical direction in view of the great economic importance the mining industry
has for this nation. A highlight of the conference was the formal
handing over of the ISO Guide 34 Certificate of Accreditation, thereby
confi rming the CGL’s high level of competence in the production of
geochemical reference materials.

COMPOSITION OF IAG’S NEW GOVERNING COUNCIL
Every three years the membership of the IAG’s Governing Council is
renewed; this is the group of people that will provide leadership for
our Association over the next triennial cycle. The officers and regular
members of Council for the period 2012 to 2015 are:
 Thomas Meisel (president)

BORON ISOTOPE MEETING

 Matt Horstwood (vice president)

An IAG-supported workshop devoted to advancing analytical methodologies and improving data intercomparability within the boron isotope
system will be held on 24–25 August 2013. The venue is the Institute
for Geosciences and Earth Resources–CNR in Pisa, Italy. The meeting
will be held immediately prior to the 2013 Goldschmidt Conference
in Florence. Trains require less than an hour to travel between the two
cities. Further information about the boron isotope workshop can be
found on the Goldschmidt 2013 website.

 Jenny Cook (hon. secretary)
 Christopher Jackson (hon. treasurer)
 Michael Wiedenbeck (immediate past president)
 Doug Miles (IAGeo Limited company secretary)

Regular Council members: Mathieu Benoit, Jérôme Chmeleff, Jacinta
Enzweiler, Klaus Peter Jochum, Cornelia Kriete, Phil Potts, Peter Webb,
Edward Williams, Stephen Wilson
IAG’s Council typically meets at six-month intervals. The fi rst meeting
of the new group was held on Friday, 16 November 2012, at the CRPG
laboratory in Nancy, France.

EARLY CAREER SCIENTIST AWARD
Again in 2012, the IAG sponsored an Early Career Scientist Award,
recognizing an outstanding contribution by a young scientist at the
Geoanalysis meeting in Búzios, Brazil. We are very pleased to announce
that the winner of this year’s award is Marcela Camargo Matteuzzo
from the Universidade Federal de Ouro Preto (Brazil)/Université AixMarseille III (France). She and her coworkers presented a poster entitled
“Assessment of the Relationship between δ18O Freshwater Sponge
Spicules and δ18O Pond Water for Paleoenvironmental Purpose: A
Modern Case Study (Lagoa Verde-MG, Brazil).” The IAG congratulates
Ms Matteuzzo for her excellent contribution to the field of
geoanalysis.

Some of the members who attended the first meeting of the newly seated Council
in November 2012, at the CRPG, Nancy, France

CONFERENCE ON MINERAL RESOURCES
AND REFERENCE MATERIALS
The Central Geological Laboratory (CGL) of Mongolia has been closely
affiliated with the IAG since 2008, with a focus on collaborative efforts
to develop and certify the highest-quality geochemical reference materials (RMs). On 27–28 November 2012, the CGL hosted the 2nd
International Conference on Mineral Resources – Reference Material in
Ulaanbaatar. This event was attended by over 100 delegates, including
scientists, metrologists, and reference material providers from seven
nations. The major themes of the two-day event included recent innovations in the production of geochemical RMs, trends in industrial demand
for new RMs, and proper strategies for using RMs as a tool for worldwide

Marcela Matteuzzo with her award-winning poster at the Geoanalysis 2012 meeting
in Búzios, Brazil

GEOANALYSIS 2015
Geoanalysis 2015, the ninth
gathering in this conference
series, will be held in
Leoben, Austria.
The conference will be held
on 8–14 August 2015.
Preliminary information
is available at
www.geoanalysis.info.

Group photograph taken during the “Mineral Resources – Reference Material” conference held in Ulaanbaatar, Mongolia

E LEMENTS

61

F EBRUARY 2013

Japan Association of Mineralogical Sciences
http://jams.la.coocan.jp
FROM THE PRESIDENT

INVITATION TO THE JAPAN GEOSCIENCE
UNION MEETING 2013

First of all, I thank many people all around
the world who have helped and encouraged
the Japanese people and Japan since the
Tohoku earthquake, subsequent tsunami, and
the accident at the Fukushima Daiichi nuclear
power plant. We had nearly 200,000 victims,
mainly from the tsunami, and hundreds of
thousands of refugees were displaced from
their homes by the tsunami and the nuclear
accident.

We are pleased to inform you that the annual meeting of the Japan
Geoscience Union will be held on 19–24 May 2013 at Makuhari Messe,
Chiba, Japan. More than 40 international sessions will be held. A preliminary list of the international sessions related to the mineralogical
and petrological sciences follows. More information is available at www.
jpgu.org/meeting_e/.
 Planetary processes from meteorites and experimental work

A year has already passed since we joined the
Elements family. In 2011, led by former president Eiji Ohtani, the Society made several
innovations. Participation in Elements was one of these and had been
our long-standing desire; just after the foundation of Elements, we had
been invited to join the Elements family. I am very happy that we can
now show our activities through Elements to people involved in mineralogy and geochemistry around the world. Readers may have already
recognized that our Society has members with a wide variety of interests, including the Earth’s core, mantle, crust, and surface, as well as
other planets. In addition, some members are working on synthesized
materials, microbes, the atmosphere (ancient and modern), and especially global environments.

 Subsurface mass transport and
environmental assessment

Takashi Murakami

 Global earthquake and volcanic
eruption risks in the Asia-Pacific
region (G-EVER)
 Trench slip in megathrust
earthquakes
 Mineral physics and dynamics of
deep planetary interiors
 Origin, evolution, and destruction of oceanic plates
 Geofluids and their roles in the dynamics of the Earth’s interior

I just want to touch on our journal, the Journal of Mineralogical and
Petrological Sciences. Like Elements, our journal is bimonthly. This is one
of the reasons why we display the contents of the latest issue in our
Society News column. If you are interested in any of the articles, just
visit the journal’s home page (http://jams.la.coocan.jp/jmps.htm),
where you can access them for free!

 Collision, subduction, and metamorphic processes
 Geodynamics of off-arc volcanism and back-arc opening
 Deep carbon cycle
 Evolution of continental crust and
Project IBM

Takashi Murakami (murakami@eps.s.u-tokyo.ac.jp)
President, Japan Association of Mineralogical Sciences

 Biocalcification and
the geochemistry
of proxies

JOURNAL OF MINERALOGICAL AND PETROLOGICAL
SCIENCES, VOL. 107, NO. 6, DECEMBER 2012
Oxidation state of Fe in olivine in andesitic scoria from Kasayama
volcano, Hagi, Yamaguchi Prefecture, Japan
TERUMI EJIMA, M ASAHIDE AKASAKA, TAKASHI NAGAO, AND HIROAKI OHFUJI
Structural relations and pseudosymmetries in the andorite
homologous series
M ASSIMO NESPOLO, TOHRU OZAWA, YUSUKE KAWASAKI, AND K AZUMASA
SUGIYAMA
Size distribution of ferrihydrite aggregate and its implication for
metal adsorption and transport
H ARUKA TSUBAKI, TAKUMI SAITO, AND TAKASHI MURAKAMI
Geochemical and Os isotopic characteristics of a fresh harzburgite
in the Hayachine-Miyamori ophiolite: Evidence for melting under
influx of carbonate-rich silicate melt in an infant arc environment
M A SA KO YOSHIK AWA, K AT SU HIKO SUZUKI, TOMOY U K I SHIBATA,
AND K AZUHITO OZAWA
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SPECIAL ISSUE OF METEORITICS
& PLANETARY SCIENCES

2013 INCOMING PRESIDENT’S ADDRESS
It is with great pleasure that I take over as president
of the Meteoritical Society. Before saying any
more, I should thank Professor Ed Scott from the
University of Hawai‘i for his presidency over the
past two years. During this time, the Meteoritical
Society has taken an active role in the production
of Elements, to the great benefit of the Society.
I have been a member of the Meteoritical Society
for more years than I care to remember, and I have
served on Council, fi rst as a councilor and then
as secretary in the early 1990s. The fi rst conference I attended was a
Meteoritical Society meeting, and I was struck by the friendliness of
the Society and how inclusive that initial meeting was. As a mere PhD
student, I was impressed by how respectfully my contribution (on
carbon in ordinary chondrites) was received. Over the years, the Society
has got much bigger, but I think it still retains that feeling of inclusiveness. Certainly the very specialized study of meteorites brings people
together, but we are now a very diverse community of people studying
meteorites, as we relate them to their parent objects and put what we
learn from meteorites in a much broader astronomical context. I look
forward to my two years as president of the Society, and I especially
look forward to meeting the many students who attend Society meetings.
Monica Grady

Klaus Keil

T he December issue of
Meteoritics & Planetary Science
contains 25 articles from the
Workshop on the Formation of
the First Solids in the Solar
System, which took place on the
island of Kaua‘i, Hawai‘i, in November 2011. The meeting and the issue
honored Klaus Keil for his distinguished career in meteoritics and
cosmochemistry. The papers deal with the origin of the oldest solids
(refractory inclusions, chondrules, and melted planetesimals), theoretical studies of the earliest stages in the formation of the Solar System,
the abundance of short-lived isotopes and implications for dating the
earliest solids, and stable isotope anomalies and their relation to shortlived isotopes. The special issue of MAPS also contains an oral history
recorded by Derek Sears with Klaus Keil, who celebrated his 78th
birthday last November and who retired (at least formally) last July.

This particular issue of Elements concerns 100 years of geochronology.
Of course, chronological studies depend on meteorites as the baseline
against which other planetary bodies are compared, and future generations of meteoriticists will be making sure that in 100 years time we
will still be celebrating what we learn about the planetary systems
through the study of meteorites.
Monica Grady (Monica.Grady@open.ac.uk)
President 2013–2014, The Meteoritical Society

OFFICERS AND COUNCIL MEMBERS

ANNUAL MEETING SCHEDULE
 2013: Edmonton, Alberta, Canada, July 29–August 2
 2014: Casablanca, Morocco, September 7–14
 2015: Berkeley, California, USA, July 27–31
 2016: Berlin, Germany, August 7–12

From left to right, Vice President Michael Zolensky, Secretary Greg Hergoz,
Treasurer Rhian Jones, and Past President Ed Scott

RENEW YOUR MEMBERSHIP NOW!

Michael Zolensky, NASA Johnson Space Center, is the new incoming
vice president of the Meteoritical Society. He joins President Monica
Grady of the Open University, Secretary Greg Herzog of Rutgers
University, Treasurer Rhian Jones of the University of New Mexico, and
Past President Ed Scott in leading the Meteoritical Society through the
next two years.

Please renew by March 31, 2013; after that date, a $15 late fee will be
assessed. You can renew online at http://metsoc.meteoriticalsociety.net.

Correction: The Meteoritical Society News in the December
2012 issue of Elements incorrectly listed the home institution of
Nier Prize winner Frederic Moynier as the University of Chicago.
Frederic is actually at Washington University in St. Louis. Our
apologies to Frederic!

