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Abstract Clumped isotopes provide a theory-based proxy to reconstruct formation temperatures of
carbonates. With the introduction of the empirical transfer function (ETF) and several carbonate
standards, interlaboratory comparison has become achievable. Due to the rare occurrence of the multiply
substituted isotopologues, the analytical precision of these measurements is very low. In order to improve
precision, we investigate the optimal strategy for the conversion into the absolute reference frame using
a simulation approach. We find that changing the relative proportions of the standards to include more
standards that are closer to the unknown target Δ47 value can greatly improve attainable precision. The
inclusion of a hypothetical 4 ◦C standard results in only modest improvements in final temperature
estimates for Earth surface temperature (0 and 40 ◦C) samples, indicating that the set of ETH-1–3
standards is suitable for most applications. Full interpolation between two subsequent hypothetical
standards, with Δ47 values of CO2 equilibrated at 1000 and 25 ◦C, results in modest improvements for
samples with extreme Δ47 values. With a more optimal distribution of standards it is possible to measure
more sample replicates before the uncertainty derived from the ETF becomes limiting. We provide
suggestions for the optimal distribution of standards for all target sample Δ47 values and the R code to
perform these simulations based on different laboratory settings. These optimizations can also be applied
for ETFs using heated and equilibrated gases. We demonstrate numerically how optimizing the
distribution and relative abundance of standards can increase measurement precision.

Plain Language Summary Carbonate clumped isotope measurements are a tool to reconstruct
the temperature at which a carbonate has formed. Recent studies suggest that repeated measurements of
carbonate standards allow for greater interlaboratory consistency and higher accuracy of measurements.
In this study we demonstrate that the relative proportion of these standards should be changed to include
more standards that are similar to the target clumped isotope composition of the unknown sample. We
quantify how the composition of the standards used in a measurement session influences the measurement
precision, based on simulations.

1. Introduction
Clumped isotopes in carbonates are a rapidly developing and promising paleothermometry proxy
(Bernasconi et al., 2018; Eiler, 2007). In contrast to oxygen isotope (𝛿18O) thermometry, the temperature esti-
mates they provide are independent of the isotopic composition of the water source in which the carbonate
precipitated. For applications in paleoceanography, temperature reconstructions that are not affected by the
seawater composition could provide a key to unlock much of the Earth's climate history.

The rare, heavy isotopes of oxygen and carbon tend to increasingly “clump” together within a single
molecule under colder environmental conditions due to enhanced thermodynamic stability of the 13C–18O
bond (Eiler, 2007). At higher temperatures, higher entropy in the system prevents this preferential bond
formation, resulting in a more random—or stochastic—distribution of heavy isotopes.

To measure clumped isotopes on carbonates, the sample is dissolved in phosphoric acid at a specific tem-
perature, in order for the released CO2 to reflect the isotopic signature of the carbonate with a known acid
fractionation offset.

The clumped isotope composition of CO2, Δ47, is defined as follows:

Δ47 =
[(

R47

R47∗ − 1
)
−
(

R46

R46∗ − 1
)
−
(

R45

R45∗ − 1
)]

× 1, 000 (1)

TECHNICAL
REPORTS: METHODS
10.1029/2019GC008545

Special Section:
Clumped Isotope Geochemistry:
From Theory to Applications

Key Points:
• Measuring relatively more standards

that are similar in Δ47 to the target
sample improves precision

• With an optimal distribution of
standards, the number of sample ver-
sus standard replicates should be
approximately equal per session for
smallest uncertainties

• Adding standards with extreme Δ47
values to the ETH-1–3 set would
lead to only minor error reduction at
extreme Δ47 values

Supporting Information:
• Supporting Information S1

Correspondence to:
I. J. Kocken,
i.j.kocken@uu.nl

Citation:
Kocken, I. J., Müller, I. A., &
Ziegler, M. (2019). Optimizing the use
of carbonate standards to minimize
uncertainties in clumped isotope data.
Geochemistry, Geophysics, Geosystems,

https://doi.org/
10.1029/2019GC008545

Received 8 JUL 2019
Accepted 9 SEP 2019
Accepted article online 15 OCT 2019

©2019. The Authors.
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits
use, distribution and reproduction in
any medium, provided the original
work is properly cited.

KOCKEN ET AL. 5565

20, 5565–5577.

