
Description of the Proposed Work
Summary: Few computer programs have been as widely used in the Earth Sciences as Isoplot. This
is a Visual Basic add-in for geochronological data processing and visualisation, which provides the ‘glue’
that holds geochronology together. Unfortunately, the add-in does not work in recent versions of Excel and
is no longer maintained. The demise of Isoplot is now a major issue for geochronologists, but also presents
us with an exciting opportunity to address some long standing methodological problems in geochronology.
Current statistical methods used to report analytical uncertainties of geochronological age determinations
have ignored the fact that they are often strongly correlated with each other. This proposal demonstrates
how a failure to acknowledge this correlation impacts on both the precision and accuracy of geochronological
data. The proposed research will fundamentally revise the data reduction algorithms that are currently used
to process mass spectrometer data and calculate isotopic compositions and dates, using Aitchison (1986)’s
principles of ‘compositional data analysis’ and error propagation by matrix algebra. The revised algorithms will
be implemented in an open access software ecosystem that builds on existing software platforms created by
the PI and project partners, and includes a future-proof Isoplot replacement called IsoplotR. Preliminary
calculations indicate that the re-evaluation will have a first order effect on the absolute dates of important
geological events and stratigraphic boundaries. The reader should be advised that this proposal is quite
technical. It demonstrates that the mathematical basis for the proposed revision is well established (i.e., the
project carries low risk), although many man-hours are needed to implement it. PI Vermeesch will write
pilot code for all the algorithms in R. The software engineer’s role will be to translate this code into user-friendly
consumer software with minimal dependencies. No prior knowledge of geology or geochronology is required,
but a good understanding of statistics would be beneficial for this work.

1 Introduction
Precise and accurate time constraints underpin fundamental aspects of the (Earth) Sciences, such as the causal
relationship between catastrophic geological events and the great mass extinction events of Earth history (Kuiper
et al. 2008; Schoene et al. 2010; Renne et al. 2013); the recovery rate of ecosystems from such catastrophic
events, which places fundamental constraints on the rate of biological evolution (Bowring et al. 1999; Chen
& Benton 2012); the protracted crystallisation history of complex plutons (Matzel et al. 2006; Rioux et al. 2012;
Samperton et al. 2017); the link between periodic climate change and astronomical cycles (Stirling et al. 2001;
Pietras et al. 2003); and the radioactive decay constants of long-lived radionuclides through the cross-calibration
of different decay systems in cogenetic mineral phases (Söderlund et al. 2004; Renne et al. 2010). Radiometric
geochronology is also used to calibrate the Geologic Time Scale (GTS), which is a fundamental tool for the
correlation of geological events on a global scale (Holmes 1947; Harland et al. 1982; Gradstein et al. 2012).

We are currently experiencing a golden age in geochronology, driven by two parallel trends. First, spectacular
improvements in mass spectrometry have caused a revolution in isotope geochemistry. Increased miniaturisa-
tion, better electronics, improved automation and the widespread adoption of multicollector mass spectrometry
give isotope geochemists access to unprecedented mass resolution, sensitivity and sample throughput.
Second, improved international collaboration has led to fruitful efforts to synchronise the different chonometers
that are available to geologists, notably the 40Ar/39Ar and U-Pb clocks (Kuiper et al. 2008). Certified reference
materials and isotopic tracers have been developed under the umbrella of the international EARTHTIME initia-
tive, which was funded by the American National Science Foundation (NSF), the European Science Foundation
(ESF) and a Marie Curie Initial Training Network from 2010 until 2016 (Condon et al. 2015; McLean et al. 2015).

These developments have resulted in a step change of analytical precision. For example, tektites from the
famous Chicxulub impact event have been dated to 66.04 ± 0.04 Ma, i.e. a precision of <1 permil (Figure 1).
These new data establish that a bolide impact happened within 32,000 years from the Cretaceous-Palaeogene
impact that wiped out the dinosaurs (Renne et al. 2013). Although studies of this kind are a significant step for-
ward for the field of high precision geochronology, this proposal will show that further improvements are possible
and, indeed, necessary. Specifically, the weighted mean calculation of Renne et al. (2013) assumes that:

1. the dates are accurate;
2. the age uncertainties are well known; and
3. those uncertainties are mutually independent.

The research proposal at hand makes the point that none of these three assumptions is correct. The follow-
ing sections of this proposal will show that the analytical uncertainties of geochronological age determinations
are often strongly correlated with each other. Ignoring this correlation hurts the precision and accuracy of
geochronology, and may shift the age of the K-Pg events by up to 200,000 years (Figure 1). The following



paragraphs will argue that the statistical development of radiometric geochronology has lagged behind the
hardware improvements. The proposed research will fundamentally revise the data reduction algorithms that
are currently used to process mass spectrometer data and calculate isotopic compositions and dates, in order
to improve the precision and accuracy of geochronology.
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Figure 1: 98 40Ar/39Ar dates from an Ir-rich bentonite of the Hauso
Flats Z coal layer in the Hell Creek area of Montana, 80-120cm above
the Cretaceous-Palaeogene boundary (Renne et al. 2013). Error bars
show 2σ confidence limits. The red lines and rectangle represent the
2σ interval for the weighted mean age, assuming that all age estimates
are statistically independent. The blue interval represents a ‘worst case
scenario’ in which the analytical uncertainties for the different aliquots
are perfectly (and positively) correlated with each other. This would shift
the Cretaceous-Palaeogene boundary by 200,000 years. This simple
example demonstrates the pressing need for better data processing
algorithms in geochronology The proposed research will deliver this
through the development of integrative software for data reduction and
error propagation.