The Meteoritical Society Council will consist of Nancy Chabot (Johns
Hopkins University Applied Physics Lab, Laurel, Maryland, USA),
Hasnaa Chennaoui (Hassan II University, Casablanca, Morocco), Luigi
Folco (Museo Nazionale dell’ Antartide, University of Siena, Italy), Jay
Melosh (Purdue University, West Lafayette, Indiana, USA), Larry Nittler
(Carnegie Institution, Washington, DC, USA), Maria Schönbächler (ETH
Zürich, Switzerland), Kevin Righter (NASA Johnson Space Center,
Houston, Texas, USA), and Hisayoshi Yurimoto (Hokkaido University,
Sapporo, Japan).
E LEMENTS
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Mineralogical Society of Great Britain and Ireland
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Conference plan
 Pre-conference workshop on in
situ analytical techniques,
Saturday, 31 August and Sunday,
1 September. The workshop will
include presentations by Matt
Horstwood (LA-MC-ICPMS),
Bruce Charlier (NanoSIMS,
microdrilling for isotope geochemistry), Richard Hinton
(SIMS and HR-SIMS), Nick
Roberts (LA-HR-ICPMS), James
Darling (EBSD for in situ sampling strategies), Sarah Sherlock
(in situ Ar–Ar geochronology)
and Ben Buse (FEG-EPMA).
 Icebreaker, Sunday, 1
September (barbecue),
Portsmouth
 Main oral sessions (one focused linear session rather than multiple parallel sessions), 2–4 September, with poster sessions
 Conference dinner, Tuesday, 3 September, on HMS Warrior,
Portsmouth (www.hmswarrior.org)
 Post-conference fieldtrip to Guernsey, Sark and Brittany,
5–12 September
 Post-conference fieldtrip to NW Scotland (Lewisian Complex),
5–12 September

SOCIETY MEETINGS GO FROM STRENGTH
TO STRENGTH
In January 2013, the Volcanic and Magmatic Studies Group held its
largest ever gathering, in Bristol, UK, with 240 delegates. Also in
January, we supported the annual Mineral Deposits Studies Group conference, held in Leicester, UK, another storming success, with over
220 delegates.
The Society is also working hard at preparing for a new event, “Minerals
for Life: Overcoming Resource Constraints” (17–19 June 2013, www.
minersoc.org/minerals-for-life.html; see next page), at which we aim
to reach out to new communities to discuss applications of minerals.
There is huge interest, and several of the Society special interest groups
are involved.
In March we are supporting the conference “Volcanism, Impacts and
Mass Extinctions: Causes and Effects” (27–29 March 2013), which will
be held at the Natural History Museum (details at www.minersoc.org/
mass-extinctions.html).
Below, you can fi nd details about yet another important meeting, this
one being organized by the Metamorphic Studies Group, with support
from others, including the Volcanic and Magmatic Studies Group.
A key part of the Society’s mission is to support such activities, and it
is wonderful to see the number of participants at these events.
In order to ensure the ongoing health and success of our special interest
groups (SIGs), MSGBI President Jon Davidson has initiated discussions
about their future structure and organization. This will take place in
the late spring/early summer of 2013. All our SIGs will be represented.
If you are interested in coming along but don’t currently have an active
role in a SIG, please contact Kevin Murphy (kevin@minersoc.org). Your
input is sought and welcome.

We intend this to be an open and collaborative meeting, with plenty
of time for discussion leading to some real agreement on the state of
the art and any key missing areas of research and collaboration. To
facilitate this, our plan is for theme leaders to summarize the main
points arising from contributions during the conference. A panel of
theme leaders will then discuss suggestions of key questions arising,
areas of collaboration that could address any key questions and resources
that may be required. They may then make recommendations, which
could include publications, collaborative working parties and future
meetings/workshops. They will address the delegation with their fi ndings and open up the floor for discussion.

CALL FOR NOMINATIONS FOR SOCIETY MEDALS
The deadline for making nominations for
the Society medals for 2014 is April 26, 2013.
Please visit the awards page on the Society
website (www.minersoc.org/awards.html) for
details about how to make a nomination.

Convenors: Craig Storey (craig.storey@port.ac.uk), Mike Fowler (mike.
fowler@port.ac.uk), Rob Strachan (rob.strachan@port.ac.uk), James
Darling (james.darling@port.ac.uk) and Emilie Bruand (emilie.bruand@
port.ac.uk), University of Portsmouth; Metamorphic Studies Group
(p.treloar@kingston.ac.uk)
Website: www.port.ac.uk/special/buildingstrongcontinents/

“MINERALS AS MATERIALS” MEETING

“BUILDING STRONG CONTINENTS” MEETING

After a false dawn or two, physicist colleagues at the CERN Hadron
Collider have fi nally confi rmed the existence of the Higgs boson. This
elusive particle plays quite an important role in the world of matter
because it gives mass to atoms. A carefully coordinated public relations
campaign has secured worldwide press coverage for this work and will
go some way to secure future funding for the institution and the people
employed there.

The Metamorphic Studies Group (a joint special interest group of the
Mineralogical Society and the Geological Society) is hosting an international, interdisciplinary, three-day meeting called “Building Strong
Continents,” which will focus on the geochemical, geophysical and
geobiological processes that have governed the evolution of the continental crust through time. These processes include, but are not limited
to, metamorphic, igneous, structural, sedimentological and biological,
and their interrelationships, and the meeting aims to attract key
researchers within these different themes. “Building Strong Continents”
will offer a world-class programme of presentations and discussions
designed to foster interdisciplinary research into continental
crust evolution.

E LEMENTS

The world of mineralogy rarely presents itself in such a bright light
(apologies for the pun). It isn’t just the general public who suffer from
the clichéd view of lab-coated boffi ns peering earnestly at a mineral
specimen using a hand lens. (Mineralogists do this of course, but it’s
not all they do!) Fellow scientists are often blissfully unaware of the
breadth of things covered by our science. It is true to say that we might
sometimes be accused of being inward looking and unaware of the
work going on in related fields, for example, materials science.
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and mineral catalysts. The topic may include any “functional” mineral
application (or mineral-derived material), such as sensors and transducers, sorbents, ion-exchange media and others.

While believing fervently in the need for continuing funding for fundamental research (the mainstay of a healthy proportion of Mineralogical
Society members for many years), we should also be prepared to consider how sizeable chunks of our science can be applied in technological
or applied science areas. In other words, a healthy balance is required.

Minerals for Environmental Protection – This theme will include both
nuclear and non-nuclear applications and consider the use of minerals
as retarding media in engineered chemical barriers, alongside physically
engineered subsurface structures such as mineral liners; permeable reactive barriers; and examples of environmental remediation in which
mineral technology has had significant impact. Carbon capture and
storage is another important part of this theme, as is CO2 remediation/
mitigation (i.e. how planned use of appropriate minerals may reduce
CO2 embodied in a process). The recycling of minerals will be addressed
here as appropriate.

The world is running short of several vital materials. The arrival of
peak oil has led many countries to revisit the need to invest more
heavily in nuclear power. Many countries have felt obliged to tackle
properly, once and for all, the need to dispose of radioactive waste safely
and correctly and with a long-term site required. How do we figure out
which is the best/safest/most cost-effective site? We are also spending
increasingly large amounts of money on alternative carbon fuels,
including gas from shales. Is it safe to do so? The debate continues.
Phosphorus is also becoming scarcer and therefore more expensive. This
has an immediate effect on the cost of agricultural fertilizer, with obvious
consequences for food-production prices.

Biological Processes in Mineral Science and Technology – The topic will
span a range of biological processes, both naturally occurring and industrially applied. These will include both biomining and bioremediation
applications, and also emerging biological synthesis routes for commercially useful materials, for example, in biomedical applications and other
areas of science of technology. Other geologically important biomineralization processes, in both prokaryotic and eukaryotic systems, will also
be of interest.

We use fine-particle clays every day, to coat our paper, to thicken the
paint on the walls in our houses, in packaging, and in slow-release medicines. Clays and carbonates are studied extensively, often for their properties more than for their composition.

We will be actively courting attendance by decision-makers from government, regulatory agencies and knowledge-transfer networks. We hope
to include a session on the final day, where a rapporteur will lead a panel
discussion on some of the key topics discussed during the meeting, with
a view to presenting the information in a digestible format to nonspecialist delegates and to helping discussion.

Man-made pollution of the biosphere is extensive and continues to grow.
How can we ameliorate the environmental problem? Key is the reduction
of CO2 emissions. Will pumping them into a hole in the ground work?
We now know that microbial action has led to or has had a significant
effect on many geological features we see today. Increasingly we discover
new ways in which microbes interact with natural materials, and this
can be used mineralogically and technologically to help us with many
of the questions outlined above.

So, this is where we are. Can you add something? Who would be a
good speaker? You? Collaboration is key here. Help shine the mineralogical light. Join us in Edinburgh next June.
Kevin Murphy and Mark Tyrer

All the points above are being actively investigated by mineralogists.
They are also being worked on by engineers, physicists, geophysicists,
geologists, geochemists, materials scientists, chemists, microbiologists,
etc. But mineralogists occupy a unique niche: they study directly, and
at scales from nano- to megascopic, the interface between natural materials and the surrounding biosphere/critical zone. It is not an exaggeration to say that mineralogists are at the centre of the action.

EUROPEAN NOTES IN MINERALOGY,
VOLUME 13: ENVIRONMENTAL MINERALOGY II
The latest volume in the EMU series has been published. Environmental Mineralogy II is a significant
revision of the fi rst edition published in 2002. The
book begins with a review of the analytical, experimental and computational methods that are of
importance in environmental mineralogy (R. A.
Wogelius and D. J. Vaughan). These include longestablished techniques used to characterize minerals and mineral associations, and the newer
methods that can be used to study very fi ne-particle solids, mineral surfaces and interactions
between mineral surfaces and fluids. Examples are
given of analytical, experimental and computational approaches applied to important mineral
systems. There follows a major section addressing what are termed “key environmental systems.” First, soils are reviewed by D. A. C. Manning in regard
to the mineralogical aspects of soil formation and anthropogenic impacts
on soils. Then the mineralogy of modern sediments is discussed by A. Aplin
and K. Taylor, including the processes of sediment formation and modification through natural mechanisms and through association with pollutants.
Microbial interactions with minerals are discussed by S. Welch and J. Banfield,
and the mineralogy of atmospheric aerosol particles are considered by M.
Pósfai and Á. Molnár. The five other major chapters are each devoted to
discussing a specific environmental problem in the context of the relevant
mineralogy. These are: metalliferous and related minewastes (D. Blowes, C.
J. Ptacek and J. Jambor), industrial and domestic waste disposal and containment (R. Hermanns Stengele and M. Plötze), nuclear waste (C. D. Curtis and
K. Morris), the buildings and monuments that constitute our collective cultural heritage (G. Chiari), and the particular relationship between minerals
and human health (H. C. W. Skinner). The book is available (£40 to institutions, £25.50 to individuals) from the Mineralogical Society’s online bookshop (www.minersoc.org) and also through the online bookshops of the
Geological Society (www.geolsoc.org.uk) and the Mineralogical Society of
America (www.minsocam.org).

At a number of recent conferences in which the Mineralogical Society
has been involved, many of the points outlined above have been dealt
with. What we need to do now is to create a forum where the different
strands of science come together to see where they overlap. What problems are chemists working on that mineralogists have already solved?
And inversely, what techniques can we apply in minerals science that
materials scientists use already? Just as significantly, perhaps, what do
scientists more familiar with working in an academic regime need to do
to relate better with those who use “minerals” as “materials”? Interaction
with that community will grow as understanding and trust increase.
To this end, the Mineralogical Society is helping to build an important
new meeting in 2013: “Minerals for Life: Overcoming Resource
Constraints.” It will be held in Edinburgh on 17–19 June 2013. We
have sought and secured input from other organizations from the sciences mentioned above: the Geological Society, IoM3, the British Zeolite
Association, the Royal Society of Chemistry and the Society for General
Microbiology. Input from regulatory agencies is also sought (Environment
Agency, SEPA, DEFRA, HSE, etc.).

The meeting will have four themes.
Strategically Important Mineral Resources – This theme will include
the sustainability of mineral resources, such as strategically important
elements (considering both primary and secondary sources), ethically/
responsibly sourced metals and gems, and related topics such as resource
recovery and management. Recycling of minerals will be addressed here
as appropriate.
Functional Materials and Minerals – This topic will include nano-,
micro- and mesoporous materials (both synthetic and natural), such as
zeolites, pillared clays and the like; thin films of (or on) mineral surfaces;
E LEMENTS
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NOTES FROM CHANTILLY

PRESIDENT’S LETTER

 MSA will use electronic balloting for its 2013 election of MSA officers
and councilors. Here is the slate of candidates.
President: David J. Vaughan; vice president: Ian
Parsons and Steven B. Shirey; secretary: Andrea
Koziol; councilors (two to be selected): Cameron
Davidson, Edward S. Grew, Philip S. Neuhoff, and
Wendy Panero. Howard W. Day continues in
office as treasurer. Continuing councilors are
Christine M. Clark, Kimberly T. Tait, Isabelle Daniel, and Kirsten P.
Nicolaysen.

Since my last letter was submitted, the MSA
Council met for a full day at the GSA 2012 fall
meeting. At the fall meeting, the officers and
councilors of the Society meet in an all-day session on the Saturday preceding the GSA conference to take up the affairs of the Society. It is
usually a long but productive day, and the
meeting in Charlotte was no exception.
Several issues of importance and interest to
Society members were discussed. Perhaps the
most important is the reincorporation of the
John M. Hughes
Society, about which all members have received
correspondence. At the fall meeting, the MSA
Council voted unanimously to prepare materials for domestication as
a Virginia corporation and to ask the membership for approval. As you
receive this issue of Elements, the voting has concluded; I will inform
MSA members of the results of the membership vote shortly after the
voting is complete. The reincorporation has been and will be a timeconsuming task, but it is necessary and will lead to a more efficient
Society in the long run.