Published online 5 NOV 2019

http://publications.agu.org/journals/
https://orcid.org/0000-0003-2196-8718
https://orcid.org/0000-0003-1887-7380
https://orcid.org/0000-0003-3198-6434
http://dx.doi.org/10.1029/2019GC008545
https://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1525-2027.ISOTOPE1
http://dx.doi.org/10.1029/2019GC008545
https://doi.org/10.1029/2019GC008545
https://doi.org/10.1029/2019GC008545


Geochemistry, Geophysics, Geosystems 10.1029/2019GC008545

Figure 1. The four commonly used carbonate standards, ETH-1, ETH-2,
ETH-3, and ETH-4, and their bulk clumped isotope composition, 𝛿47 (‰) as
a function of their accepted values in Δ47 CDES (‰) for acid digestion at
70 ◦C (AFF subtracted) and their associated formation temperatures, only
shown for the valid range in the temperature calibration (equation (3); top
panel top x axis). Note that a hypothetical 4 ◦C UU1-standard has been
added, with unknown composition (dashed line; Table 1). The empirical
transfer function (ETF) is the linear regression (gray line) between
machine-scale Δ47 raw values (‰, y axis) and accepted Δ47 at 70 ◦C acid
digestion (‰, x axis; bottom panel). Error bars represent three standard
deviation inputs (14, 25, and 50 ppm, horizontal error bars in the legend)
converted to raw-space by multiplication with the slope of the ETF (vertical
error bars). The samples represent two possible clumped isotope
compositions, corresponding to precipitation at 0 and 40 ◦C (black).
CDES = carbon dioxide equilibrium scale; AFF = acid fractionation factor;
SG = sample gas; WG = working gas; PBL = pressure baseline.

where Ri is the actual abundance ratio of the mass i relative to mass 44
and Ri* reflects the expected ratio of mass i∕44 for a stochastic distribution
(Eiler, 2007; Huntington et al., 2009).

The bulk isotope composition of mass 47, 𝛿47, is defined as

𝛿47 =

[
R47

sample

R47
reference

− 1

]
× 1, 000 (2)

Because the analytical target, 13C18O16O with mass 47, is rare (44.4
ppm; Eiler, 2007), measuring it is analytically challenging and has only
become possible with improved sensitivity of mass spectrometers and
sophisticated purification procedures. Further developments have led to
a reduction of required sample size at similar levels of precision (e.g., Hu
et al., 2014; Meckler et al., 2014; Müller et al., 2017; Schmid & Bernasconi,
2010). Interlaboratory comparison of Δ47 temperature estimates based on
the comparison of carbonate standards improved to a great extent with
the introduction of the absolute reference frame (Dennis et al., 2011),
pressure baseline (PBL) corrections (Bernasconi et al., 2013; Fiebig et al.,
2015; He et al., 2012; Meckler et al., 2014), improved statistical data eval-
uation (e.g., Bonifacie et al., 2017; Fernandez et al., 2017; Petersen et al.,
2019; Zaarur et al., 2013), the introduction of the new International Union
of Pure and Applied Chemistry (IUPAC) parameters (Bernasconi et al.,
2018; Daëron et al., 2016; Petersen et al., 2019; Schauer et al., 2016), and
last but not least the simultaneous measurements of calcite standards
(e.g., Bernasconi et al., 2018).

Despite these improvements, the application of clumped isotope mea-
surements is still challenging, especially for studies where the sample
material is limiting, such as in paleoclimate studies.

Studies such as Zaarur et al. (2013) and Fernandez et al. (2017) illus-
trate that depending on laboratory performance (external reproducibility
of carbonate standards), more sample replicates are needed to reduce the
uncertainty and produce more accurate temperature estimates. However,
another important factor that was not explicitly taken into account are the
uncertainties derived from the empirical transfer function (ETF), which
transfers clumped isotope data from an instrument-specific scale into an
absolute reference frame using standards—heated and equilibrated gases
as well as carbonates that were calibrated with gases. The uncertainty
derived from the ETF has a major impact on reproducibility and final

error estimates. It is subject to external factors, such as source instability, changes in the working gas, lab-
oratory conditions, or standard preparation, which cause it to drift over time (Meckler et al., 2014). This
means that it can only be applied to a limited number of measurements, that we refer to as an analytical
session here.

In this paper, we discuss in detail the uncertainty derived from the ETF in the error estimate of aΔ47 value of
an unknown sample and suggest procedures that minimize the combined uncertainty within one analytical
session.

1.1. The ETF
To allow comparison of results between different laboratories, measurements need to be converted from the
respective instrument and working gas specific raw values to the absolute reference frame (Dennis et al.,
2011) using the ETF: a linear regression between instrument-specific raw Δ47 values and accepted Δ47
values (section 2.3 and Figure 1). This effort initially anchored results by measuring heated gases and equi-
librated gases daily (e.g., Huntington et al., 2009), with a secondary correction based on carbonates (Dennis
et al., 2011). While the use of heated and equilibrated gases effectively increases the range of Δ47 values for
which the ETF can be interpolated, only few gases are measured which hampers the monitoring of potential
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Table 1
Carbonate Standards

ID 𝛿13Ca 𝛿18Oa Δ47CDESa 𝛥47−AFFb 𝛥47rawc

ETH-1 2.02 −2.19 0.258 0.196 −0.654
ETH-2 −10.17 −18.69 0.256 0.194 −0.656
ETH-3 1.71 −1.78 0.691 0.629 −0.259
ETH-4 −10.20 −18.81 0.507 0.445 −0.427
UU1d NA NA 0.752 0.690 −0.204
UU2e NA NA 0.925 0.863 −0.045
UU3e NA NA 0.0266 −0.0354 −0.865