1.1 Assumption 1: accuracy
The exponential decay of long lived radioactive parent nuclides (P, e.g., 40K, 87Rb, 147Sm, 235U and 238U)
to stable daughter nuclides (D, e.g., 40Ar, 87Sr, 147Nd, 207Pb and 206Pb) forms the basis of a number of
powerful geological clocks that can be used to constrain geological time (t). In its simplest generic form, the
age equation can be written as follows:

t =ln(1+D/P)/λP (1)
where λP is the decay constant of the parent (in yr−1). Equation 1 does not depend on the absolute
amounts of D and P, but only on their ratio. Unfortunately, the statistical analysis of the ratios of strictly
positive numbers is full of potential pitfalls, as we will now illustrate with a simple dataset of ten synthetic
measurements:

D 1.845 1.240 2.135 6.222 2.135 4.508 2.665 7.588 2.902 1.140
P 21.59 20.89 21.24 18.63 21.78 19.67 21.64 17.18 21.60 20.01

These values may represent the isotopic composition of multiple samples from a certain field area (in pico-
moles per gramme or similar units), of individual crystals within a sample, or of the relative mass spectrometer
signal intensities (in V, A, or Hz) of a single U-Pb analysis. The elementary rules of mathematics dictate that
1/(D/P)=P/D for any two numbers D and P. In other words, the reciprocal of the reciprocal ratio equals
that ratio. Indeed, for our example it is easy to see that 1/(1.845/21.59) = 11.70 = 21.59/1.845 and so forth.
However, when we take the arithmetic means of the (reciprocal) ratios, then we find that

1/
(

D/P
)

=6.01 6=9.14=P/D
So the reciprocal of the mean reciprocal ratio does not equal the mean of that ratio! This is a counter-intuitive
and clearly wrong result. Unfortunately, it is common practice in mass spectrometry to take the arithmetic
mean of ratio data, or to perform (linear) regression through ratio data, which causes similar problems. Thus,
the numerical example shown in this section is deeply troubling for geochronology and isotope geochemistry
in general. Inaccurate D/P-ratios inevitably result in inaccurate dates, and an inaccurate GTS.

1.2 Assumption 2: precision
“the uncertainty on the date is as important as the date itself” – Ludwig (2003a)

If we take the arithmetic mean (x̄) and standard deviation (sx) of the data in Section 1.1, and construct
the typical ‘2-sigma’ confidence interval for the isotopic ratios:

x x̄ sx x̄−2sx x̄+2sx
D/P 0.1162 0.1223 -0.1284 0.3608
P/D 9.143 5.273 -1.403 19.689

then we can see that the lower limits of these intervals have physically impossible negative values. This
nonsensical result is yet another indication that there are some fundamental problems with the application
of ‘conventional’ statistical operations to isotopic data. These problems cast doubt on the reliability of the
analytical uncertainty assigned to the data that underly the GTS.



1.3 Assumption 3: independence
Let Z be a function f of two measured quantities X and Y :

Z = f (X ,Y ) (2)
For example, X and Y could be the D and P data of Section 1.1, Z the D/P-ratio, and f the division operator.
Or f could be Equation 1 and Z the age. The analytical uncertainty of the derived quantity (sZ ) can then be
estimated by first order Taylor expansion:

s2
Z≈s2

X

(
∂f
∂X

)2

+s2
Y

(
∂f
∂Y

)2

+2 sX ,Y
∂f
∂X

∂f
∂Y

(3)

where sX and sY are the standard deviations of X and Y and sX ,Y is their covariance. Equations 2 and 3 can
easily be generalised from two to more parameters. For example, the age t(E,C) of the stratigraphic boundary
between the Ediacaran and Cambrian could be estimated from the available geochronological data as follows:

t(E,C)= f (E1,...,E17,C1,...,C11) (4)
where E1,...,E17 and C1,...,C11 represent the individual age constraints (ash layers) of the Ediacaran and
Cambrian, respectively (Peng et al. 2012). In this case, the function f could represent the chronogram function
of Harland et al. (1982), or the spline interpolator of Gradstein et al. (2004). Propagating the analytical
uncertainties of t(E,C) by the usual Taylor series expansion yields an expression with no fewer than 378
covariance terms. In order to simplify the calculations, it is common practice in geochronology to simply assume
that the covariance terms are zero. The uncertainty of t(E,C) then reduces to the following 28-term equation:

s2
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(5)

Although Equation 5 is easy to calculate, there is no firm statistical justification to neglect the covariance terms.
In fact, the simplification cannot be correct for a number of reasons. Consider, for example, the uncertainty
of the decay constant (λP in Equation 1), which dominates the analytical uncertainties for (pre-)Cambrian
U-Pb dates (Ludwig 2000). This uncertainty is shared between all U-Pb dates among the age constraints
E1,...,E17 and C1,...,C11, resulting in strong error correlations and, hence, covariance terms. Ignoring these
or other covariance terms has a detrimental effect on the calibration of the GTS (Figure 2).
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Figure 2: Correlation matrix of a 40Ar/39Ar dataset comprising four
Fish Canyon Sanidine (FCS, 28.201 ± 0.046 Ma; Kuiper et al. 2008)
and four Mount Dromedary Sandine (MDS, 99.125 ± 0.076; Phillips
et al. 2017) analyses, calculated by Vermeesch (2015). Conventional
statistical analysis would assume that the analytical uncertainties of
all these measurements are independent from each other, resulting in
error circles. The high degree of ellipticity of the eight pairs of confidence
regions clearly show that this assumption is incorrect. Error correlations
between aliquots and samples are as high as 0.9. Ignoring those
correlations has a detrimental effect on the precision and accuracy of
weighted means, isochrons, and spline interpolations.