 Guide to Thin Section Microscopy, by Michael M. Raith, Peter Raase,
and Jurgen Reinhardt, is now available in both German (Leitfaden
zur Dünnschliffmikroskopie) and Spanish (Guía de Microscopía para la
microscopía de minerales en lámina delgada) at the “Open Access
Publications” link on the MSA home page.
 All 2011 and 2012 MSA members have been contacted by mail,
electronically, or both about renewing their membership for 2013.
If you have not renewed your MSA membership, please do so. If you
have not received a notice by the time you read this, please contact
the MSA business office. You can also renew online anytime.

Another matter that the Council spent time on, at my request, was the
student membership of the Society. Currently, 832 of our 2765 members
are student members. With this increased student membership, it is
imperative that we examine ways to make the Society more relevant
to student members, and demonstrate to them the value of continuing
their membership when they become professional scientists; they are
indeed the future of the Mineralogical Society of America. Two doctoral
students joined the lively and fruitful discussion, and hopefully we as
a Society will start some initiatives during this current year. Next
summer, I intend to initiate a special appeal to our members for support of initiatives aimed at student members, and hopefully we will
see those initiatives come to fruition soon. Please contact me with any
ideas you have for making the Society attractive to our early-career
members; I would love to hear them.

J. Alex Speer (jaspeer@minsocam.org)
MSA Executive Director

MINERALOGICAL SOCIETY OF AMERICA
AND GEOCHEMICAL SOCIETY
SHORT COURSE ANNOUNCEMENT

Thermodynamics of Geothermal Fluids
23–24 August 2013 (prior to Goldschmidt 2013)
Florence, Italy

CON V ENOR S
Andri Stefánsson, University of Iceland, Reykjavík, Iceland

One other initiative that we discussed and that has succeeded remarkably is our new agreement with the American Geophysical Union
(AGU). This initiative, led by Past President Michael Hochella, brought
about an agreement with AGU wherein MSA can cosponsor sessions at
AGU meetings, and will cosponsor the AGU VGP Section (Volcanology,
Geochemistry, and Petrology) reception at fall AGU meetings. We will
also present our annual Dana Medal at that meeting. At the recent fall
AGU meeting, MSA cosponsored 20 theme sessions and presented the
2013 Dana Medal to Max W. Schmidt of ETH Zürich; we also cosponsored the joint VGP-MSA reception. This new agreement leaves our
longstanding affi liation with the Geological Society of America
unchanged, but allows those MSA members who regularly attend AGU
but not GSA to propose MSA-related sessions and increase the scientific
visibility of MSA at the fall AGU meeting.

Thomas Driesner, ETH Zürich, Switzerland
Pascale Bénézeth, CNRS, Toulouse, France
Crustal fluids play a fundamental role in the chemical and physical
processes in the Earth system, and our understanding of their geochemical behavior and reactivity is largely based on thermodynamics.
In the short course and accompanying Reviews volume, the thermodynamics of aqueous fluids over a wide range of temperatures and
pressures and spanning scales from molecular to macroscopic will be
summarized, revealing the power of thermodynamics in quantifying
geochemical and geological processes in the Earth’s crust.
Information and registration: http://www.minsocam.org

The next MSA Council meeting will be held in May at the Society’s
office in Chantilly, Virginia. A lot of work goes on between the meetings, and I will keep you apprised of that as the year progresses.
With my sincere thanks for your support of the Society,

IN MEMORIAM

John M. Hughes (jmhughes@uvm.edu)
2013 MSA President

A LEXANDER R. HOELZEL – Senior Member – 1988
ICHIRO SUNAGAWA – Senior Fellow – 1956
E LEMENTS
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RETURN OF THE MSA WORKSHOPS
GEOCHRONOLOGY PUBLICATIONS FROM MSA
After 10 years, the MSA workshop program has been “revived,” very
successfully, if the feedback we have been receiving about the Application
of Diffusion Studies to the Determination of Timescales in Geochemistry
and Petrology workshop is any indication. Held 1–5 October 2012 in
Bochum, Germany, this was the fi rst joint venture of the German and
American mineralogical societies in terms of hosting an event.

For more description and tables of contents of these books, and online ordering,
visit www.minsocam.org or contact the Mineralogical Society of America,
3635 Concorde Pkwy Ste 500, Chantilly, VA 20151-1110, USA; phone: +1
(703) 9950; fax: +1 (703) 652-9951; e-mail: business@minsocam.org.

There was a great response and registration had to be closed early, with
a long waiting list. From the originally intended 20 to 30 participants,
we had to raise the limit to 50 and then say an absolute “no.” Of the
50 people accepted, 44 actually attended (the others had last-minute
illnesses or other difficulties); they represented 17 countries, including
places as far as Brazil, Australia, and New Zealand, not to mention
many participants from North America. The group was very diverse
scientifically (volcanologists, metamorphic petrologists, igneous petrologists, experimental petrologists, and crystallographers, for example)
and in academic level (master’s students to professors). Participants
enjoyed a week of intensive academic and social exchange in a very
international milieu, and the hands-on exercises were particularly
appreciated.

The Roebling Medal is MSA’s highest award and is given for eminence
as represented by outstanding published original research
in mineralogy.

Although we in Bochum ended up spending a small bit of money from
our (departmental) pockets, this workshop was run at a fraction of the
cost it usually takes to run a short course. From feedback at the workshop, there was almost unanimous interest in seeing more activities of
this type. If you have an idea for a workshop, let the MSA Short Course
Committee know. Please contact Joanne Stubbs at stubbs@cars.uchicago.
edu.

The Distinguished Public Service Medal is presented to an individual who has provided outstanding contributions to public policy
and awareness about mineralogical topics through science.

NOMINATIONS SOUGHT FOR 2013 AWARDS

The Dana Medal recognizes continued outstanding scientific contributions through original research in the mineralogical sciences by an
individual in the midst of his or her career.
The Mineralogical Society of America Award is given for outstanding published contribution(s) prior to the 35th birthday or within
7 years of the PhD.

Society Fellowship is the recognition of a member’s significant
scientific contributions. Nomination is undertaken by one member
with two members acting as cosponsors. Form required; contact committee chair or MSA home page.

Special advantages for MSA members
publishing in American Mineralogist

Submission requirements and procedures are on MSA’s home page:
www.minsocam.org.
Nominations must be received by June 1, 2013

* Free online color
* Free e-link of their paper
* Read preprints before publication

THE MINERALOGICAL SOCIETY OF AMERICA
2014 GRANTS FOR

American MineralogistEHQH¿WVIRUallDXWKRUV
,PSDFWIDFWRURI
6XEPLVVLRQWRSXEOLFDWLRQWLPHDYHUDJHRIaPRQWKV VWGHYaPRQWKV
/HWWHUVIRUVSHFLDOIDVWWUDFNVKRUWSDSHUV
 )HDWXUH VHFWLRQV 2XWORRNV LQ (DUWK DQG 3ODQHWDU\ 0DWHULDOV 5HYLHZ$UWLFOHV
+LJKOLJKWVDQG%UHDNWKRXJKV6SHFLDO&ROOHFWLRQV
*2YHUKLWVD\HDUYLD*HR6FLHQFH:RUOGDORQH
**6:GHOLYHUVLQWHJUDWHGDFFHVVWRRQOLQHMRXUQDOV DUWLFOHV 
*2SHQDFFHVVIUHHVXSSOHPHQWDU\GDWDUHSRVLWRU\SUHSULQWV
UHSULQWVDQGHOLQNVDUHDOODYDLODEOH²ZHKDYHWKHIXOODUUD\
RIWKHODWHVWSXEOLVKLQJRSWLRQVWRKHOS\RXFRPSO\ZLWK\RXU
IXQGLQJDJHQF\¶VUHTXLUHPHQWV
:HFRPPLWWRFDULQJIRURXUDXWKRUV²HYHU\SDSHUJHWV
SHUVRQDODWWHQWLRQ

Research in Crystallography
from the Edward H. Kraus Crystallographic Research Fund
with contributions from MSA members and friends

Student Research in Mineralogy and Petrology
from an endowment created by MSA members
Selection is based on the qualifications of the
applicant; the quality, innovativeness, and scientific significance of the research as shown by a
written proposal; and the likelihood of success of
the project. There are three US$5000 grants with
no restrictions on how the funds may be spent,
as long as they are used in support of research.
Application instructions and online submission
are available on the MSA website, www.minsocam.org. Completed
applications must be submitted by June 1, 2013.

For membership and author info:
http://www.minsocam.org

American Mineralogist
An International Journal of Earth and Planetary Materials
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Geochemical Society
www.geochemsoc.org
In 2007, the Geochemical Society established a data policy (www.
geochemsoc.org/society/positionstatements/datapolicy.htm) that
spelled out a number of avenues through which geochemical data could,
and should, be presented in the era of e-publishing and online databases. Many of these suggestions were added to the author guidelines
for the journal of the Geochemical Society, Geochimica et Cosmochimica
Acta (GCA). Recognition and adoption of these new data-reporting
standards by the geochemical community has been slow, I assert,
because many do not recognize the opportunities allowed by advanced
database management, both in and outside the traditional journal. The
fi rst advantage is obvious. There are no longer any restrictions on the
amount of data that can be submitted, at least to supplemental online
repositories. Data can, and should, be submitted in digital formats, so
it is no longer necessary for an author to struggle to align decimal
points or force-fit too many columns into a single-page table, or for a
reader to hand-transcribe data from a paper table into their own digital
table. Perhaps the greatest advantage, however, is just beginning to be
realized. If submitted with proper metadata, data can be incorporated
into freely accessible online databases that allow modern search criteria,
instant downloads, and manipulation of all the available data relevant
to a given problem. As testimony to the importance the Geochemical
Society places on advanced data management, the leaders of the
EarthChem, GeoReM, GEOROC, and NAVDAT databases were recently
selected to receive the Society’s Distinguished Service Award. Recently,
GCA followed the route of several other Elsevier journals into the
“Article of the Future,” where these, and other, online community
databases are linked to individual papers so that the reader can rapidly
fi nd, map, and/or query data published elsewhere for related samples
or areas. Such changes in presentation, storage, and retrieval of geochemical data represent perhaps one of the greatest advances resulting
from the switch from paper to electronic publishing.

PAPER, ELECTRONS, AND GEOCHEMICAL DATA
Much like in the era of Gutenburg, science is
seeing a transformation in how the written word
is transmitted. The tradition of a monthly paper
journal arriving in the mail has been displaced
by more or less continuous publication of individual papers now accessed electronically through
remote library accounts. In the fi rst phase of the
transition from paper to electronic publishing,
e-papers were created that looked identical to their
Rick Carlson
paper predecessors, as editors stuck to traditional
formats dictated by the constraints of printing on
paper. Slowly, the ability to publish color figures at no cost, to link
directly to citations, to append large electronic data fi les in digital
formats, and to provide interactive figures including maps and animations has changed the e-paper.
Arguably, the most significant advance allowed by e-publishing is the
way that it can make data available. Before the onset of automated
geochemical instrumentation, papers were few enough and long enough
that complete data tables were included in the paper. As geochemical
data became more plentiful, pressure to publish more, and shorter,
papers forced much data to be shown only in figures, to be displaced
to archival repositories, often transitory, or to be relegated to the
dreaded “data available from the author” category. As a result, a tremendous amount of data, sometimes on rare materials or unique experiments, effectively was lost. The difficulty of fi nding and extracting
available data kept the important contribution of geochemical investigations from being accessed and incorporated into broader Earth
science studies.