Note. CDES = carbon dioxide equilibrium scale; AFF = acid fractionation factor;
NA = not available.
aAccepted values from Bernasconi et al. (2018). bFor acid digestion at 70 ◦C (see
text). cCalculated from the input empirical transfer function slope and intercept
(see text). dTheoretical standard precipitated at 4 ◦C. eTheoretical standards with
theoretically predicted Δ47 values for CO2 equilibrated at 25 and 1000 ◦C (Wang
et al., 2004)

short term variations of the ETF. Further problems could arise when samples and standards are not treated
equally; acid digestion of the carbonate samples and subsequent purification of the gas may introduce ana-
lytical biases that are not reflected in the reference gas (Schmid & Bernasconi, 2010). Therefore, applying
the ETF based on the accepted carbon dioxide equilibrium scale (CDES, Dennis et al., 2011) Δ47 values of
carbonate standards has been suggested (Bernasconi et al., 2018).

Four carbonate standards were carefully selected to span a wide range of carbon and oxygen isotope
compositions and clumped isotope ordering (Bernasconi et al., 2018; Meckler et al., 2014; Table 1 and
Figure 1). Bernasconi et al. (2018) demonstrate that the use of carbonate standards improves interlaboratory
consistency considerably.

To the best of our knowledge, none of these studies quantified the effects of the relative proportions of heated
versus equilibrated gases or hot versus cold carbonate standards, as well as the standards versus samples
ratio for the accuracy and precision of unknown carbonate samples of specific formation temperatures.

1.2. Approach
Using a simulation approach allows quantification of attainable improvements in precision and allows for
targeted optimization of the measurement approach. Accordingly, we simulate a total of 100 standard and
sample raw Δ47 measurements—a realistic number of replicates within one analytical session for the fully
automated preparation systems (e.g., Thermo Kiel or Nu Carb carbonate device)—perform the ETF con-
version to the CDES scale and calculate the associated error on the final Δ47 value as a combination of the
analytical uncertainty and the uncertainty originating from the ETF. Subsequently, we minimize the com-
bined uncertainties of the sample preparation and the associated uncertainty of the ETF for different (1)
target sampleΔ47 values, (2) relative contributions of the four ETH carbonate standards including additional
hypothetical extreme Δ47 standards (Table 1 and Figure 1), and (3) ratios of samples to standards.

2. Methods
2.1. Monte Carlo Simulations
One hundred “raw” Δ47 measurements were simulated from a normal distribution with a predefined stan-
dard deviation 𝜎 of 14, 25, or 50 ppm, based on a range of currently achieved standard deviations in different
laboratories (Fernandez et al., 2017). The input means were calculated from the weighted average ETF of an
arbitrarily chosen 3-month measurement interval at the clumped isotope lab at Utrecht University with a
slope (𝛽1 = 0.912) and intercept (𝛽0 = −0.833) (Figure 1). Note that these are the inverses of what is typically
reported as an ETF slope. The simulated raw Δ47 values of the standards were used to calculate the ETF,
which was then applied to the sample replicates, resulting inΔ47 CDES values with associated uncertainties.

The distribution of standards and the inputΔ47 value of the sample were specified as different “measurement
scenarios.” These scenarios were defined such that they allow identification of either the optimal relative
contribution of the four ETH carbonate standards and a hypothetical cold standard (section 2.4), or the
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optimal number of sample versus standard replicates (section 2.5), for samples that precipitated under the
range of Earth surface temperatures (at 0 and 40 ◦C).

The uncertainties in the ETF and in the sample were combined (section 2.6), resulting in a final estimate
of uncertainty caused by (1) the input uncertainty 𝜎, (2) the distribution of standards, (3) the number of
standards versus the number of samples, and (4) the input Δ47 value of the sample. Optimal scenarios were
defined as those that resulted in the lowest combined 95% confidence value of the sample and the ETF at
the position of the sample.

We used the statistical programming language R for all simulations and figures (R Core Team, 2019). The
new R package stdsim is available on GitHub (Kocken, 2019a). Source code for all simulations and figures
in this manuscript is available in Kocken (2019b).

2.2. Temperature Calibration
We employ the temperature calibration of Kele et al. (2015), recalculated using the IUPAC isotopic param-
eters (Brand et al., 2010) as reported in Bernasconi et al. (2018) throughout this paper (equation (3)).

Δ47 = (0.0449 ± 0.001 × 106)∕T2 + (0.167 ± 0.01) (3)

where T is in kelvin.

For temperatures outside the 6–95 ◦C range, for which the Kele et al. (2015) calibration is valid, the
theoretical relationship of Guo et al. (2009) is used (Figure S1).