2 Geochronology as a compositional data problem
All the problems discussed in the previous section are caused by the fact that isotopic data are compositional
data, which are defined as vectors representing parts of a whole that only carry relative information (Pawlowsky-
Glahn & Buccianti 2011). Without loss of generality, this definition can be rephrased as a combination of two
constraints:

1. Compositions are vectors of strictly positive numbers (percentages, fractions or concentrations).
2. These numbers can be renormalised to a constant sum (e.g., 100% if the composition is expressed as

percentages, or 1 if fractions are used).

The subspace of the realm of numbers that fits within these constraints is called the simplex. For a two-
component system, the simplex can be visualised as a one-dimensional line segment running from 0 to 1 (or
from 0% to 100%). For a three-component system, the simplex corresponds to the ternary diagram (Figure 3.a),
for a four-component system a tetrahaedron (Figure 3.b) etc. Unfortunately, common statistical operations, such
as averaging and the construction of symmetric ‘two-sigma’ confidence intervals, are incompatible with this pe-
culiar data space. These operations assume that data that can be described by a Normal distribution. However,



Normally distributed data do not fit within the constraints of the simplex because the latter does not offer the nec-
essary support from−∞ to +∞. A solution to this conundrum was not found until the 1980s, when the Scottish
statistician John Aitchison published a landmark paper and book on the subject (Aitchison 1982, 1986). In this
work, Aitchison proved that all the problems associated with the statistical analysis of compositional data can
be solved by mapping those data from the simplex to a Euclidean space by means of a logratio transformation.
For example, in 40Ar/39Ar-geochronology, the 36,39,40Ar system can be mapped from the ternary diagram (Fig-
ure 3.a) to a bivariate ln(36,39Ar/40Ar)-space (Figure 3.b). Similarly, in U-Pb geochronology, the four-component
204,206,207Pb-238U-system can be mapped to the three component ln(204,206,207Pb/238U)-space.
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Figure 3: An extreme1example of
compositional data analysis in a
geochronological context. (a) the
40Ar/39Ar age equation shown on
a ternary diagram, assuming an at-
mospheric composition of the non-
radiogenic argon (with 40Ar/36Ar =
298.56, Lee et al. 2006). There
is a bijection between this 3-
dimensional ‘simplex’ and the 2-
dimensional logratio space shown
in panel (b). This proposal makes
the point that the statistical analysis
of isotopic data must take place in

Euclidean logratio space (b) and not in compositional data space (a). For example, the white dots represent 20
synthetic data points, while the blue square and polygon mark the arithmetic mean and 95% ‘confidence polygon’. The
latter partly plots outside the ternary diagram into physically impossible negative space. However, if we calculate the
arithmetic mean and 95% confidence region in logratio space (red square and ellipse in panel b) and then map these
back to the ternary diagram, then the resulting (geometric) mean and confidence interval stay within the confines of the
simplex (red square and envelope in panel a). The software ecosystem shown in Figure 4 will ensure that these and
other operations are done in a transparent, self-consistent, and user-friendly way across multiple dating systems.

Applying this simple routine to the synthetic dataset of Section 1.1 yields (geometric) mean D/P- and
P/D-ratios of 0.1319 and 7.582, respectively. It is easy to show that 1/0.1319 = 7.582, an altogether more
satisfying result than the arithmetic mean of Section 1.1. The logratio transformation also allows the calculation
of far more sensible analytical uncertainties (D/P = [0.033 – 0.53] and P/D = [1.9 – 30]). The compositional
nature of isotopic data embeds a covariant structure into very DNA of geochronology: in an N-component
system, increasing the absolute amount of one of the components automatically lowers the relative amount of
the remaining (N-1) components (Chayes 1960). The resulting covariance terms can be managed by recasting
Equation 3 into a matrix form:

s2
t =JTΣJ (6)

where Σ is the covariance matrix of the input data, i.e. a symmetric matrix with the variances on the diagonal
and the covariances on the off-diagonals; and J is the Jacobian matrix (and JT its transpose) of partial
derivatives with respect to the input data. This approach automatically solves the correlation issues raised in
Section 1.3. Preliminary results based on the work of Vermeesch (2015) show that the effect of the proposed
changes to the GTS may be very significant indeed. For example, using the revised data reduction methods
proposed herein, the weighted mean of the 40Ar/39Ar dates shown in Figure 1 may shift by up to 200,000
years. This is far beyond the currently assumed analytical uncertainties. See Section 3.10 for further details.