Rick Carlson, GS President

2013 BOARD OF DIRECTORS
1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

1

Richard Carlson, President
Carnegie Institution of
Washington, USA

6

Stuart Wakeham, OGD Chair
Skidaway Institute of
Oceanography, USA

2

Barbara Sherwood Lollar,
Vice President
University of Toronto, Canada

7

3

Samuel Mukasa, Past President
University of New Hampshire, USA 8

Gesine Mollenhauer, OGD
Secretary
Alfred Wegener Institute for Polar
and Marine Research, Germany

4

Sam Savin, Treasurer
New College of Florida, USA

5

Edwin Schauble, Secretary
University of California–Los
Angeles, USA
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Ross Stevenson, Senior
Goldschmidt Officer
Université du Québec à Montréal,
Canada

9

Paul Renne, Junior Goldschmidt 13 Richard J. Walker, Director
Officer
University of Maryland, USA
Berkeley Geochronology Center,
14 Rodney Ewing, Director
USA
University of Michigan, USA
10 Marc Norman, GCA Executive
15 Catherine Jeandel, Director
Editor
University of Paris VII, France
Australian National University,
16
Edward Young, Director
Australia
University of California–Los
11 Catherine Chauvel, Director
Angeles, USA
University of Grenoble, France
12 Derek Vance, Director
ETH Zürich, Switzerland
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Société Française
de Minéralogie
et de Cristallographie

2014 BOARD ELECTIONS
Five Board positions will be voted on this fall: vice president, treasurer,
secretary, and two director positions. During the coming months, the
Nominations Committee will be seeking and vetting potential candidates. If you are interested in serving the Society in one of these roles,
please indicate your interest to the Nominations Committee chair,
Karen Hudson-Edwards (k.hudson-edwards@bbk.ac.uk) by April 30.

www.sfmc-fr.org
HAÜY-LACROIX PRIZE FOR 2012

The 2013 Nominations Committee is composed of Karen HudsonEdwards, Chair (University of London, UK), Takeshi Kakegawa
(Tohoku University, Japan), Simon Wilde (Curtin University,
Australia), Bernhard Peucker-Ehrenbrink (Woods Hole
Oceanographic Institution, USA), Adina Paytan (University of
California–Santa Cruz, USA), and Tracy Rushmer (Macquarie
University, Australia).

The 2012 Haüy-Lacroix prize, for the best French PhD thesis in mineralogy defended during the 2011 calendar year, was awarded to Frank
Bourdelle for his work entitled “Phyllosilicates as markers of the
thermal history of diagenetic and low-grade metamorphic rocks.” The
thesis was done at the Institut Français du Pétrole – Énergies Nouvelles
and the École Normale Supérieure de Paris and was supervised by Teddy
Parra and Christian Chopin; it can be downloaded at http://tel.archivesouvertes.fr/. The abstract of the thesis follows.

EMI2013 AND GRC-INTERIOR OF THE EARTH
RECEIVE MAP SUPPORT

The chemical composition of illites and
chlorites, which are ubiquitous minerals in
most diagenetic rocks, is sensitive to P–T
conditions and to bulk-rock composition.
Therefore, these minerals can serve as indicators of the burial history of sediments,
in particular in terms of their thermal history. The guiding principle of this thesis
was to consider diagenetic clays as classic
Frank Bourdelle
metamorphic minerals, i.e. to consider that
low-T clay minerals acquire new compositions in equilibrium with
temperature variations during their burial history. Based on an analytical protocol combining FIB and TEM-EDX for the fine-scale measurement of chemical compositions and grain textures, this study
shows that these low-T minerals possess an elevated intracrystalline
variability in their chemical composition at the nanometer scale.
Moreover, this work shows the suitability of TEM-EDX chemical analyses for estimating temperature variations at a very small and local
scale, and the consequences of this with respect to conventional
thermo-barometers and chemical zoning in low-T crystals. Using the
methodology developed, previously published illite thermo-barometers were tested, and a new ordered model of solid solution for chlorites was developed for Si-rich, low-T compositions. The calibration
of this new thermometer for use with various low-temperature and
low-pressure geologic environments was tested on natural chlorites
from the Texas Gulf Coast at peak metamorphic conditions (T, P measured in situ) and was shown to give accurate results, even without
Fe3+ -content estimates. This new approach was also used to identify
different thermal events and phases of chlorite crystallization in geologic units in the Swiss Alps (near Glarus). These results, compared
with those using conventional thermo-barometers, give a good representation of the burial and exhumation process for low-T rocks. To
conclude, for low-T environments, the composition of clay minerals
records the thermal conditions of crystallization and each distinct
chemical zone in a crystal records a single episode in a rock’s
P–T history.

The Program Committee has recently approved grants of US$2000 each
to Environmental Isotopes 2013 (www.emi2013.ethz.ch/) which will
be held in Ascona, Switzerland, on August 18–23, 2013; and to the
Interior of the Earth Gordon Research Conference (www.grc.org/programs.aspx?year=2013&program=interior) which will be held in South
Hadley, MA, USA, on June 2–7, 2013.
The Meeting Assistance Program was established in 2002 to allocate
up to five (5) sponsorships of up to $2,000 (US$) each ($10,000 annually) for support of geochemistry sessions/symposia at any scientific
conference of geochemical relevance. Conference representatives may
apply by sending an email with “MAP Application” in the subject line
to Seth Davis at seth.davis@geochemsoc.org. The email should include
at a minimum:
 The name, institution and contact information
of the symposium organizer(s)
 Symposium description
 Symposium budget
 Description of how the MAP funds will be used
 Description of how the symposium will acknowledge
the MAP sponsorship
Applications are reviewed and approved by the Program Committee.
Awards are distributed in United States dollars and must be distributed
to an organization (not an individual). The applicant of a funded
program should also expect to submit a postsymposium report for
publication in Elements and/or Geochemical News.

MINTEM 2012: TEM IN MINERALOGY

A Graduate and PhD Course of the SFMC

Geochemical Society Business Office
Seth Davis, Business Manager
Kathryn Hall, Administrative Assistant
Washington University in St. Louis
Earth and Planetary Sciences
One Brookings Drive, CB 1169
Saint Louis, MO 63130-4899, USA
E-mail: gsoffice@geochemsoc.org

The second edition of the MINTEM school, on the subject of transmission electron microscopy in mineralogy, was organized by the
SFMC and the UMET laboratory and was held at the University of
Lille on 19–23 November 2012. Six participants from Germany,
Italy and France attended the school. Practical sessions on the
TECNAI microscope of the Centre Commun de Microscopie de
Lille (http://umet.univ-lille1.fr/CCM/index.php?lang=fr) were held
during the morning. Lectures were given during the afternoon
sessions. The next edition of the school is planned for 2014. More
information is given on the school website: http://umet.univ-lille1.
fr/Animation/MinTem2012/.

Phone: 314-935-4131
Fax: 314-935-4121
Website: www.geochemsoc.org
Facebook: www.facebook.com/
geochemsoc
Weekly Geochemical News:
http://multibriefs.com/briefs/gs/
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Mineralogical Association of Canada
www.mineralogicalassociation.ca
André setting up his
microscope and TV monitor
at the Canadian Micro Mount
Association symposium, Brock
University, May 2012. PHOTO :
WILLOW WIGHT

ANDRÉ LALONDE (1955–2012)

Paleoproterozoic time. It is in the context of these investigations that
he developed an avid interest in the rock-forming sheet silicates, the
quantification of Fe2+ and Fe3+, and the use of the latter in evaluating
fO2 at the time of crystallization using Mössbauer spectroscopy.

André Edmond Lalonde passed away on December 21, 2012, after a
brief battle with cancer. André was an exceptional and gifted individual
who will be greatly missed in so many spheres of activity. He was
appointed Professor of Mineralogy at the University of Ottawa in 1985,
where he became known and was rewarded for his exceptional talents
in teaching. His talents in administration also were soon recognized; he
was appointed interim dean of the Faculty of Science when the incumbent was suddenly disabled and later became dean, a post that he held
for five years. André was at first apprehensive about the appointment,
as he did not believe that he had the right personality to deal with
problems facing the faculty. In fact, he turned out to be an exceptional
dean because of his interpersonal skills and human values. He vigorously
promoted the interests of the entire faculty and of the whole university,
his alma mater at the undergraduate level. He is remembered for building
bridges between units and for establishing an international research
center in photonics at the University of Ottawa. His passion for optical
mineralogy is well known, as illustrated by his guest appearance at the
Canadian Micro Mount Association symposium at Brock University in
May 2012. At a recent GAC-MAC meeting, he presented a public lecture
entitled “The Role of Mineralogy in Human Health.” He contributed a
similar talk at my retirement celebration in 2009, and I in turn presented
him with an alluring T-shirt showing the structure of the new mineral
species lalondeite, (Na,Ca,□) 6Ca3Si16O38 (F,OH) 2•3H2O, discovered at
Mont Saint-Hilaire, Québec [McDonald AM, Chao GY (2009) Canadian
Mineralogist 47: 181-191].

At the May 2012 Council meeting of the Mineralogical Association of
Canada, the choice of André Lalonde as the incoming vice president
met with instant approval. After his experience leading the Faculty of
Science, André showed us that he was completely at ease running a
meeting in a highly organized and efficient way. All members of the
Executive Committee were thrilled to welcome André back to the fold,
after he had for five years followed the affairs of the MAC at a distance.
André was keen to come back to his roots, just as he was so much
looking forward to returning to teaching. He had been selected to teach
the introductory level course in the Earth sciences in the fall semester,
a course that he loved to teach. But then in September came the
announcement of his decision to step down from the vice presidency.
I immediately sensed that there was something highly unusual and
gave him a call. It was then that André told me his days were indeed
numbered, and that his fondest wish to return to his teaching and
research career could not be realized. André leaves a huge void in the
lives of all of us who knew him well. We extend our deepest condolences
to his wife, Lesia, his daughter, Lara, his sons, Eric and Stefan, and the
entire family. We have lost a colleague of exceptional stature.
Robert F. Martin, McGill University

2013 PINCH MEDAL AWARDED
TO RENATO AND ADRIANA PAGANO

The Mont Saint-Hilaire alkaline complex was a focus of André’s research.
He was particularly interested in the complex lithium-bearing phyllosilicates found in the Poudrette quarry. After his tenure as Dean of
Science and five years away from research, he enjoyed a well-earned
sabbatical leave working with Mickey Gunter at the University of Idaho.
With Mickey, André developed further his interests in health-related
issues involving mineralogy. Mickey and he coauthored an article on
tremolite, anthophyllite, and talc from the Gouverneur mining district
in New York and undoubtedly laid out plans for future collaborations.
With their great love of the outdoors, André and his wife, Lesia, took
full advantage of the opportunity to explore the natural beauty of
Idaho and neighboring areas.

Renato and Adriana Pagano, of
Milan, Italy, were awarded the 2013
Pinch Medal by the Mineralogical
Association of Canada for their
immense and sustained contributions to mineralogy over several
de c ades. T he M i nera log ic a l
Association of Canada instituted
the Pinch Medal to recognize major
and sustained contributions to the
advancement of mineralogy by
members of the collector–dealer
community. Previous winners were
William Wallace Pinch (2001),
Mark Feinglos (2003), Charles L.
Key (2005), László Horváth and Elsa Pfenninger-Horváth (2007), Roy
Kristiansen (2009), and Alf Olav Larsen (2011).

André wrote his MSc thesis (McGill University, 1981) on the Baie-desMoutons syenite complex, La Tabatière, Québec, under my supervision.
It was an excellent piece of work. André was among the fi rst to explore
the importance of turbidity and reddening accompanying the conversion of orthoclase to microcline. In his work on the dark minerals in
the syenite, he documented the presence of ferro-edenite in the syenite
for the fi rst time. For his PhD thesis (1986), also done under my supervision, André tackled the calc-alkaline granites of the Wopmay orogen,
in the Northwest Territories. The focus was the mineralogy of these
orogenic granites and an evaluation of crustal and mantle involvement
using stable isotopes. He contributed major insight into the workings
of a major belt of subduction and collision shaping Canada’s North in
E LEMENTS

Renato and Adriana Pagano are well known to the international mineralogical community. Renato is a mineralogical superstar in Italy and
is widely known by collectors, scientists, and museum people. He has
been a serious collector of minerals, antique mineralogical literature,
and historical mineralogical instruments since very early in his life.
He has assembled an exceptional collection of minerals, numbering
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some 13,000 specimens representing about 3900 species. His collection
is oriented toward systematic mineralogy, although it includes many
esthetic specimens as well. The Pagano collection also contains dozens
of antique instruments, blowpipe sets, and other mineralogical memorabilia, including a wonderful assortment of mineral art, old and new.
The Paganos’ library contains over 4000 antique and contemporary
books and publications and is available to scientists and collectors
looking for hard-to-fi nd documentation.

