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A century ago, Arthur
Holmes’ 1913 book,
The Age of the Earth,

outlined the basic tenets

of geochronology in a
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radioactive decay to
constraining the
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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 quantification 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 continu-
ally 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.

concept of “radio elements chemi-
cally 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 impor-
tance of a quantified geologic time-
scale instigated the quantitative
study of the stratigraphic record,
which continues to this day
(Gradstein et al. 2012). This conver-
gence in 1913 of physics, chemistry and geology marks the
birth of isotope geochronology, the field of the Earth sciences
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INSIGHTS GAINED FROM A CENTURY
OF GEOCHRONOLOGY

To paraphrase Monty Python, what’s geochronology ever
done for us? Quite a lot it turns out. The quantification of
time is fundamental to our understanding of planetary evolu-
tion and the geologic processes that shape our own planet
Earth. The origin and evolution of life on Earth is recorded
in its sedimentary carapace, within stratigraphic successions
that we sequence and order using radioisotopic dates.
Geochronology informs our understanding of plate tectonic
processes, their influence on the development of topography,
and in turn the climate system. The integration of disparate
geologic records via absolute dating illuminates the connec-
tions and feedbacks among the biological, climatic and
tectonic components of the coupled Earth system. Their
causal links to phenomena like biological mass extinctions
and changes in atmospheric composition are also tested and
revealed by radioisotopic dating. Geochronology has become
a key tool of geological mapping and exploration for the
mineral and energy resources upon which our society is built.
And equally relevant is the role of chronology in under-
standing environments during the last tens to hundreds of
thousands of years, an understanding that provides the
context for anthropogenic climate change. Indeed, geochro-
nology has done quite a lot for us.

The year 2013 marks the centenary of two landmark publica-
tions that laid the foundations of modern geochronology:
(1) a book by Arthur Holmes entitled The Age of the Earth
(Holmes 1913), and (2) a paper by Frederick Soddy on the
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that exploits the radioactive decay of isotopes in minerals to
quantify geologic time. While these centenaries deserve an
auspicious marking, the current state of isotope geochro-
nology also merits celebration.

Today, isotope geochronology underpins much of our knowl-
edge of the absolute age of minerals and rocks, and the records
they contain. In this issue of Elements, Schoene et al. (2013)
lead off with a primer on precision and accuracy in geochro-
nology and on the metrological foundations of radioisotopic
dates. The resolving power of radioisotope geochronology is
further explored in terms of temporal resolution by Schmitz
and Kuiper and spatial resolution by Nemchin, Horstwood
and Whitehouse. Schmitz and Kuiper (2013) address the
special challenges of rock-clock calibration when increasingly
precise radioisotopic ages impinge upon accuracy limits
imposed by systematic errors and geological complexity. The
tools with which radioisotopic dates are measured have also
proliferated over the past few decades, and Nemchin et al.
(2013) explore the high-spatial-resolution methods that have
opened windows onto geologic processes preserved at the
micron scale in minerals. Our understanding of geologic
history is heavily informed by radioisotopic dating methods,
and the articles on cosmochronology by Amelin and Ireland
(2013) and Quaternary geochronology by Richards and
Andersen (2013) explore the general and unique challenges
in applying radioisotope geochronology to the extreme ends
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 geochrono-
logical heritage but also of the links in the chain to the
present flourishing of the field.
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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 radio-
active element may have more than one atomic mass though the
chemical properties are identical.

“ABSOLUTE AGES AREN'T EXACTLY?”

You would be forgiven for thinking that the analytical uncer-
tainties 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 prob-
lems. 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 end-
Permian 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 °Ar/3%Ar 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 perspective provided by Renne et al. (1998) was that
radioisotopic ages should include systematic sources of uncer-
tainties that were often neglected in the past, greatly limiting
the degree to which ages could be compared and the infer-
ences 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 intercali-
bration have been initiated. These include the use of astro-
chronologic dating of tephra to improve the accuracy of
40A1/3Ar geochronology (Kuiper et al. 2008); the refinement
of estimates of decay constants used in U-Th-Pb geochro-
nology through diligent analysis of closed-system, secular
equilibrium materials (Cheng et al. 2000); the accurate deter-
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m 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.

mination of previously assumed “constants” such as the
terrestrial 238U/235U value (Hiess et al. 2012); and the combi-
nation of data from physical counting experiments and
complementary U-Pb and %CAr/3°Ar datasets to provide
improved estimates of fundamental parameters in “°Ar/>Ar
geochronology (Renne et al. 2010). Together, these efforts are
moving the various chronometers towards improved trace-
ability and increased accuracy, a theme — the elimination of
bias — that links all the articles in this issue of Elements.

THE NEXT 100 YEARS OF GEOCHRONOLOGY

A crystal ball isn’t required to predict that high-precision
geochronology will become increasingly precise or that high-
spatial-resolution techniques will allow us to analyse even
smaller domains. These trends of the 20" century and the
first decade of the new millennium will continue, with incre-
mental improvements in technology and methodology.

More interesting perhaps are the directions in which syner-
gies amongst analytical methods and chronometers will lead
us. Whereas historical competition between different analyt-
ical 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, 4°Ar/>*Ar and
astrochronologic data to develop an age model for a strati-
graphic succession, or using a rapid, in situ method to char-
acterize 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” commu-
nity 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, inter-
laboratory 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
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data reduction and analysis), the greatest outcome of this
effort has been the evolution of our attitudes — collabora-
tion is now contagious.

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 funda-
mental 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

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.
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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 ()) — The reciprocal
value of the average lifetime of a
radionuclide, which is the time over
which a population of parent radio-
nuclides is reduced by 1/e times its
initial value. The half-life of a radio-
nuclide is equal to In(2)/A.

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 homo-
geneous isotopic mixture, the
isotopic composition of which is
analysed using TIMS. This technique
is currently the form of isotopic
measurement with the highest preci-
sion 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.

MSWD (mean squared weighted devia-
tion) — A goodness of fit statistic that
compares the sum of the squares of
the deviations of a set of measure-
ments from their mean value to the
corresponding sum of the variances
of each measurement

Precision — The closeness of agreement
between indications or measured
quantity values obtained by replicate
measurements on the same or
similar objects under specified
conditions

Secondary ion mass spectrom-
etry (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 high-
energy primary ions onto a polished
sample surface, ablating atoms and
molecules, and generating secondary
ions that are analysed by mass spec-
trometry. The high spatial resolution
offered by SIMS (commonly <30 pm
wide and <1 pm deep during anal-
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ysis of geological materials) allows
in situ analysis of geological mate-
rials. The method is relatively non-
destructive, allowing multiple
analyses to be performed within
single grains or zones within grains,
but has lower analytical precision
than ID-TIMS.

Radioactive decay — Nuclear reactions
by which an atomic nucleus trans-
forms via emission of ionising parti-
cles 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.

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 measure-
ment 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 predict-
able manner across replicate
measurements.

FesruAry 2013



Acid Distilation Made

Savillex DST-1000
Sub-Boiling Distillation System

The DST-1000 features:
Wetted parts of molded PFA
No cooling water required
Controlled, gentle heating
Elegant, compact design 4 >$_3_V,—',£"jj
Built-in waste drain v

Savillex PFA collection bottle

= View the DST-1000 in action online at:

T www.savillex.com

NEW

PFA Bottles
4 100 ml
i 250 ml
500 ml
1000 ml

= Savillex Corporation has been proudly serving the
Geochemistry community for over 35 years. We are
EVI e committed to providing high-quality PFA labware

solutions for all your sample analysis needs.

Tel: 952.935.4100

www.savillex.com





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /FRA <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