2.3. ETF Regression
The ETF is calculated from the standards as a simple linear regression between measured Δ47 values and
accepted Δ47 values from Bernasconi et al., 2018, (2018; equation (4) and Figure 1). We recalculate the CDES
values of the standards to phosphoric acid digestion at 70 ◦C, the reaction temperature we use in our Kiel
IV carbonate device, by accounting for the acid correction of 0.062 ‰ (derived from the average of Defliese
et al., 2015, and Murray et al., 2016; see Müller et al., 2017). This effectively only changes the value of 𝛽0. We
ignore the potential effects of the bulk composition (𝛿47, Figure 1), since the pressure baseline correction
in principle accounts for apparent compositional effects (Bernasconi et al., 2013; He et al., 2012; Meckler
et al., 2014).

Δ47raw = 𝛽0 + 𝛽1Δ̂47CDES + 𝜖0 (4)

where 𝜖0 is the error term, with an expected value of 0.

Note that the regression needs to be applied with the measured (simulated) values as the dependent variable
to prevent regression dilution. It is also possible to use another regression approach that regresses in both
X and Y directions, such as a Deming regression or the York regression, as applied by Ghosh et al. (2007),
Huntington et al. (2009), Bonifacie et al. (2017), and Petersen et al. (2019).

2.4. Proportion of Different Standards
2.4.1. Carbonate Standards
Four carbonate standards—namely, ETH-1, ETH-2, ETH-3, and ETH-4, previously referred to as ISO-A,
ISO-B, Chalk, and Riedel—are commonly used in clumped isotope geochemistry (Figure 1 and Table 1;
Meckler et al., 2014; Bernasconi et al., 2018). They were chosen because they span a wide range of isotopic
compositions and Δ47 values and allow monitoring of pressure baseline correction and/or contamination
on m/z 47 (Bernasconi et al., 2018). They are ideal carbonate standards because they are (1) abundant
(e.g., ∼1 kg), (2) homogeneous, and (3) pure carbonate without considerable contamination from, for exam-
ple, organic matter. In previous studies the ETH standards were measured in roughly equal proportions
(e.g., Breitenbach et al., 2018; Kele et al., 2015; Rodríguez-Sanz et al., 2017). The same goes for heated and
equilibrated gases (e.g., Winkelstern et al., 2016, recalculated with IUPAC parameters by Petersen et al.,
2019). However, due to the Δ47 values of the standards (Table 1) and the nature of the ETF (section 1.1), the
relative proportion of these standards has a large influence on the final error of an unknown sample. Mea-
suring more standards that have similar Δ47 values to the unknown samples will improve final precision.
Here we aim to quantify this reduction of the measurement error. Furthermore, we test the impact of using
hypothetical carbonate standards with more extreme Δ47 values. Because the ETH standards do not span
the Δ47 range that is associated with any temperatures below ∼20 ◦C, such as present-day deep-sea temper-
atures (∼4 ◦C), samples at those temperatures require extrapolation from the ETF regression. This causes
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an additional uncertainty for temperature reconstructions in the cold realm. Therefore, we also test what
would happen to the uncertainty if we add a hypothetical carbonate standard, UU1, that has precipitated at
4 ◦C. This temperature was chosen because it may be attainable to precipitate a carbonate synthetically in
this temperature range.

Second, compared to the heated and equilibrated gas scale, the carbonate standards span a smaller range in
Δ47 values. Therefore we also simulate additional hypothetical carbonate standards, UU2 and UU3, with a
Δ47 range that is based on the theoreticalΔ𝛥47 values for CO2 equilibrated at 1000 and 25 ◦C (Wang et al.,
2004). These simulations should allow us to pinpoint to what extent the slope of the ETF, or scale
normalization, affects the final uncertainty estimates when using carbonate standards.

If the new standard would have precipitated at 4 ◦C, its expected Δ47 CDES value would be (0.0449 ×
106)∕(273.15+ 4)2 + 0.167 =0.752 ‰. The expected Δ47 value with 70 ◦C acid digestion is calculated by sub-
tracting the acid fractionation factor 0.062 ‰. The associated raw Δ47 value was calculated by applying the
input ETF, resulting in a raw Δ47 value of −0.204 ‰. We calculate the raw Δ47 input means for the other
standards and the 0 and 40 ◦C samples similarly.

2.4.2. Simulation Setup
For this experiment, 50 standard and 50 sample measurements were simulated. An experimental matrix
was constructed, where each of the standards was assigned a proportion of 0, 1, 3, or 9. We have chosen
these proportions as they illustrate a wide range of potential proportion scenarios while keeping simulation
space limited. The simulated number of standard replicates was rounded down to discrete numbers. For
example, with an input standard distribution of 1:1:1:1:0 (ETH-1:ETH-2:ETH-3:ETH-4:UU1), this results in
1∕4× 50 = 12.5, rounded down to 12 replicates for each standard, which means that only 48 standards were
included in these simulations. Each simulation was performed 100 times to get a better grasp on random
effects.