$5000
Scholarships

One of the most important activities of the Paganos has been their
representing both Mineralogical Record and Rivista Mineralogica Italiana
at many European mineral shows since 1980. At these events, they
gather subscriptions, sell back issues, answer questions, and simply put
friendly and knowledgeable faces forward on behalf of the
two journals.
Renato has often and freely used his extensive experience in specimen
mineralogy and his wide network of international friends to support
scientists and museum curators in their research and acquisition projects. He has been instrumental in the study of new species (olmiite,
ferroholmquistite, fluoro-aluminoleakeite, kazanskyite) and crystal
structures. A new mineral species, paganoite, was named after Renato
and Adriana. Renato is an engaging speaker in both Italian and English,
and has provided excellent talks at mineralogical gatherings, including
the Rochester Symposium, the Geoliterary Society, and, of course,
venues in Italy.

The Mineralogical
Association of
Canada Foundation
will award two $5000
scholarships to graduate
students, one to a student
enrolled in an MSc program
and one to a student in a PhD
program. The applicable fields
of study are:
s -INERALOGY
s #RYSTALLOGRAPHY
s 'EOCHEMISTRY
s -INERAL $EPOSITS
s 0ETROLOGY

Deadline to apply:
May 1st, 2013
Eligibility
n Students entering the second
year of an MSc program or the
second or third year of a PhD
PROGRAM AT A #ANADIAN UNIVERSITY
in September 2013.
o #ANADIAN CITIZENS ENROLLED IN THE
ABOVE OR EQUIVALENT PROGRAMS
at any UNIVERSITY

Renato Pagano’s life has been dominated by a love of the history, literature, science, and reality of minerals. He has given selflessly to the
scientific and hobby communities through sharing materials, giving
absorbing lectures, and enhancing communications among people of
all levels of activity involving minerals. Quite appropriately, the award
is given to both the Paganos as they have been an inseparable team
ever since they were married and each has supported the other in all
their mineralogical activities.

For more information, contact the
business office :
Mineralogical Association of Canada
490 de la Couronne
Québec, Qc G1K 9A9, Canada
office@mineralogicalassociation.ca

!PPLICATION FORM AVAILABLE AT
www.mineralogicalassociation.ca

The Pinch Medal was presented to Renato and Adriana Pagano during
the banquet of the Tucson Gem & Mineral Society on Saturday,
February 16.

Interested in Geochronology?
We have publications for you!
Laser Ablation ICP–MS in
the Earth Sciences: Current
Practices and Outstanding
Issues
Editor: P. Sylvester

Secon
Secondary
Ion Mass
Spectrometry in the Earth
Spect
Scien
Sciences: Gleaning the Big
Picture from a Small Spot
Pictu
Editor: M. Fayek
Edito

I SBN: 9-0-921294-49-8

I SBN: 978-0-921294-50-4

SC 40, 356 pages, 2008
US$55.00 (outside Canada),
CDN$55.00(in Canada)
(member price US$44.00/CDN$44.00)

41, 160 pages, 2009
SC 41
US$40.00 (outside Canada),
US$4
CDN$40.00(in Canada)
CDN
(member price US$32.00/
(mem
CDN$32.00)
CDN

“Short course volume 40 should stand on
n
the shelf beside your favorite analytical
system, and it should be routinely consulted by anybody remotely interested
in laser ablation (MC) –ICP–MS.”

This short course volume introduces secondary ion mass specduc
trometer (SIMS) analytical techtrom
niques and assesses their
niq
applications in the Earth sciences.
applicatio

–Yann Lahaye (Elements 5: 193)

Order online at www.mineralogicalassociation.ca
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European Association of Geochemistry
www.eag.eu.com
PRESIDENT’S CORNER
Taking on the EAG president’s position is a great
privilege. When you read
this I will have been in
post for two months. My
fi rst and most important
task is to thank Bernard
Bourdon, our outgoing
president, for the fanChris Ballentine
tastic job he has done.
Under Bernard’s leadership we have seen continued growth in the
profi le of European geochemistry. The success
of the 2011 Goldschmidt Conference in
Prague, with a record attendance and superb
feedback on the quality of the science, is the
most obvious measure of the recent success of
EAG. Equally important are the communitybuilding processes that EAG manages. The new
Geochemical Perspectives journal is attracting
the world’s greatest geochemists to publish in
a style that explains both their science and the
context of its discovery. The blogs and interviews that you can access through the EAG
website provide personal insight into what
motivates different people and give a real sense
of what is happening now. The Distinguished
Lecture Program, the EGU Eminent Speaker
Award and the sponsorship of students and
workshops are essential components of our
activity because they establish both personal
contacts and community identity. The medals
and fellowships awarded by the EAG to our
best geochemists provide evidence that they

can show to their institutes and national
funding bodies of the international recognition they have received for the quality and
impact of their science.
EAG is a vibrant and dynamic society that
would not function without the time given by
Council members and non-Council volunteers
who sit on our committees. I would like to take
this opportunity to thank two councillors
whose current roles are fi nishing: Bernard
Marty, who has been the EAG Goldschmidt
officer for the last four years and who delivered
the Prague Goldschmidt in 2011, and
Christina Facchini, for the huge amount of
work she has done in integrating the aerosol
community into the Goldschmidt conferences.
We nevertheless have great new people joining
us, too (see beside). This renewal is essential
because as a community there are many challenges to meet. Not the least is the role our
science has to play in energy and resource
security, climate, the environment and waste
management. The publishing environment is
going through a transformation with open
access publication routes and is struggling with
the historical dominance of just a few publishing houses. Educational resources in the
form of simple textbooks are being superseded
by electronic resources. Our community is still
growing and fi nding its true strength. EAG is
working to meet these challenges, and working
with other societies is essential for achieving
our goal of supporting geochemistry at
all levels.
Chris Ballentine, EAG President

JOINING THE EAG COUNCIL
Elections for the EAG Council took place in
the fall of 2012, and we’d like to thank all EAG
members who voted. We are especially grateful
to the candidates for their participation. The
EAG Council would like to welcome the three
newly elected councillors:
Britta
PlanerFriedrich (University of
Bay reut h, Ger ma ny)
received her PhD in
hydrogeology and environmental geochemistry
in 2 0 0 4 f rom t he
Bergakademie Freiberg,
Germany. After postdoctoral research posts in
the UK and Canada, she became an assistant
professor of environmental geochemistry and
the leader of an Emmy Noether Young
Researcher Group at the German Research
Foundation, University of Bayreuth, Germany;
she was appointed associate professor in 2012.
Her research interests are in the field of biogeochemistry, specifically the abiotic and
microbially catalyzed processes that control
the mobility, uptake in the biosphere and toxicity of aqueous and volatile trace elements in
suboxic to anoxic environments.
Maria Schönbächler
(ETH Zürich, Switzerland) is an associate professor in isotope geochemistry at ETH Zürich,
Switzerland. She is particularly interested in the
formation, differentiation and early evolution of the Earth and other
planetary bodies. Her research is orientated
towards chronology, stable isotope fractionation of non-traditional elements and the
development of new techniques for high-precision isotope analyses of geological materials.
She received her PhD from ETH Zürich and
held postdoctoral positions at the Carnegie
Institution of Washington and Imperial
College London. She was appointed to a lecturer position at the University of Manchester
in 2007 and moved to Zürich in 2012
Nathalie Vigier (CRPG
Nancy, France) obtained
her PhD in 2000 in isotope geochemistry at the
Institut de Physique du
Globe de Paris. After a
two-year postdoctoral
position at the Open
University (UK), she joined the CRPG (Centre
de
Re c he rc he s
Pé t ro g r aph ique s
et
Géochimiques) in Nancy as a CNRS researcher.
Her research interests include the chemical
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and physical erosion of continents, clay formation, the carbon cycle and palaeoenvironments. Her most recent contributions concern
the understanding of the isotope geochemistry of lithium and manganese in low-temperature, biotic and abiotic systems. She has
published 31 papers, is part of the Scientific
Technology Panel of IODP and has been coconvenor of several sessions at the
Goldschmidt, EGU and AGU conferences.

EAG AT THE EGU GENERAL
ASSEMBLY 2013
In 2012, the E AG began
expanding its presence at the
EGU General Assembly by:
 Awarding the distinction of Eminent
EAG Speaker to two scientists (this distinction includes an invited talk and a
500-euro honorarium)
 Sponsoring several sessions in
geochemistry
 Welcoming delegates at the EAG booth
At the EGU General Assembly on 7–12 April
2013, the EAG will once again present the
Eminent Speaker Award, sponsor several sessions and welcome delegates at booth no. 2.
Details on the awardees and sponsored sessions can be found on our website at www.
eag.eu.com/awards/eminent-speakers/.

GEMSTONES SHORT COURSE
Early December 2012, 40 students, professors,
researchers and senior geologists gathered for
the EAG sponsored short course on
“Gemstones: Their Geology and Gemmology”
at the University of Addis Ababa, Ethiopia.
This short course included a two-day lecture,
and one day of practical work based on the
identification of gems by microscopy and
gemmological instruments. Find out more at
www.eag.eu.com/education/shortcourse/.

We invite you to share your experiences and insights on the
EAG Blog (blog.eag.eu.com). Contact us at office@eag.eu.com
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Italian Society of Mineralogy and Petrology
www.socminpet.it

interstitial melt may result in the formation of a compositionally and
texturally stratified reservoir. Volcanic rocks from the Sabatini Volcanic
District (central Italy) provide textural evidence that the extraction of
interstitial melt from unstable solidification fronts is likely to occur in
shallow, thermally zoned magma chambers.

SIMP PRIZES IN 2012

Panichi Prize (for Mineralogy)
Maria Lacalamita graduated cum laude in 2005
in natural sciences at the University of Bari. She
earned a PhD in Earth sciences at the same university in 2009, defending the thesis “Chemical
and structural study of anionic and cationic sites
in trioctahedral micas at room and high temperatures.” From 2009 to the present, she has been a
research fellow at the University of Bari. Her
research focuses on natural multilayer nanostructured materials, specifically nonexpandible phyllosilicates. She has made significant contributions to the characterization of the crystal chemistry of Ti-phlogopite in different geologic
contexts, with particular emphasis on the analysis of the structural
effects of Ti–Fe3+ oxy substitution, the role of these effects in the
thermal behavior of phlogopite, and the kinetics of the Fe-oxidation/
deprotonation process. Some of her other achievements are related to
the employment of a multianalytical approach to the study of local
ordering and oxidation states in phlogopite and in particular to the
use of advanced methods of spectroscopic characterization (such as
micro-FTIR and micro-XANES) and to the study of phlogopite of rare
composition and rare mica polytypes. Maria Lacalamita is an author
or coauthor of 11 articles in international journals and 24 abstracts
and proceedings related to national and international congresses.

Vincenzo Stagno: The carbon speciation in the
Earth’s interior as a function of pressure, temperature
and oxygen fugacity
Experiments were performed using a multianvil
apparatus at the Bayerisches Geoinstitut
(Germany) and the Geodynamics Research Center
(Japan) to investigate the stability of elemental
carbon (diamond or graphite) and oxidized carbonate of CO2 -bearing species (carbonatitic or
kimberlitic melts) at pressures, temperatures, and
redox conditions representative of Earth’s interior. Research also focused
on the calibration of new Fe3+ -sensitive oxy-thermobarometers for application to natural eclogite and peridotite assemblages. Results from this
study have improved our understanding regarding the residence time
of carbon in the mantle, the extent of the deep carbon cycle, and the
oxidation of iron-bearing mantle silicates during carbon/carbonate
redox reactions. Because of the strong ties with the Deep Carbon
Observatory, results from this study were featured in a DCO science
highlight, “Magnesite as a Deep Carbon Reservoir.” This research was
supported by the EU Marie Curie Project “Atomic to Global” and the
German Research Foundation (DFG).
Azzurra Zucchini: Dolomite stability as a function of P, T, pCO2 and cation ordering. Applications
to natural processes

SIMP Prizes in 2012 for PhD Students

A detailed study of the order–disorder–reorder
process in the dolomite structure has been carried
out coupling experimental (ex situ XRPD and
SC-XRD) and theoretical (ab initio calculations)
approaches. The influence of cation dis(re)order
in the dolomite structure was then investigated
considering both compressibility (through
HP-SC-XRD experiments at a synchrotron source coupled with ab initio
calculations) and solubility (via a set of dissolution experiments in
aqueous solutions at different T and pCO2). The results showed evidence
of twinning domains in thermally treated samples, which implies reordering processes during the quench, and twin domains were proposed
as a witness to thermally induced intralayer-type cation disordering.
Dis(re)ordering was found to increase both the compressibility and the
solubility of dolomite.