3 New software for accurate and internally consistent geochronology
The reappraisal of statistical isotope geochemistry proposed in Section 2 affects every step of the data process-
ing chain. This includes mass spectrometric data acquisition, blank correction, detector calibration, interference
correction, isochron regression, age calculation, sample averaging etc. In other words, recalibration of the GTS
in a self-consistent compositional framework requires a complete reformulation of isotopic geochronology from
the ground up. Realising this ambitious vision requires the creation of a new generation of data acquisition
and error propagation software. The proposed research will create a modular system of interconnected
computer codes that take raw mass spectrometer data as input and produce accurate and precise dates

1The example shown in Figure 3 is extreme in the sense that the magnitude of the dispersion is very large, for the sake of clarity.
It is not necessarily extreme with regards to the degree of difference between the ‘crude’ (blue) and ‘logratio’ (red) statistics.



and associated covariance matrices as output. This software ecosystem will modify and extend existing data
reduction platforms such as IsoplotR and ET_Redux, and will augment these with entirely new components
such as timezero and shinylight that will benefit geochronologists and other (Earth) scientists.

ET_Redux

IsoplotR4Excel

IsoplotR

shinylight

IsoplotRgui

GTS20xx

Ar-Ar_Redux

timezero

PyChron
Figure 4: Organigram of proposed geochronological soft-
ware. IsoplotR, IsoplotRgui, ET_Redux, Ar-Ar_Redux
and PyChron are existing platforms that require mod-
ification to accept a common data exchange format.
IsoplotR4Excel, shinylight and timezero are yet to
be created. Boxes group components that can be packaged
together for separate applications. All software developed
under this proposal will be free and open.

3.1 IsoplotR
Few computer programs have been as widely used in the Earth Sciences as Isoplot. This add-in to Microsoft
Excel takes isotopic data as input and produces publication-ready figures as output, including U-Pb concordia
diagrams, isochrons, 40Ar/39Ar-age spectra, etc. (Ludwig 1988, 1999, 2003b, 2012). Unfortunately, after nearly
three decades of loyal service, it appears that Isoplot’s days are numbered. Recent versions of Excel are
incompatible with Isoplot, whose creator Dr. Kenneth Ludwig (Berkeley Geochronology Center) has retired
and no longer maintains the code. These software issues are a major problem for the field of radiometric
geochronology, to the point where some laboratories keep an old Windows XP computer with Excel 2003
around for the sole purpose of running Isoplot. The PI has developed a new computer code to address this
pressing issue. Developed over a period of nearly two years, IsoplotR aims to provide the geochronological
community with a free, open and future-proof alternative for Isoplot. The software architecture uses a
modular design with future-proofness and extendability in mind. The software is written in R and can be run
in three different modes:

Online A user-friendly Graphical User Interface (GUI) that runs in a web browser on any internet-connected
device and is available at http://isoplotr.london-geochron.com.

Offline The GUI can be run natively on any computer that has R installed on it. R is free software that is
available on Windows, Mac and Linux/Unix.

Command Line Advanced users can access the full functionality of IsoplotR from R’s command line. This
allows IsoplotR to be extended and incorporated into automation scripts.

In its present form, IsoplotR aims to replicate Isoplot’s functionality, whilst expanding it with U-Th-He
and fission track functions. Like Isoplot, the data reduction and error propagation algorithms embedded
in IsoplotR only take into account error correlations between isotopic ratios of the same sample, but assume
that there is no inter-sample error correlation. The proposed research will remove this simplification and
implement further improvements to make IsoplotR even more user friendly and future proof.

3.2 shinylight
The code base for IsoplotR’s GUI and the core data processing algorithms are surgically separated. The
command-line functionality is grouped in a lightweight package called IsoplotR, which has minimal de-
pendencies and works on a basic R installation. It only uses commands that have been part of the R
programming language for many decades and are unlikely to change in the future. In contrast, the GUI is
written in html and Javascript and interacts with IsoplotR via an interface package. This interface is
currently provided by the shiny package (Chang et al. 2017). shiny is free, open, and popular amongst
R developers. Nevertheless, there are three reasons why the proposed work will replace it with a light
weight alternative. First, shiny is the only component in Figure 4 that was created and is owned by a
private company, RStudio. Bearing in mind the fate of Isoplot, this third party dependency reduces the
software’s future proofness. Second, shiny is a rather ‘bloated’ piece of code. RStudio designed it to so
that (quoting its website) “no web development skills are required” to develop shiny apps. To achieve this,
the package implements a rather cumbersome alternative to international web standards such as html and
Javascript. IsoplotR gets around this limitation by using an undocumented function of the shiny code
base but it is uncertain whether this function will continue to work in the future. Third, the free version of
shiny does not accommodate simultaneous requests from multiple users. To avoid all these issues, we will
implement a light-weight alternative to shiny called shinylight that will allow websites to call R functions
in a similar fashion to the way in which node.js allows websites to use Javascript as a server language.



shinylight will be created by ‘forking’ shiny from the popular code sharing platform GitHub. We anticipate
that shinylight will find uses in many other fields of science besides geochronology.

3.3 IsoplotR4Excel
Arguably the most important reason for Isoplot’s remarkable success over the past three decades has been
its integration within Excel’s familiar spreadsheet environment. Although IsoplotR’s existing web-interface
aims to replicate the look and feel of Isoplot, some users might prefer to have the full power of Excel at
their disposal during data processing. Fortunately, R is able to interact with Excel via different interface
packages such as RExcel (Heiberger & Neuwirth 2009). We will develop a menu-based user interface called
IsoplotR4Excel that will offer the same user experience as the original Isoplot but without the limitations
of the original VBA add-in.