2.5. Distribution of Standards Versus Samples
One more optimization to make is the ratio between standard measurements versus sample measurements.
Using the results of the above, we select three scenarios: (1) equal proportions of all standards, (2) an
improved distribution of presently available standards for samples between 0 and 40 ◦C, and (3) an improved
distribution of standards including the hypothetical UU1 standard.

For these scenarios the ideal proportion of samples versus standards was estimated based on simulations
with 100 measurements in total, containing 12–88 standards in increments of 4, leaving the remainder for
sample measurements. To illustrate whether the uncertainty from sample replicates or from the ETF is
limiting, they are shown separately in addition to the combined error (Figure 4). The uncertainty derived
from the ETF was calculated at the mean raw Δ47 value of the sample. The resulting distribution with lowest
combined error indicates the overall best strategy.

2.6. Error Calculations
Final mean values, Δ̄47CDES, were calculated from the raw values, Δ47raw, through the ETF (equation (5)).
This works, because the expected value for 𝜖0 is 0.

Δ̂47CDES =
Δ47raw − 𝛽0

𝛽1
(5)

To investigate which measurement scenario results in the smallest errors, the 95% confidence interval (CI)
of the sample in raw-space was compared to the 95% CI of the ETF regression at the mean sample raw value.
The 95% combined CI was calculated using inverse prediction (equation (6)).

Δ̂47CDES +
(Δ̂47CDES − Δ̄47CDES)g ± (t�̂�∕𝛽1)

√
(Δ̂47CDES − Δ̄47CDES)2∕Sxx + (1 − g)( 1

m
+ 1

n
)

1 − g
(6)

where Sxx is the
∑

(Δ47iCDES − Δ̄47CDES)2, g is a substitution for (t2�̂�2)∕(𝛽2
1 Sxx), and t = t𝛼/2,n+m−3, the 1−𝛼

percentile of a t-distribution with n+m−3 degrees of freedom (Greenwell & Schubert Kabban, 2014). Inverse
prediction is further explained in Draper and Smith (2014) and is implemented here using the R package
investr (Greenwell & Schubert Kabban, 2014). It is also derived analytically in the digital supplement of
Zaarur et al. (2013).
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Figure 2. Example simulation output with individual simulated values (open circles, with violin plots representing the
count distributions of simulated results) with an input 𝜎 of 25 ppm, 50 samples, and 50 standards with equal
proportions (1:1:1:1, top panels), an optimal distribution (1:1:9:0, middle panels), and with the hypothetical UU1
standard (1:1:1:0:9, bottom panels) for the 0 ◦C sample (left panels) and a 40 ◦C sample (right panels). The resultant
ETF (blue line) with the associated 95% CI (gray shading) is shown. CDES = carbon dioxide equilibrium scale;
AFF = acid fractionation factor.

This combined uncertainty was converted to estimates of uncertainty in the temperature domain by calculat-
ing the temperature sensitivity of the temperature calibration (equation (3)) at the temperatures of interest
(supporting information Figure S1): the derivative of the temperature calibration, resulting in Δ47 change
per degree Celsius.

dΔ47

dT
= −2 · 0.0449 ± 0.001 · 106

T3 (7)

The temperature sensitivity at 0 ◦C is −4.41 ppm/◦C, and at 40 ◦C it is −2.92 ppm/◦C (Figure S1).

This final estimate of attained sample error including the calibration error from the ETF was then compared
between the different simulation scenarios.

Uncertainty in the temperature calibration was ignored in this manuscript, since the main point is to opti-
mize the error on the Δ47 values. We do note, however, that when reporting temperature estimates, it is
important to include the uncertainty in the temperature calibration. It is also important to evaluate if and
how uncertainty derived from the ETF should be reported.

3. Results and Discussion
In continuation of the efforts to reduce measurement uncertainty of clumped isotopes, we have performed
simulations to assess the optimal proportion of standards, the effects of the addition of a hypothetical cold
standard, and an optimal ratio of samples to standards.

Example outputs of six single simulations show the simulated raw values for the standards and two samples
at 0 and 40 ◦C, resulting in the calculated ETF based on the standards and how it was applied to calculate
accepted Δ47 values and uncertainties (Figure 2).
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Table 2
The Attainable Combined Uncertainty of the ETF and Sample for the 100 Simulations (Mean ± 95% CI of the Margins of
Error at the 95% CL) in Terms of Parts Per Million and Degrees Celsius for the Three Distributions and Two Sample
Temperatures (Figure 2), Based on Input 𝜎, 50 Samples, and 50 Standards