Matteo Ardit: Lattice relaxation in solid
solutions: Long-range versus short-range structure
around Cr3+ and Co2+ in oxides and silicates
Perovskite, alumoniobite, and melilite solid solutions were obtained by doping octahedral and
tetrahedral sites with transition metal ions (e.g.
Cr3+, Co2+, and Zn 2+) through solid-state synthesis. The “averaged” crystal structure (longrange properties) and the local structure around
the substituting ions (short-range properties) were determined with
X-ray powder diffraction (XRPD) and electronic absorption spectroscopy (EAS), respectively. Since the precise determination of a structure
around impurities is fundamental to the provision of detailed information on the physical properties of such compounds, the behavior of
some compounds was also studied under high temperature and pressure. The structural relaxation coefficient for each studied solid solution
was calculated by combining the mean with the local bond distances
determined by XRPD and EAS, respectively.

A NEW SIMP PRIZE DEDICATED
TO THE MEMORY OF ENZO MICHELE PICCIRILLO
Thanks to a generous donation made by SIMP
member Rosangela Bocchio, a longtime friend and
colleague of Enzo M. Piccirillo, a new prize was
awarded in 2012 in his memory. The Piccirillo
Prize consists of a postdoctoral grant to a young
researcher in petrology. Enzo M. Piccirillo, who
died on January 9, 2012, at the age of 69, was a
professor of petrology at the University of Trieste
Enzo Michele Piccirillo
and was deeply involved in a number of national
and international research projects, for example, the study of volcanism
in the Paraná Basin.

Matteo Masotta: Magma differentiation in shallow,
thermally zoned magma chambers: The example of
Sabatini Volcanic District (central Italy)
Large explosive eruptions are commonly fed by
shallow, thermally zoned magma chambers and
usually produce texturally and chemically zoned
deposits (crystal-poor versus crystal-rich products). The formation of solidification fronts at the
cooling boundaries of these shallow magma
chambers primarily controls magma differentiation and crystal–melt
separation. Piston-cylinder experiments were performed in the presence
of a temperature gradient, reproducing the environmental conditions
of a solidification front. The experimental products indicated that both
crystal-rich and crystal-poor textures coexisted within the experimental
solidification front and that the upward extraction of differentiated
E LEMENTS

This fi rst edition of the prize was awarded to Ciro Cucciniello
(University “Federico II”, Napoli). He will spend six months at Curtin
University in Perth (Australia), where he will continue his current
research project on the Igneous Province of Madagascar by means of
high-precision Ar–Ar radiometric dating.
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Association Internationale pour l’Étude des Argiles
www.aipea.org
50th ANNIVERSARY OF THE
INTERNATIONAL CLAY CONFERENCE
The year 1963 has always been something of a watershed for me. I had
just turned 8 years of age, and my family had moved to a new house
in a green suburb. Consequently, 1963 has always provided a clear
point of reference in my early life. What I hadn’t realised, until very
recently, is that 1963 was also the year of the fi rst International Clay
Conference, making 2013 the 50 th anniversary of the event.
It all started at the 18th International Geological Congress, which was
held in London in 1948. At this meeting clay scientists agreed to cooperate on clay research and formed an international group, the Comité
International pour l’Étude des Argiles (CIPEA). Ralph Grimm was president of CIPEA until 1960, and CIPEA members actively participated in
the International Geological Conferences held in Algeria (1952), Mexico
(1956) and Copenhagen (1960). It was at the Copenhagen meeting that
CIPEA decided to organise its very own international meeting. The
1963 conference in Stockholm was to become the fi rst International
Clay Conference (ICC), although it was not “badged” that way until
later. At the same time, CIPEA became an international association
affi liated with the International Union of Geological Sciences (IUGS)
and changed its name to the Association Internationale pour l’Étude
des Argiles (AIPEA). In 1966, during the presidency of Ivan Rosenqvist,
who had organised the Stockholm meeting, the statutes and by-laws
of AIPEA were approved.

FIGURE 1

The annual AIPEA Newsletter was initiated to keep the national clay
groups informed of each other’s activities. The Newsletter collated
information and was of particular importance in the years before rampant electronic communication, and it continues to serve as a record
of the activities of AIPEA’s constituent clay groups. The fi rst Newsletter
was produced in July 1967 and included a summary of the 2 nd
International Clay Conference, held in Jerusalem in 1966. It also
included the text of a summary, by Ralph Grimm, of the twenty years
“since a small group of persons interested in clay mineralogy met in London
at the time of the 18th International Geological Congress.” He went on to
say that “in the twenty years since that first meeting, there has been a tremendous growth of interest in clay mineralogy, and with it a substantial
increase in our knowledge in this area.” The data in Figure 1 suggest that
this tremendous growth has continued; it is reflected in the upward
trend in the number of delegates, the number of countries represented
and the number of oral and poster contributions, reaching a combined
total of almost a thousand at the 14th ICC.

The Swedish Society for Clay Research hosted the 1963 International
Clay Conference and appointed an organising committee led by Ivan
Rosenqvist and Paul Graff-Petersen. The six scientific sessions, which
took place on 12–16 August, were (1) Clay mineral structures and compositions, (2) Clay mineral genesis, (3) Ion-exchange on clay minerals,
(4) Clay–electrolyte–water systems, (5) Clay–organic complexes and (6)
Clay minerals in industrial applications. More than 200 clay mineralogists from 23 countries attended the conference. The papers formally
presented at the meeting were printed in advance and published as
volume 14 of the International Series of Monographs on Earth Sciences
by Pergamon Press, London, and cost just £5.00 (at least £100 in today’s
money). Authors were given just 5 minutes to cover the main points
of their paper. The remaining time was allotted to discussion and to
the presentation of brief communications elicited by the contributions
printed in the published volume. The discussions and the additional,
contributed papers were subsequently published in a second volume.
During the conference there was a field trip to the varved clays in the
Uppsala region. Two longer field trips took place after the conference,
one to southern Sweden and Bornholm and the other to western Sweden
and south-eastern Norway.

The 15th ICC will take place in Rio de Janeiro on 7–11 July 2013. This
will be only the third foray by the ICC into the Southern Hemisphere,
following the 10 th and 12th ICCs in Adelaide (1993) and Bahia Blanca
(2001), respectively.
In a few months from now, we will have the statistics from the 15th
ICC and, like politicians with poll results, we will look for positive
points to make. For my part, I won’t need the numbers to prove that
the 15th ICC will have been a success – the fact that the overall trend
has been upwards since the fi rst International Clay Conference in 1963
is pretty convincing evidence of the continuing strength of AIPEA. The
best way to make the 15th ICC a success is to go there, be inspired by
the science, get involved in the discussions, and encourage young scientists to develop their confidence and capabilities. Then, in the quieter
moments, take time to be still and watch as old friendships are reaffi rmed and new friendships blossom. That is the only real foundation
for the continuing success of any human endeavour.

Since 1963 there have been 14 International Clay Conferences. They
have brought the international clay community together to share ideas,
postulate theories and enjoy each other’s company. The ICCs are the
principal mechanism through which AIPEA meets its stated aim of
promoting and encouraging international cooperation in clay research
and technology around the world.
The 14th ICC, in 2009 in Castellaneta Marina, Italy, attracted 654 delegates from 49 countries, and they contributed 408 oral and 548 poster
presentations, reaffi rming the global interest in clay minerals even
during a severe economic downturn. Dave Bish, the outgoing AIPEA
president, said in his opening message to the 14th ICC, “This is a powerful testament to the vitality of the international clay science community. I sincerely hope that this momentum can be maintained for
the next International Clay Conference, which will take place in Rio
de Janeiro in 2013.”
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Trends associated with the International Clay Conferences, 1963–2009

Chris Breen, AIPEA President
Sheffield Hallam University, UK
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BOOK REVIEW

QUANTITATIVE MINERALOGY
AND MICROANALYSIS OF SEDIMENTS
AND SEDIMENTARY ROCKS*
Mineral liberation analysis (MLA), combined FIB-SEM-TEM techniques, synchrotron and light stable isotope microanalysis, hot and
cold cathodoluminescence, X-ray-computed tomography, reflectance
and imaging spectroscopy, high-resolution heavy-mineral analysis,
computer-controlled scanning electron microscopy (CCSEM), U–Pb
and fission-track geochronology of zircon and apatite, Hf and Pb isotope geochemistry of zircon and feldspar—this is the impressive menu
of the novel, exciting techniques currently applied in the study of
sedimentary deposits and illustrated in full detail in the relatively
slim volume Quantitative Mineralogy and Microanalysis of Sediments and
Sedimentary Rocks.
This useful book, resulting from a two-day short course held at
Memorial University in St. John’s, Newfoundland, in May 2012, compiles the major recent advances made in the field and testifies to the
terrific impact that rapid technological development has had on the
Earth sciences in the last few decades. Perhaps enough impact to make
some people think that the stereotypical field geologist in mud-covered
boots and armed with a hammer and compass is a throwback to the last
millennium, forever replaced by the technological scientist dressed in a
clean, white labcoat and standing in front of his pet machine. However,
as Editor Paul Sylvester aptly states in the first line of his preface, “Good
geology starts with careful field observations.” Not dissimilar is the
opening statement in the classic textbook Origin of Sedimentary Rocks,
by Blatt, Middleton and Murray: “Field work forms the basis for the
study of sedimentary deposits. To make best use of the limited time
and resources available, the geologist must fi rst consider how he will
select his observations and specimens for further study in the laboratory.” In other words, we still need the field geologist if we want to make
full, effective use of our vast spectrum of glittering new weapons. We
still need our dear old microscope to carefully select our target and to
decide where and how to shoot. No matter how glamorous and powerful, instruments and techniques are means, not ends. Nonetheless,
there is no doubt that the declining interest in sedimentary petrology
during the late 1980s and early 1990s (the glorious Journal of Sedimentary
Petrology changed its name and then was discontinued in 1993) was
briskly reversed in subsequent years by the welcome appearance and
exponential utilization of new methods and machines for performing
provenance analysis. For those with the means to access costly instruments routinely, this technological renaissance has indeed brought a
gust of fresh air.

The book also thoroughly describes how the new analytical techniques
can be and are currently used in hydrocarbon exploration. The study
of shale gas as a potential future energy resource led to the development of integrated FIB-SEM-TEM methods, as outlined by R. Wirth
and L. Morales. A. Morton demonstrates how heavy-mineral analysis
may represent the most effective and occasionally sole way to correlate productive horizons and to monitor stratigraphy during drilling.
G. Pe-Piper and D. J. W. Piper describe a regional study conducted for
petroleum exploration, in which mineralogical, geochemical, and geochronological methods are integrated. The rationale and methods used
in single-grain isotopic and geochronological tracing of detrital minerals, such as zircon, apatite, and feldspar, are dealt with in detail in
three comprehensive review chapters, by J. Košler, by D. M. Chew and
R. A. Donelick, and by S. Tyrrell, P. D. W. Haughton, J. S. Daly, and P.
M. Shannon. Among the new techniques applied to the quantitative
study of sedimentary deposits, however, there is at least one noticeable
absence: Raman spectroscopy, one of the most flexible, promising, and
cost-effective methods for the mineralogical study of sand-sized to siltsized sediments. Although the main emphasis is, for understandable
reasons, on new sophisticated techniques, often applied to single accessory minerals, it would have been useful to recall that research cannot
benefit from these in full when traditional approaches, such as classic
bulk-sample petrography, are largely forgotten. Extracting previously
inaccessible geochemical and geochronological information about a
rare component represents a great added value when it complements,
rather than replaces, the rich general information potentially obtained
from the main components. One valuable statement in this sense is the
recommendation contained at the end of A. Morton’s chapter: “These
methods should be used to complement traditional petrographic data, which
provide varietal and textural information that the newer methods cannot as
yet resolve.” Petrographic observation allows us to collect information
on the whole spectrum of detrital grains. Conversely, geochronological
analysis of detrital zircon focuses on about 0.02% of total sediment;
forgetting the remaining 99.98% hardly makes sense.