3.4 Intersample correlation
IsoplotR (like Isoplot) currently accepts input data as flat tables with five or nine columns:

X , s[X ], Y , s[Y ], ρ[X ,Y ]
or X , s[X ], Y , s[Y ], Z , s[Z ], ρ[X ,Y ], ρ[X ,Z ], ρ[Y ,Z ]
where X , Y and Z are the isotopic (ratio) measurements, s[X ], s[Y ] and s[Z ] are their analytical uncertainties
(standard errors); and ρ[X ,Y ], ρ[X ,Z ] and ρ[Y ,Z ] are the error correlations. Inter-sample correlations such
as shown in Figure 2 require the addition of a new input format that includes the full covariance structure:

X1 s[X1]2 cov[X1,X2] ... cov[X1,Xn] cov[X1,Y1] ... cov[X1Yn] cov[X1Z1] ... cov[X1,Zn]
X2 cov[X2,X1] s[X2]2 ... cov[X2,Xn] cov[X2,Y1] ... cov[X2,Yn] cov[X2,Z1] ... cov[X2,Zn]
...

...
...

. . .
...

. . .
...

...
...

. . .
...

Xn cov[Xn,X1] cov[Xn,X2] ... s[Xn]2 cov[Xn,Y1] ... cov[Xn,Yn] cov[Xn,Z1] ... cov[Xn,Zn]
Y1 cov[Y1,X1] cov[Y1,X2] ... cov[Y1,Xn] s[Y1]2 ... cov[Y1,Yn] cov[Y1,Z1] ... cov[Y1,Zn]
...

...
...

. . .
...

. . .
...

...
...

. . .
...

Zn cov[Zn,X1] cov[Zn,X2] ... cov[Zn,Xn] cov[Zn,Y1] ... cov[Zn,Yn] cov[Zn,Z1] ... s[Zn]2


where cov [Xi ,Yj ] is the covariance between the i th isotopic (ratio) measurements of X , and the j th isotopic (ratio)
measurements of Y etc. This data structure contains all the information required to calculate multi-sample
averages and calibrate the GTS. Casting it in a .json or .xml database format will allow data to be passed
between IsoplotR and lower-level data acquisition codes such as Ar-Ar_Redux, PyChron or ET_Redux,
as will be discussed next.

3.5 Ar-Ar_Redux
The compositional data approach of Aitchison (1982, 1986) was first introduced to geochronology by Vermeesch
(2008, 2010) as a means of visualising and averaging U-Th-He data. The 40Ar/39Ar method was the first
geochronometer that was re-evaluated entirely in a logratio context by Vermeesch (2015), who wrote an
R-package called Ar-Ar_Redux to demonstrate the extent of the error correlation problem shown in Figure 2.
Though conceived as a proof-of-concept code, Ar-Ar_Redux is a fully functional data reduction program.
However, it is currently limited in a number of ways. (1) In its current version, the program is command-line based.
This provides too steep a learning curve for many users; (2) the software currently only reads Argus-VI data; (3)
it uses a rather simplified way to extract isotopic ratios from the raw mass spectrometer signals (see Section 3.6).
The proposed research will fix these issues by (1) developing a user-friendly GUI similar to the one that already
exists for IsoplotR; (2) integrating Ar-Ar_Redux within an existing data acquisition platform called PyChron;
and (3) introducing a radically new way to regress noble gas mass spectrometer signals to ‘time zero’.

3.6 timezero
40Ar/39Ar ratios are obtained by regression of transient electronic signals in a noble gas mass spectrometer.
All subsequent calculations are then based on the signal intercepts at ‘time zero’. For low intensity ion beams,
this procedure may yield physically impossible negative values. This nonsensical situation is not unlike that
discussed in Section 1.2. The proposed research will develop a new data reduction formalism to avoid this
problem. The new approach is based on a suggestion from Dr. Chris Hall (Univ. Michigan) and was adjusted
for compatibility with logratio statistics. It uses a mathematical description of the physical process that takes
place during a noble gas measurement. If c[i] is the time-resolved mass spectrometer signal (count rate or
current) of the i th isotope, then

dc[i]
dt

=−Λc[i]+k[i] (7)



where Λ controls the rate at which the noble gas of interest is consumed by the mass spectrometer, and k[i]
represents the rate at which the i th isotope accumulates into the mass spectrometer under static vacuum. We
can solve this differential equation for c[i](t), the mass spectrometer signal expected t seconds after ‘time zero’:

c[i](t)=e0[i]−Λt +
k[i]
Λ

(
1−e−Λt

)
+ε[i](t) (8)

where ε[i](t) is the residual, which can follow a Poisson or Normal distribution if isotope i was measured
on an electron multiplier or Faraday collector, respectively. The (strictly positive) time-zero intercept is then
given by e0[i], where 0[i] (along with Λ and k[i]) is obtained from Equation 8 by the method of Maximum
Likelihood. The parameter Λ can be safely assumed to be identical for all isotopes of a single element such as
argon. This constraint reduces the number of fitting parameters, resulting in more precise estimates of 0[i]
and k[i]. However, using a single value of Λ for multiple isotopes also introduces covariance between their
time-zero intercepts. This covariance must be accounted for in all subsequent calculations using Equation 6.
Preliminary results indicate that Equation 8 provides outstanding fits to the data when the high voltage supply
of the ion source is switched on (defining ‘time zero’) some time after the gas has been let into the mass
spectrometer (Meshik et al. 2012). This procedure removes the gettering effects that are often observed during
the initial stages of a noble gas measurement. The new algorithm will be implemented in R and Python
under the name timezero. This code will be incorporated into 40Ar/39Ar data reduction packages such as
Ar-Ar_Redux and PyChron, but will also be released as a standalone program for other applications in noble
gas geochemistry.