Name Standard distribution 𝜎 0 ◦C (ppm) 40 ◦C (ppm) 0 ◦C (◦C) 40 ◦C (◦C)
Equal proportions 1:1:1:1:0 14 9.37 ± 0.12 7.21 ± 0.09 2.13 ± 0.03 2.46 ± 0.03
Optimal distribution 1:1:9:0:0 14 6.80 ± 0.09 5.58 ± 0.07 1.54 ± 0.02 1.91 ± 0.03
Optimal distribution + UU1 1:1:1:0:9 14 6.00 ± 0.07 5.63 ± 0.07 1.36 ± 0.02 1.93 ± 0.02
Equal proportions 1:1:1:1:0 25 17.03 ± 0.24 12.89 ± 0.16 3.86 ± 0.05 4.41 ± 0.06
Optimal distribution 1:1:9:0:0 25 12.45 ± 0.18 10.24 ± 0.12 2.82 ± 0.04 3.50 ± 0.04
Optimal distribution + UU1 1:1:1:0:9 25 10.86 ± 0.12 10.11 ± 0.10 2.46 ± 0.03 3.46 ± 0.04
Equal proportions 1:1:1:1:0 50 35.15 ± 0.57 26.35 ± 0.46 7.98 ± 0.13 9.01 ± 0.16
Optimal distribution 1:1:9:0:0 50 25.08 ± 0.44 20.10 ± 0.27 5.69 ± 0.10 6.87 ± 0.09
Optimal distribution + UU1 1:1:1:0:9 50 22.09 ± 0.33 20.03 ± 0.28 5.01 ± 0.08 6.85 ± 0.10

3.1. Varying the Distribution of Standards
The six example simulation scenarios illustrate the effects of changing the standard distribution on the final
uncertainty for a scenario where the four ETH standards were measured in equal proportions, under an opti-
mal distribution that includes ETH-1, ETH-2, and ETH-3 and under an optimal distribution that includes
the hypothetical cold UU1 standard, for samples at 0 and 40 ◦C (Figure 2, with summaries of 100 simula-
tions in Table 2). All distributions that resulted in a smaller combined 95% CI than the equal proportions
scenarios are shown (Figure 3, top panels), while only scenarios including the UU1 standard that performed
better than the optimal distribution scenario are shown for brevity (Figure 3, bottom panels).

Changing the distribution of standards from the equal proportion 1:1:1:1 of ETH-1–4 to 1:1:9:0 for a 0 ◦C
sample with input 𝜎 = 25 ppm reduces the final error estimate by 4.6 ppm, from 17 to 12.4 ppm at the
95% confidence level. Under these constraints, and without inclusion of the uncertainty in the temperature
calibration, this equates to an increase in precision of∼1 ◦C at the 95% confidence level. For the 40 ◦C sample
the 95% CI decreases by 2.7 ppm (∼0.9 ◦C), from 12.9 to 10.2 ppm when changing from the 1:1:1:1 standard
distribution to the 1:1:9:0 distribution.

Inclusion of a hypothetical cold standard results in a slight reduction of errors for the 0 ◦C sample (from
1:1:9:0:0 to 1:1:1:0:9, from 12.4 to 10.9 ppm, a reduction of 1.6 ppm, or ∼0.4 ◦C) while it remains unchanged
for the 40 ◦C sample (10.2 to 10.1 ppm, a reduction of 0.1 ppm, or ∼0 ◦C). This improvement is rather minor
and demonstrates that the present set of standards when used in the ideal proportions gives near optimal
results, and that the addition of a cold standard is only warranted in applications with relatively low target
temperatures and/or applications for which a high precision is required.

Notice that while the uncertainty of the 0 ◦C sample is larger in terms of Δ47, the fact that the tempera-
ture relationship is nonlinear—even for this small range of temperatures, with a temperature sensitivity of
−4.4 ppm/◦C at 0 ◦C and −2.9 ppm/◦C at 40 ◦C—results in larger uncertainties for the 40 ◦C sample in terms
of degrees Celsius. This means that even though the inclusion of a cold standard substantially reduces the
uncertainty in terms of ppm—similar to the improvement that can be achieved by switching from a sub-
optimal distribution of standards to an optimal one for the 40 ◦C sample—this does not translate to a large
decrease in temperature uncertainty (Figure S1).

In summary, for the samples that precipitated at 0 or 40 ◦C, increasing the proportion of ETH-3 of the stan-
dards results in a smaller 95% CI, while the inclusion of ETH-4 decreases precision, since it occurs at the
expense of the other standards that define the reference frame better (Figure 3). Furthermore, ETH-1 and
ETH-2 are interchangeable in these simulations, for example, distributions of 1:0:9:0 and 0:1:9:0 give compa-
rable results. The reason for this is that they have similarΔ47 CDES values and the optimal distribution of the
carbonate standards is independent of the bulk composition 𝛿47, because after pressure baseline correction
there are in principle no compositional effects (Bernasconi et al., 2013; He et al., 2012; Meckler et al., 2014).
It would still be advisable to use a working gas and carbonate standards with 𝛿47 values comparable to the
target samples in order to minimize the pressure sensitive baseline effect. Furthermore, we advise measuring
both ETH-1 and ETH-2 in order to monitor PBL correction effectiveness.
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Figure 3. Optimizing the proportion of the carbonate standards decreases the error derived from the ETF. The combined error estimates in Δ47 (95% CI ppm,
bottom x axis) and temperature (95% CI ◦C, top x axis) are shown as a function of the distribution of standards (y axis), the input sample temperature 0 ◦C
(blue, left panels) and 40 ◦C (yellow, right panels). One hundred simulated results are shown (open circles) along with mean (dark line) and 95% CI of error of
these 100 simulations (shaded region). Different ranges of the output relate to the input uncertainty (14, 25, and 50 ppm). Simulations of distributions that
performed worse than the equal proportions 1:1:1:1 distribution were omitted from the figure for clarity. Only simulations including UU1 that result in
combined error estimates lower than the best distribution without UU1 are shown for the same reason. Note that while the uncertainty of the 0 ◦C sample is
much larger in terms in Δ47 space, it is similar or smaller in the temperature domain due to the different sensitivities of the temperature calibration (equation
(3)) at 0 and 40 ◦C. ETF = empirical transfer function.