Several of the 14 chapters of the book emphasize the increasing role
that technology-intensive methods, most of which were originally
devised and introduced for industrial needs, have played in the solution of a wide range of problems of scientific or economic interest. The
hardware and software of the MLA, QEMSCAN, and CCSEM systems,
whose principles are carefully explained in three different chapters
by P. Sylvester, by N. Keulen, D. Frei, P. Riisager, and C. Knudsen, and
by D. H. C. Wilton and L. S. Winter, were fi rst developed to assess the
potential of mineral resources and were initially focused mainly on
applied mineralogy and metallurgical processing. But they were soon
used to tackle a variety of practical and scientific issues, including the
study of synthetic crystals for superconductors and catalysts and of dust
particles and fibers in the lung tissue of mine workers. Synchrotron
microanalysis, described by H. Jamieson and A. Gault, is another powerful, nondestructive technique for the analysis of soils, dust, and mine
tailings. Light stable isotopes and cathodoluminescence provide invaluable tools for the investigation of fluid migration and diagenetic processess, as shown by L. B. Williams, N. Clauer, and R. L. Herving, and
by L. Gonzales-Acebròn and J. Götse.

Sedimentary deposits not only retain the complete record of geological
and climatic processes that have modeled the Earth’s surface in the
past, they also contain the mineral and energy resources essential for
the economic well-being of mankind. The quantitative study of the
petrographic, mineralogical, and geochemical composition of sedimentary deposits is thus essential for improving our capability to exploit
natural resources and to understand and manage complex problems,
such as climate change and environmental pollution. This exhaustive
and detailed update edited by Paul Sylvester is timely and will be of
invaluable help to students and researchers trying to keep pace with
the ever-increasing speed of technological progress.
Eduardo Garzanti
Laboratory for Provenance Studies, Università du Milano-Bicocca
Piazza della Scienza 4, 20126 Milano, Italia

* Sylvester P (ed) (2012) Quantitative Mineralogy and Microanalysis of Sediments and
Sedimentary Rocks. Mineralogical Association of Canada Short Course Volume 42,
ISBN: 978-0-921294-52-8, 299 pages, $50 ($40 for MAC members)
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CALENDAR
July 7–12 18th European Symposium
on Organic Geochemistry, Marseille,
France. Website: http://esoc2013.eu

Web page: www.geosociety.org/
meetings/2013china

2013
May 22–24 Geological Association
of Canada/Mineralogical Association
of Canada Annual Meeting, Winnipeg,
Manitoba, Canada. Website: http://
gacmacwinnipeg2013.ca

June 23–28 Gordon Research
Conference: Origins of Solar
Systems, South Hadley, MA, USA.
Web page: www.grc.org/programs.
aspx?year=2013&program=origins

May 30–June 4 Erice School: The
Future of Dynamic Structural Science,
Erice, Italy. Web page: www.crystalerice.
org/Erice2013/2013.htm

July 8–12 11th European Congress
for Stereology and Image Analysis,
Kaiserslautern, Germany. Web page: www.
mathematik.uni-kl.de/events/ecs/
July 8–13 11th International Council
for Applied Mineralogy (ICAM)
Congress, Mianyang, China. Website:
www.icam2013.org

June 24–28 SEM 2013, XXXIII Reunión
de la Sociedad Española de Mineralogía,
Murcia, Spain. Web page: www.ehu.es/
sem/congreso/CONGRESO.HTM

June 2–7 Gordon Research
Conference: Interior of the Earth,
South Hadley, MA, USA. Web
page: www.grc.org/programs.
aspx?year=2013&program=interior

July 15–19 Inter/Micro: 64th Annual
Applied Microscopy Conference,
Chicago, IL, USA. E-mail: intermicro@mcri.
org; webpage: www.mcri.org/home

st

July 1–5 1 International Conference on Tomography of Materials
and Structures, Ghent, Belgium. E-mail:
ictms2013@ugent.be; website: www.
ictms.ugent.be

June 8–13 AGU Chapman Conference
on Communicating Climate Science: A
Historic Look to the Future, Grandby,
CO, USA. Web page: http://chapman.agu.
org/climatescience

July 15–19 Eighth International
Mars Conference, Pasadena, CA,
USA. Web page: www.lpi.usra.edu/
meetings/8thmars2013

July 3–5 Second International Workshop on the Geology of Critical Metals,
Ulaanbaatar, Mongolia. Website: http://
criticalmetalsmeeting.com

June 9–14 Water–Rock Interaction
14 (WRI 14), Avignon, France. E-mail:
contact@wri14-2013.fr; web page: www.
wri14-2013.fr/en/home.html

July 3–6 Conference on Raman and
Luminescence Spectroscopy (Corals2013), Vienna, Austria. Web page: www.
univie.ac.at/Mineralogie/Corals2013

June 16–21 Gordon Research Conference: Catchment Science: Interactions
of Hydrology, Biology & Geochemistry,
Andover, NH, USA. Web page: www.grc.
org/programs.aspx?year=2013&program
=catchment

July 7–11 XV International Clay
Conference, Rio de Janeiro, Brazil. E-mail:
info@15icc.org; website: www.15icc.org

July 20–24 IAVCEI General Assembly
2013: Forecasting Volcanic Activity,
Kagoshima, Japan. Details: Masato Iguchi,
e-mail: iguchi@svo.dpri.kyoto-u.ac.jp; web
page: www.iavcei.org/IAVCEI.htm
July 20–24 2013 American Crystallographic Association Meeting, Honolulu,
HI, USA. Web page: www.amercrystalassn.
org/2013-meeting-homepage

July 7–12 Gordon Research Conference: Thin Film & Crystal Growth
Mechanisms, Biddeford, ME, USA.
Web page: www.grc.org/programs.
aspx?year=2013&program=thinfilm

June 17–19 Mineralogical Society
Annual Meeting – Minerals for Life:
Living with Resource Constraints, University of Edinburgh, Scotland. Web page:
www.minersoc.org/minerals-for-life.html

July 28–August 2 Gordon Research
Conference – Physical Metallurgy:
Materials at Extremes, Biddeford, ME,
USA. Web page: www.grc.org/programs.
aspx?year=2013&program=physmet

July 7–12 17th International Zeolite
Conference, Moscow, Russia. Website:
www.izc17.com

August 4–8 Microscopy & Microanalysis 2013, Indianapolis, IN, USA.
Web page: www.microprobe.org/www.
microprobe.org/events/microscopy-microanalysis-2013
August 4–9 Gordon Research
Conference: Clusters, Nanocrystals
and Nanostructures, South Hadley, MA,
USA. Web page: www.grc.org/programs.
aspx?year=2013&program=clusters
August 11–16 17th International
Conference on Crystal Growth and
Epitaxy (ICCGE-17), Warsaw, Poland. Web
page: http://science24.com/event/iccge17
August 11–16 Gordon Research
Conference: Nanoporous Materials
and Their Applications, Holderness, NH,
USA. Web page: www.grc.org/programs.
aspx?year=2013&program=nanopor
August 12–15 SGA 12th Biennial
Meeting, Uppsala, Sweden. Web page:
www.akademikonferens.uu.se/sga2013
August 18–23 EnvironMetal Isotopes
2013, Ascona, Switzerland. E-mail:
emi2013@env.ethz.ch; website: www.
emi2013.ethz.ch
August 21–22 7th Biennial Geo-SIMS
Workshop, Potsdam, Germany. Web page:
www.gfz-potsdam.de/SIMS/BGSW7

July 29–August 2 Annual Meeting
of the Meteoritical Society, Edmonton,
Alberta, Canada. Web page: www.
meteoriticalsociety.org

June 17–19 Roof of the World,
Chengdu, Sichuan Province, China.

F E AT U R E D T I T L E S from
CAMBRIDGE UNIVERSITY PRESS!
Modeling Volcanic Processes

TEXTBOOKS

The Physics and Mathematics
of Volcanism

Earth Materials
Introduction to Mineralogy and Petrology

Edited by Sarah A. Fagents,
Tracy K. P. Gregg, and Rosaly M. C. Lopes

Cornelis Klein and Tony Philpotts

$80.00: Hb: 978-0-521-89543-9: 416 pp.

$200.00: Hb: 978-0-521-76115-4 : 552 pp.
$99.00: Pb: 978-0-521-14521-3

Orogenesis
The Making of Mountains

Physical Geography
Great Systems and Global Environments

Michael R. W. Johnson
and Simon L. Harley

William M. Marsh and Martin M. Kaufman

$75.00: Hb: 978-0-521-76556-5: 398 pp.

$99.00: Hb: 978-0-521-76428-5: 720 pp.

Landslides

A new edition!
Dinosaurs

Types, Mechanisms and Modeling

A Concise Natural History

Edited by John J. Clague
and Douglas Stead

David Fastovsky and David B. Weishampel
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CALENDAR
August 24–25 Boron Isotope
Workshop, Pisa, Italy. Web page: www.
geoanalyst.org/index.php/workshop-andcourses/13-workshop/30
August 25–29 ECM-28: European
Crystallographic Meeting, Warwick, UK.
Website: http://ecm28.org

August 25–30 Goldschmidt 2013,
Florence, Italy. Website: www.
goldschmidt2013.org

September 2013 SEM 2013, XXXIII
Reunión de la Sociedad Española de
Mineralogía, Murcia, Spain. Web page:
www.ehu.es/sem
September 2–4 Metamorphic Studies
Group: Building Strong Continents,
University of Portsmouth, UK. Details: C.
Storey, e-mail: craig storey@port.ac.uk;
web page: www.port.ac.uk/special/buildingstrongcontinents
September 2–10 10th International
Eclogite Conference, Courmayeur, Aosta
Valley, Italy. Web page: www.iec2013.
unito.it
September 8–12 246th American
Chemical Society National Meeting &
Exposition, Indianapolis, IN, USA. Web
page: www.acs.org
September 11–15 2nd International
Conference on Clays, Clay Minerals,
and Layered Materials (CMLM2013),
St Petersburg, Russia. Website: www.ruclay.
com

September 24–27 Whistler 2013:
Geoscience for Discovery, Whistler, BC,
Canada. Website: www.seg2013.org

October 6–10 50 Clay Minerals
Society Meeting, Urbana-Champaign, IL,
USA. Website: www.clays.org/annual%20
meeting/50th_annual_meeting_website

April 21–25 MRS Spring Meeting, San
Francisco, CA, USA. Web page: www.mrs.
org/spring2014

October 21–24 AGU Chapman
Conference on Soil-mediated Drivers of
Coupled Biogeochemical and Hydrological Processes Across Scales, Tucson,
AZ, USA. Web page: chapman.agu.org/
soilmediated

May 21–23 Geological Association of
Canada /Mineralogical Association of
Canada Annual Meeting, Fredericton,
Canada. Web page: www.unb.ca/conferences/gacmac2014
May 24–28 American Crystallographic
Association Meeting, Albuquerque, NM,
USA. Details forthcoming

October 21–30 Short Course:
Introduction to Secondary Ion Mass
Spectrometry in the Earth and Environmental Sciences, Helmholtz Institutes in
Dresden, Leipzig, Potsdam. Web page:
www.gfz-potsdam.de/SIMS/

August 26–30 Meteoroids 2013,
Poznan, Poland. Web page: www.astro.
amu.edu.pl/Meteoroids2013/index.php

September 22–27 Applied Isotope
Geochemistry 10 (AIG-10), Budapest,
Hungary. Web page: www.aig10.com

April 6–9 AAPG 2014 Annual Convention & Exhibition, Houston, TX, USA. Web
page: www.aapg.org/meetings

th

August 25–29 MedGeo 2013:
5th International Conference on Medical
Geology, Arlington, VA, USA.Web page:
http://rock.geosociety.org/GeoHealth/
MEDGEO_2013/Welcome.html

September 16–19 Geofluids:
Lubricants of the Dynamic Earth, Joint
Annual Meeting DMG and GV/Sediment in Tübingen. Contact: Marcus
Nowak (DMG), Todd Ehlers (GV), James
Nebelsick (Sediment). Web page: www.
dmg-gv2013.de

March 16–20 247th ACS National
Meeting & Exposition, Dallas, TX, USA.
Web page: www.acs.org

September 30–October 5 International School on Fundamental
Crystallography, Guletchitza, Bulgaria.
Web page: www.bgcryst.com/index.
php?option=com_content&id=62