3.7 Pychron
Pychron is an NSF-funded suite of software to collect and process noble gas mass spectrometer data. It aims
to replace the widely used MassSpec software of Dr. Alan Deino (who, like Kenneth Ludwig, is also employed
by the Berkeley Geochronology Center) with a free, open, and future proof alternative, written in Python.
Pychron includes low level commands to automate gas handling (PyValve), heat samples (PyLaser and
furPi), control the mass analyser and set up analysis batches (PyExperiment) etc. Pychron also implements
functions that visualise and process the data to calculate 40Ar/39Ar dates (PyView). However, these operations
use conventional (non-compositional) statistics that suffer from all the issues described in the first part of this
proposal. The proposed research will incorporate Ar-Ar_Redux and timezero into Pychron.

3.8 ET_Redux
One of the key achievements of the EARTHTIME initiative was the development of a Java program called U-
Pb_Redux for high precision U-Pb geochronology by Thermal Ionisation Mass Spectrometery (TIMS, Bowring
et al. 2011). U-Pb_Redux propagated analytical uncertainties in a matrix format (McLean et al. 2011) but did
not yet take into account the compositional nature of the isotopic data. The program was retrofitted with logratio
statistics, modified to accommodate LAICPMS data, and rebranded as ET_Redux (McLean et al. 2016). Like
Ar-Ar_Redux and Pychron, ET_Redux is free and open software whose code is shared via GitHub. The
proposed research will add an export function to ET_Redux that will allow the program to pass its output on
to IsoplotR for further manipulation and combination with other chronometric datasets.

3.9 Isochrons
Isochrons are an important instrument of high precision, high accuracy geochronology. Given several aliquots
from a single sample, they allow the non-radiogenic component of the daughter nuclide to be quantified
and separated from the radiogenic component. In its simplest form, an isochron is obtained by setting
out the amount of radiogenic daughter against the amount of radioactive parent, both normalised to a
non-radiogenic isotope of the daughter element, and fitting a straight line through these points by least squares
regression (Nicolaysen 1961). The slope and intercept then yield the radiogenic daughter-parent ratio and the
non-radiogenic daughter composition, respectively. Isochron regression is typically done using the weighted
least square algorithm of York (1969). This takes into account the covariant data structure that is embedded
within each aliquot of a multi-aliquot set of mass spectrometer measurements. But it does not account for
the uncertainty correlations that may exist between aliquots. These correlations can be very significant due
to the detector calibrations and fractionation factors that are shared by all measurements made on the same
instrument. Ignoring these correlations when calculating isochrons or weighted means results in imprecise
and, occasionally, inaccurate dates. This problem can be solved by a fairly straightforward generalisation of
Ludwig (1998)’s maximum likelihood approach to U-Pb isochron regression with decay constant uncertainties.
This modified isochron equation will be added to IsoplotR, using the data structure introduced in Section 3.4.



3.10 Averaging and interpolation
The multi-aliquot average shown in Figure 1 was calculated under the assumption of zero covariance between
the different aliquots. Figure 2 shows that this assumption is unlikely to be correct, and that error correlations
of 0.9 or more are not uncommon. Similarly, the age of the base of the Phanerozoic was determined by spline
interpolation of U-Pb dates for ash layers on either side of the boundary, assuming statistical independence of
all these dates (Section 1.3, Peng et al. 2012). However, this assumption is unlikely to be correct, considering
that the six ash layers closest to the Cambrian/Precambrian boundary were all measured in the same
laboratory (Grotzinger et al. 1995; Bowring et al. 2007). In the Mesozoic, where U-Pb and 40Ar/39Ar data
are often combined, error correlations arise because the 40Ar- and 238U-decay constants are intercalibrated
(Renne et al. 2010). The data exchange format introduced in Section 3.4 will enable a new approach to
averaging and interpolation. Let τ be a vector containing n 40Ar/39Ar ages, and let Στ be their covariance
matrix, then we first calculate the variance of the weighted mean age (s2

t̄ ) as:

s2
t̄ =
(

11,n Σ−1
τ 1n,1

)−1
(9)

where 11,n is a row vector (and 1n,1 a column vector) of ones. The weighted mean age is then given by:
t̄ =s2

t̄

(
τ Σ−1

τ 1n,1

)
(10)

Similarly, (spline) interpolation can be done using the methods of McLean et al. (2016). Numerical exploration
for the Renne et al. (2013) data indicates that incorporation of the covariance terms has a first order effect
on precision and accuracy, and may shift ages by tens to hundreds of thousands of years (Figure 1). This
shift gives an idea of the order of magnitude of change that can be expected for the re-calibrated GTS when
all sources of correlation are considered. The accuracy and numerical stability of these approaches will benefit
from an explicit incorporation of overdispersion (Vermeesch 2010; McLean et al. 2016) into Equations 9 and 10.

4 Five geological problems that are affected by inter-sample error correlations
This section presents a selection of ‘low hanging fruits’ for the new data reduction software. It includes two
high precision and three low precision examples.

4.1 Age of the Solar System

The age of the Solar System represents the most coveted prize in geochronology. First estimated at ∼3000
Ma by Holmes (1946) using Pb-Pb dating of terrestrial lead-ores, it has been regularly refined over the past
seven decades (e.g., Holmes 1947; Patterson 1956; Amelin et al. 2002). The earliest solids preserved from
the protoplanetary disk occur as inclusions in chondritic meteorites. A weighted mean of these has been dated
to 4567.30±0.16 Ma, which includes a single chondrule age of 4567.32±0.42 Ma (Connelly et al. 2012).