3.2. Optimizing the Number of Standards Versus Samples
With three resulting example distributions of standards from the previous section we now move on to deter-
mine the ideal proportion of standards versus samples. The optimal number of standards relative to samples
clearly depends on the standard distribution and the target sample Δ47 (Figure 4). The absolute value of the
uncertainty is also influenced by the input uncertainty 𝜎 (Figure S2). Under the equal proportions scenario
(1:1:1:1) with an input uncertainty of 25 ppm, the lowest combined error of the sample and the ETF is at a
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Figure 4. The standard to sample ratio can be decreased with a more optimal standard distribution. The uncertainty
(95% CI left y axis in parts per million) output of the simulations (circles, summarized by mean and 95% CIs) is plotted
as a function of the number of standard replicates (top x axis) and the number of sample replicates (bottom x axis). It is
grouped by three example measurement scenarios (panels, corresponding to 1:1:1:1, 1:1:9:0, and 1:1:1:0:9, which
contains the hypothetical 4 ◦C standard) for an input standard deviation of 25 ppm (14- and 50-ppm simulations
omitted for clarity, see Figure S2). The final error estimate (opaque) is split up into the component sample
(most transparent) and the ETF (moderately transparent) uncertainties for 0 (blue) and 40 ◦C (yellow) samples.
ETF = empirical transfer function.

ratio of standards to samples around 68∕32 for the 0 ◦C sample and at 60∕40 for the 40 ◦C sample (Figure 4).
With an optimal distribution of existing standards (1:1:9:0), this minimum shifts toward more samples and
fewer standards (60∕40 and 48∕52, respectively), while the inclusion of a hypothetical cold standard in the
distribution (1:1:1:0:9) shifts this even further for the cold sample (to 56∕44 and 48∕52).

When applying an optimal distribution of standards, more samples can be measured before the ETF uncer-
tainty becomes limiting. If the distribution is suboptimal (as the equal proportion scenario), more standards
need to be measured to define the ETF.

3.3. Which Standards Are Needed for Samples With Specific Expected 𝚫47 Values?
Since the optimal proportion of standards is mostly a function of target sample Δ47, we now aim to iden-
tify the ideal standard distribution for the whole Δ47 space. Since ETH-1 and ETH-2 behave similarly with
respect to the ETF here due to their similar Δ47 values, we simplify the simulation by only including ETH-1
and ETH-3 or ETH-1 and UU1. In these simulations, we include a case with UU2 and UU3 in different
proportions, reflecting theΔ47 range of CO2 equilibrated at 1000 and 25 ◦C. The input uncertainty only influ-
ences absolute values (Figure S2), so we can further simplify the simulation space by selecting only a 𝜎 of
25 ppm, with 50 standards and 50 samples. Each simulation was performed only once, but due to the high
resolution in the range of proportions, which are rounded down to integer numbers of standards, and in the
target Δ47 value of the sample, random effects can be estimated from regional variation in the plot dimen-
sions. The results of these simulations highlight and illustrate the ideal proportion of ETH-3 (or UU1 or
UU2) relative to ETH-1 (or UU3) for the entire target sample Δ47 space (Figure 5).

As is to be expected, the final attainable precision is higher when the target Δ47 value lies between the ETH-1
and ETH-3 standards (8.6 ± 0.01 ppm, mean and 95% CI for the best 10 measurements of each Δ47 sample
value between ETH-1 and ETH-3), whereas it is 11.22 ± 0.1 ppm for everything with a Δ47 value ≥ that of
ETH-3. Similarly, the UU1 standard's interpolated results (8.61± 0.01 ppm) have lower final combined errors
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Figure 5. The optimal proportion of the colder standards (bottom panel, y axis) ETH-3 (green) and UU1 (yellow) with
respect to the ETH-1 depends on the Δ47 (CDES ‰, bottom x axes) of the sample and thus its formation temperature
(◦C, top x axis). The final combined uncertainty (95% CI, ppm, top panel y axis and bottom panel color scale, clipped at
>30 ppm for clarity) of the ETF and the analytical sample uncertainty (see text) was based on an input 𝜎 of 25 ppm for
all simulations. The bottom panel shows all the combined 95% CI error values for the ETH-3 versus ETH-1
distributions (with an increasing proportion of ETH-3 upward) and highlights the best 10 values for each input Δ47,
along with a Loess fit (smooth lines, span of 0.3). The Loess fit is also shown for UU1 versus ETH-1 (yellow) and for
UU3 versus UU2 (light blue), but the best points are omitted from this panel for clarity. Arrows in the top panel
indicate the accepted clumped isotope composition of the standards used. CDES = carbon dioxide equilibrium scale.

than those that are lie above UU1 (10.29± 0.07 ppm). This reflects the mathematical fact that interpolation
results in lower errors than extrapolation.