June 8–13 ZEOLITE 2014:
The 9th International Conference on the
Occurrence, Properties and Utilization
of Natural Zeolites, Belgrade Serbia.
Web page www.inza.unina.it/upcomingevents/111-zeolite-2014-full

October 27–30 Geological Society of
America Annual Meeting, Denver, CO,
USA. E-mail: meetings@geosociety.org;
web page: www.geosociety.org/meetings

June 9–13 Goldschmidt Conference,
Sacramento, CA, USA. Details forthcoming

October 27–31 MS&T’13: Materials
Science & Technology Conference and
Exhibition, Montréal, QC, Canada. Web
page: www.matscitech.org/about/futuremeetings

June 30–July 4 Asteroids, Comets,
Meteors, Helsinki, Finland. E-mail:
acm-2014@helsinki.fi; web page:
www.helsinki.fi/acm2014

November 4–7 7th International
Workshop on Chemical Bioavailability,
Keyworth, Nottingham, UK. E-mail:
cbio7@bgs.ac.uk; web page: www.bgs.
ac.uk/news/events/bioavailabilityWorkshop
November 18–21 26th International
Applied Geochemistry Symposium
2013, Incorporating the New Zealand
Geothermal Workshop, Rotorua, New
Zealand. Web page: www.gns.cri.nz/iags

2014

D2 PHASER
Small but
powerful

May 31–June 3 AAPG 2015 Annual
Convention & Exhibition, Denver
CO, USA. Web page: www.aapg.org/
meetings
August 2–6 Microscopy & Microanalysis 2015, Portland, OR, USA. Web
page: www.microprobe.org/events/
microscopy-microanalysis-2015
August 8–14 Geoanalysis Conference, Leoben, Austria. Web page : www.
geoanalysis.info
August 16–20 250th ACS National
Meeting & Exposition, Boston, MA,
USA. Web page: www.acs.org

August 24–27 SGA 13th Biennial
Meeting, Nancy, France. E-mail:
sga-2015@univ-lorraine.fr

October 12–16 MS&T’14: Materials
Science & Technology Conference and
Exhibition, Pittsburgh, PA, USA. Web
page: www.matscitech.org/about/futuremeetings

February 2–6 94th Annual Meeting of
the American Meteorological Society.
Web page: http://annual.ametsoc.
org/2014/index.cfm

2015
March 22–26 249th ACS National
Meeting & Exposition, Denver, CO, USA.
Web page: www.acs.org

August 5–12 23rd Congress and
General Assembly of the International
Union of Crystallography, Montreal,
Canada. Website: www.iucr2014.org

September 7–14 Annual Meeting of
the Meteoritical Society, Casablanca,
Morocco. Web page: www.meteoriticalsociety.org

January 26–31 38th International
Conference and Expo on Advanced
Ceramics and Composites, Daytona
Beach, FL, USA. Details forthcoming

December 15–19 AGU Fall Meeting,
San Francisco, CA, USA. Web page: http.
sites.agu.org/meetings

August 16–21 2015 Goldschmidt
Conference, Prague, Czech Republic.
Web page: www.geochemsoc.org/
programs/goldschmidtconference

September 1–5 21st General Meeting
of the International Mineralogical Association (IMA2014), Johannesburg, South
Africa. E-mail: info@ima2014.co.za; web
page: www.ima2014.co.za

December 9–13 AGU Fall Meeting,
San Francisco, CA, USA. Web page: http://
sites.agu.org/meetings

November 30–December 5 MRS Fall
Meeting & Exhibit, Boston, MA, USA.
Web page: www.mrs.org/fall2014

August 3–7 Microscopy & Microanalysis 2014, Hartford, CT, USA. Web page:
www.microprobe.org/events/microscopymicroanalysis-2014

August 10–14 248th ACS National
Meeting & Exposition, San Francisco, CA,
USA. Web page: www.acs.org

December 1–6 MRS Fall Meeting
& Exhibit, Boston, MA, USA. Web page:
www.mrs.org/fall2013

October 19–22 Geological Society of
America Annual Meeting, Vancouver, BC,
Canada. E-mail: meetings@geosociety.org;
web page: www.geosociety.org/meetings

September 9–11 8th European
Conference on Mineralogy and Spectroscopy (ECMS 2015), Rome, Italy.
Details forthcoming

The meetings convened by the
societies participating in Elements are
highlighted in yellow. This meetings
calendar was compiled by Andrea
Koziol (more meetings are listed on
the calendar she maintains at http://
homepages.udayton.edu/~akoziol1/
meetings.html). To get meeting information listed, please contact her at
Andrea.Koziol@notes.udayton.edu.

The NeoScope II benchtop SEM—now with EDS.
Take a closer look at www.benchtopsem.com.
Call 800-622-8122, and let our technical
experts help you find the optimal equipment
for your geology laboratory.

www.bruker.com/d2phaser
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PARTING SHOTS

A RECORD BRIMFUL OF PROMISE
Arthur Holmes is mentioned in several articles
in this issue, by John Valley in his editorial,
by Condon and Schmitz in their introductory
article, and by Mattinson in his review of the
U–Pb method. Google ‘Arthur Holmes’ and
you will fi nd a lot of articles about his scientific work, and there is a very readable biography by Cherry Lewis which strikes a nice
balance between his scientific and personal
life. There is no question that he was a giant
of 20 th-century Earth science. The U–Pb age of
370 Ma that he obtained for accessory minerals
separated from a nepheline syenite from the
Christiania region of Norway (Holmes 1911) is
a milestone not just for geology but for other
sciences. Without an Earth of great antiquity, biological evolution by natural selection
is impossible. For astronomers, it gave some
local ground truth to the sort of timescale on
which the universe has existed. For physics it
provided insights into the character of radioactive decay, and it is fascinating that Holmes
discusses the possibility that the rate of decay
might depend on pressure and temperature.
His paper and his 1913 booklet The Age of the
Earth are beautifully written and constructed.
Geological relationships, petrology, mineralogy and the new geochemistry of isotopes
all come magically together. And in 1911 he
was only 21, for heaven’s sake!
I never met Holmes (he died in 1965, a couple
of years after I got my PhD), but I’ve always
felt his presence. He was born in Gateshead,
south of Newcastle-upon-Tyne in north-east
England, not far from where my wife grew up.
The Tyne was at the heart of the industrial
revolution, and Holmes lived in a terrace house
at 19 Primrose Hill, in one of those endless,
unbroken rows of little brick shoebox homes
built for the workers who helped turn Victorian
Britain into the world’s economic powerhouse.
His father was a cabinet maker and worked as
an assistant in an ironmonger’s shop. James
Mattinson gives an account of his early scien-

tific work at what we now call Imperial College,
in London, and Cherry Lewis gives a detailed
account of his troubled work with the minerals
industry in Mozambique and the petroleum
industry in Burma. His main academic career
began in 1924 when he was given the job of
starting a department of geology at Durham
University, where 40 years later I obtained both
my degrees. The student geological society in
Durham is still called ‘The Arthur Holmes
Geological Society’. In 1943 he took up the
Chair of Geology at Edinburgh where I’m
writing now. I pass his picture every time I
go up the main stairs in the Grant Institute
(my fi rst picture). He remained there until he
retired in 1956.
Holmes was a quiet, rather retiring person, but
nevertheless had the power to inspire others
with the thrill of the geological chase. One of
his earliest students in Durham was Kingsley
Dunham, who was professor there when I was
an undergraduate in the late 1950s. Dunham
went on to become director of the British
Geological Survey. My close friend and longtime collaborator, W. L. (Bill) Brown, who
was older than me, obtained a fi rst-class honours degree in chemistry at Edinburgh, but he
decided chemistry was dull, and went to some
lectures by Holmes. Perhaps because Bill loved
mountaineering, geology seemed a lot less
dull, and Holmes arranged for him to take a
second degree, in geology, which Bill obtained
in two years, again getting a fi rst. For some
weird reason, the university regulations did
not allow anyone to hold two honours degrees.
Perhaps they thought an honours degree was
a whole brain-full of knowledge, and that
allowing someone to hold two would debase
their value. Disarmingly, Bill found crystallography, which (rightly!) took up a lot of course
time in those days, very easy. Holmes spotted
this and suggested he do a post-doc at the ETH
in Zurich, where Fritz Laves was unravelling
the structural relationships of the feldspars.

Diagrammatic section across the
Andesite Line and a typical island arc
(e.g. Japan or Kamchatka) to illustrate a speculative
arrangement of convection currents which might
account for the origin of andesitic lavas and their
associates, and for the concentration of volcanoes over
the region of intermediate earthquakes.”

“FIGURE 744:

Holmes’ second wife, Doris Reynolds, was a
research fellow in Edinburgh from 1943 to
1962. Holmes installed her in a large and
comfortable office, with lots of bookshelves
and drawers for rock specimens. I occupied
it for many years towards the end of my paid
career. Women were a rarity in geological circles in the 1950s, and Doris was famously outspoken. She was a believer in the ‘granitization’ hypothesis, at a time when a magmatic
origin for granite was becoming the prevailing
view. I heard her contribute to discussions on
a number of occasions, often rummaging in
her handbag for a lantern slide. Bill recalled
a talk when a nervous young lecturer was
giving a conventional magmatic viewpoint.
‘Bollocks!’ said Doris, loudly, from the darkness. That was very progressive language for a
lady in the 1950s!
Holmes made many contributions in addition
to his isotopic work, and was well ahead of
his time on continental drift and mantle convection. His book Principles of Physical Geology,
fi rst published in 1944 and reprinted 18 times
before a second edition was produced in 1965,
influenced me and thousands of others. It was
stimulating to read because he was prepared
to speculate and put forward entirely new
ideas, even though it was a book for students.
My second picture is an illustration from the
1965 edition, along with the fi rst paragraph
of Holmes’ original long caption; the diagram
presents ideas that were, a few years later, to
become an essential part of the ‘new global
tectonics’.
Ian Parsons
University of Edinburgh
Holmes A (1911) The association of lead with uranium in rock-minerals, and its application to the
measurement of geological time. Proceedings of
the Royal Society of London A 85: 248-256
Holmes A (1965) Principles of Physical Geology.
Ronald Press Co., 1288 pp

The Grant Institute of Geology in the University of Edinburgh, where Holmes was Regius Professor
from 1943 to 1956

E LEMENTS

79

Lewis C (2000) The Dating Game. Cambridge
University Press, Cambridge, UK, 253 pp, ISBN 0
521 79051

F EBRUARY 2013

In a joint effort to protect
and provide mineral material
for present and future
research, across laboratories
and interdisciplinary sciences, the
International Association of Geoanalysts
is marketing the HMM # 91500 zircon
in collaboration with the
Harvard Mineralogical Museum.
www.iageo.com

HMM #91500
Zircon Reference
Material

PFA LABWARE
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in geochemistry
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www.ahf.de :: info@ahf.de

PARTING QUOTE
Time is an illusion
1 cm
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This material is from the same crystal
described in Wiedenbeck et al. (1995, 2004).
For ordering information go the the IAG’s
marketing division at http://www.iago.com.

MINERALOGIST/ECONOMIC GEOLOGIST

As part of this collaboration, all profits from
the sale of this reference material will be used
by the Harvard Mineralogical Museum
to expand its research collection.

FACULTY OF SCIENCE AND ENVIRONMENTAL STUDIES
Lakehead University, Thunder Bay Campus, invites
applications for a tenure-track appointment in Geology at
a rank commensurate with experience and qualifications.
The appointment will commence on August 1, 2013.
All candidates will have a completed (or nearly completed) Ph.D.in Geology
or a closely related field. The candidate will have a demonstrated ability in
teaching and a record of research in the general area of mineralogy or
economic geology, preferably with specialization in gold or Cr-Ni-Cu-PGE
mineralization, though candidates with experience in other deposit types are
welcome.
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For further information, please contact Dr. Philip Fralick, acting Chair of the
Department of Geology, at (807) 343-8288 or pfralick@lakeheadu.ca.
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Review of applications will begin on April 15, 2013 and continue until filled.
Applicants should submit a letter of interest, curriculum vitae, evidence of
teaching effectiveness (such as a statement of teaching philosophy, teaching
evaluations, course outlines), sample publications, and contact information
for three referees to: Dr. Andrew P. Dean, Dean of Science and Environmental
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