These isochron data are underdispersed with respect to the formal analytical uncertainties (MSWD=0.15,
Connelly et al. 2012). One likely cause for this underdispersion is the inability of the York (1969) algorithm
to account for inter-sample error correlations. An evaluation of the effect of inter-sample error correlations will
made for Connelly et al. (2012)’s Pb-Pb data using the new data reduction scheme. This work will be carried
out in close collaboration with Project Partners James Connelly and Noah McLean. Applying the new data
reduction paradigm to other classes of meteorites will allow further refinement of early Solar System history
(Connelly et al. 2017). The proposed re-evaluation may reveal previously undetected geological dispersion.
Statistical approaches to dealing with such dispersion were introduced by Ludwig (2003a); Vermeesch (2010,
2018) and others. These approaches can be reformulated to accommodate inter-sample error correlations,
as shown in the draft manuscript linked under the first footnote of this Case for Support.

4.2 The K-Pg boundary

Tektites from the famous Chicxulub impact event have been dated by the 40Ar/39Ar method to 66.04 ± 0.05
Ma, i.e. a precision of <1 (Figure 5i). These data establish that a bolide impact happened within 32,000
years from the Cretaceous-Palaeogene (K-Pg) impact that wiped out the dinosaurs (Renne et al. 2013).
Ultra-precise data like this put important constraints on the timescales required for ecosystems to recover
after mass extinctions. However, Vermeesch (2015) showed that strong inter-sample error correlations are
commonplace in 40Ar/39Ar geochronology. These correlations affect the precision and accuracy of the results,
and may shift the age of the K-Pg events by up to 200,000 years (Figure 5i).

The proposed research will re-evaluate the age of the K-Pg boundary in two parallel ways. First, it will
reprocess the raw data from the original studies by Kuiper et al. (2008) and Renne et al. (2013). Second, Project
Partner Klaudia Kuiper, who was involved in both of these studies, will analyse duplicate samples from them
with modern mass spectrometer equipment. Processing these new analyses with the same software will further



refine the age of this important stratigraphic boundary and the biogeological processes associated with it.

4.3 U-Pb dating of carbonates and the Taung Child

Zircon is the workhorse mineral of U-Pb geochronology, because (1) it tends to incorporate relatively high
concentrations (of up to 1) of U and low concentrations of Pb in its crystal lattice during crystallisation; (2) it is
resistant to secondary overprinting during weathering, diagenesis and metamorphism; and (3) it is commonly
found in many lithologies including (felsic) igneous, metamorphic and siliciclastic rocks.

However, zircon also has serious limitations such as (1) its tendency to be recycled, which makes it difficult
to ‘see’ the difference between new and inherited geological signals; and (2) its absence from common
lithologies such as mafic igneous rocks and carbonates.

To overcome these limitations, there is much interest in applying U-Pb dating to other mineral phases with
less favourable initial U/Pb-ratios. The ability to routinely date ‘low-’ phases such as calcite, apatite, rutile
and titanite holds the potential to revolutionise several scientific fields including tectonics (Smye et al. 2018),
structural geology (Hansman et al. 2018) and archaeology (Hellstrom & Pickering 2015).

Unfortunately, U-Pb dating of low- phases is technically challenging because it requires a substantial
common-Pb correction. Figure 5ii shows a typical example of a carbonate sample that lacks sufficient spread
to permit a reliable extrapolation to purely radiogenic lead. Like the Pb-Pb isochrons of Connelly et al. (2012),
also this discordia line exhibits underdispersion, which is a telltale sign of hidden error correlations2.

We will use the new discordia regression algorithm to determine the age of one of the world’s most famous
hominin fossils. The ‘Taung Child’ was discovered in 1924 by quarrymen working at the Buxton Limeworks,
Taung, who passed it on to Raymond Dart at the University of the Witwatersrand. Dart described it as a
new genus and species, Australopithecus africanus (Dart 1925), and it became the first evidence to support
Darwin’s assertion that humans evolved in Africa. The Taung Child remains an iconic fossil with immense
historical importance and is still the subject of new scientific investigations. However, the age of the Taung
Child remains uknown to this date.

Since its discovery it has been assigned ages ranging from 3 Ma to 1 Ma, and the most commonly cited
estimate of its age is approximately 3.0 Ma to 2.5 Ma, based on the recognition of fossil primate and ungulate
species from the Taung site. Early attempts to date associated tufa deposits using bulk uranium-thorium
methods led the perception that the deposits were undatable (Tobias et al. 1993). However, recent advances
in uranium-lead dating of young carbonates has lead to the successful dating of flowstones associated with
other early hominins from South Africa (e.g., Walker et al. 2006; Pickering et al. 2011).

Using National Geographic funding awarded to Project Partner Philip Hopley in 2010, the sedimentology
and stratigraphy of the site were studied and samples collected (Hopley et al. 2013). After screening a number
of samples for U-Pb using LA-MC-ICP-MS, samples of the hominin-bearing layer were deemed undatable.
However, a sample of tufa from the top of the outcropping sequence produced a robust date of 1.95±0.05 Ma.
This fits well with new magnetostratigraphic data that show a reversal to normal polarity by this sample (i.e.
the base of the Olduvai Chron). The normal polarity of the hominin-bearing strata can be tentatively attributed
to the Gauss Chron, but this is a long magnetochron ranging from 3.59 Ma to 2.59 Ma. In 2012, two cores
(depths of 13 and 51 m) were recovered from the site.

Preliminary results from a small pilot study of these cores yielded an upper age estimate of 1.4±2.7 Ma.
With the new algorithms and software, we will be able to significantly reduce the uncertainty of this date. We
will augment it with additional measurements from five new cores that were collected in March 2018. This
proposal seeks funding to screen and date six tufa samples from these cores for U-Pb dating using LA-ICP-MS
and isotope dilution methods, including high precision U activity ratio measurements. The new dataset will
be combined with the re-processed 1.4 Ma result and the unpublished 1.99±0.05 Ma lower age limit to form
a robust bracketing range for this important hominin fossil, in time for the centenary of its discovery.

4.4 U-Pb thermochronology by LA-ICP-MS depth profiling

As explained in Section 4.3, zircon has a tendency to be recycled repeatedly over geologic time. Old zircons
may be incorporated into young magmas, acquiring growth layers like tree rings. Whole grain dissolution and
TIMS dating of such complex grains yields discordant U-Pb compositions. But even micro-analytical techniques
such as LA-ICP-MS may mix reservoirs of different age. As the laser drills into a crystal, it produces a transient
signal recording the ages of the growth zones that it passes through. Such ‘cycle-by-cycle’ geochronology
can also be applied to accessory minerals like apatite and rutile. In this case, changes in U-Pb age with depth

2The absence of underdispersion does, of course, not prove the absence of inter-sample error correlations!
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Figure 5: Three examples of datasets that would benefit from an assessment of inter-sample correlations. (i) 98 40Ar/39Ar
dates from an Ir-rich bentonite 80-120cm above the Cretaceous-Palaeogene boundary (Renne et al. 2013). Error
bars show 2σ confidence limits. The red lines and rectangle represent the 2σ interval for the weighted mean age,
assuming that all age estimates are statistically independent. The blue interval represents a ‘worst case scenario’
in which the analytical uncertainties for the different aliquots are perfectly (and positively) correlated with each other. This
would shift the Cretaceous-Palaeogene boundary by 200,000 years. (ii) 103 U-Pb measurements in carbonate define
a linear mixing array between radiogenic and common Pb on a Tera-Wasserburg diagram (data from Nick Roberts).
Unfortunately data spread is insufficient to extract a precise age from these data. Taking into account inter-sample
error correlations will greatly improve this situation and increase the low MSWD as well. (iii) A U-Pb depth profile in
lower crustal rutile from the Grenville orogen (Smye et al. 2018). The inset shows the best fitting thermal history inferred
from this profile using UPbeat. This fit ignores the strong error correlations that must exist between the analyses. Taking
into account these correlations will tighten the fit whilst improving accuracy as well.

are not caused by secondary overgrowth but by thermally activated volume diffusion (Cochrane et al. 2014).
In a research collaboration with Project Partner Andrew Smye, the PI has developed an inverse modelling

code called UPbeat to reconstruct continuous time-temperature paths from U-Pb depth profiles (Smye et al.
2018). Here the thermal history information resides in subtle changes in profile curvature, reflecting the
competing effects of thermally-activated volume diffusion and radiogenic production that are obscured by
analytical uncertainty (Figure 5iii).
UPbeat’s existing maximum likelihood algorithm will be modified to accept the full covariance structures

produced by the updated ET_Redux program (Section 3.8). This will increase the resolution and accuracy of
the resulting t-T paths. We will apply the revised algorithm to rutile from the lower crust of the Slave province,
NW Canada. Thermal history information will constrain the timing of isostatic equilibration and, in doing so,
test competing models for the formation of cratonic lithosphere following continental collision (e.g., McKenzie
& Priestley 2016; Lee et al. 2018).

4.5 Noble gas diffusion experiments and thermochronology

Like Pb in rutile or apatite, radiogenic noble gases can be lost by heating, and diffusion profiles develop in
datable minerals during slow cooling. But unlike the diffusion profiles of Pb in rutile or apatite, which can only
be reconstructed by (laser) drilling (Section 4.4), noble gas profiles are commonly inferred from step-heating
experiments.

An ‘Arrhenius diagram’ is obtained by plotting the fractional loss of, say, He in apatite against (inverse)
temperature (e.g., Shuster et al. 2004). The slope and intercept of a linear array on such a diagram can be
used to calculate the diffusivity of the noble gas at any temperature. This diffusivity may then be used to
constrain the thermal evolution of the host rock over geologic time.

Similar to the cycle-by-cycle LA-ICP-MS measurements discussed in the previous section, also step-heating
experiments are characterised by strong inter-sample error correlations (Vermeesch 2015). The proposed
improvements to geochronological data processing will increase the accuracy and precision of diffusion
experiments and, hence, of thermochronology.

This aspect of the proposed research also has important applications in meteoritics. In collaboration with
Project Partner Alex Meshik, the revised regression algorithm will be applied to step-heating measurements
of xenon isotopes with the aim to improve I-Xe dating of achondritic meteorites (Pravdivtseva et al. 2013).
This work will nicely complement the chondritic meteorite study of Section 4.1.



5 Gantt chart
The proposed work will carried out by close collaboration between the PI and a Research Software Engineer
(RSE). The source code for all software will be released through GitHub under the GPL-3 license, which
permits re-use and modification provided that any derived code is released under the same conditions
(Free Software Foundation 2007).
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