When target Δ47 values lie outside the range of the standards, it becomes increasingly important to measure
more of the standard at the other end of the Δ47 space, because the slope of the ETF increasingly influences
the final value. We can refer to this as the sea-saw of standard proportions. It is illustrated with the smooth
sinusoidal line in Figure 5.

The inclusion of the hypothetical cold standard shifts the optimal distribution of standards, and, while it
allows for interpolation across a larger range of Δ47 values, this, surprisingly, only results in minor improve-
ments (Figure S3). Between theΔ47 values of ETH-3 and UU1, switching to the optimal distribution with the
UU1 standard would result in an increase in precision of 0.75 ppm (from 9.48± 0.06 ppm to 8.73± 0.04 ppm).
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This would translate to an increase in precision of ∼0.17 ◦C (using the average temperature sensitivity
between UU1 and ETH-3, which is −4.37 ppm∕◦C). Beyond that, between 4 and 0 ◦C, the gains would be
slightly larger (1.21 ppm improvement, from 10.31 ± 0.1 ppm to 9.09 ± 0.09 ppm, equating to ∼0.28 ◦C), but
are still modest. This is because the temperature sensitivity on the high-Δ47 end is so large that improvements
in accuracy do not translate into much better temperature constraints.

When the standards span an extreme range ofΔ47 values (in the UU2 and UU3 scenario, Figure 5), the uncer-
tainty derived from the ETF extrapolation disappears. However, the ETF still contributes to some degree to
the combined uncertainty, indicating that simply reporting raw sample uncertainties may underrepresent
the true uncertainty. As expected, scale normalization increasingly affects samples with Δ47 values toward
outside the range of the Δ47 values of the standards and has a minor effect on samples where the ETF is
interpolating.

4. Conclusions
In continuation of the efforts by, for example, Zaarur et al. (2013), Bonifacie et al. (2017), and Fernandez et al.
(2017) to reduce analytical error based on statistical limitations, this study takes it a step further and strives
to optimize the ETF correction within a single correction window or session. The uncertainty derived from
the ETF has to be quantified especially if sample replicates are not measured over several fully independent
sessions (with distinct ETFs and no shared standards).

The setup of the simulations in R is very flexible and should allow other laboratories to simulate their ideal
distribution of standards and ratio of samples versus standards based on laboratory long-term measurement
uncertainty, ETF slope and intercept, and the temperature range of interest (Kocken, 2019a).

Based on our simulations, we suggest the following guidelines to optimize the use of carbonate standards
to decrease the uncertainty in clumped isotope measurements:

• A session should include relatively more standards with Δ47 values similar to those of the expected target
sample Δ47 values. For samples with formation temperatures at 0 to 40 ◦C, the temperature range of most
Earth surface processes, measuring a larger relative quantity of ETH-3 versus ETH-1 and ETH-2, could
decrease the margins of error at the 95% CL (by 4.6 ppm or ∼1 ◦C and 2.7 ppm or ∼0.9 ◦C respectively for
laboratories with a long-term reproducibility of ∼25 ppm).

• We recommend exclusion of ETH-4 in favor of additional ETH-3—or ETH-1/ETH-2 depending on the
target sample Δ47 value.

• We recommend an approximate ratio of 50/50 sample replicates versus standard replicates in each
analytical session if the standards are distributed optimally.

• We note that in these simulations we assume appropriate pressure baseline corrections, with no remaining
apparent compositional effects. We still recommend measuring both ETH-1 and ETH-2—or two simi-
lar standards that encompass a wide 𝛿47 range—and using a reference gas with similar 𝛿47 to the target
samples, in order to monitor and minimize background effects, respectively.

Samples that have precipitated under cooler conditions than ETH-3 (∼20 ◦C) are affected more than warmer
samples, because they require extrapolation from the ETF in this range. Therefore, we investigated the effect
of adding a (hitherto nonexistent) high Δ47 standard (precipitated at 4 ◦C), which would increase the mea-
surement accuracy of samples that have precipitated under low temperatures. This however, does not result
in major increases in precision due to the high sensitivity of the temperature calibrations at this end of the
Δ47 spectrum (1.6 ppm, or ∼0.4 ◦C improvement for the 0 ◦C sample). Using hypothetical standards with an
extreme range of Δ47 values, similar to theoretical values of CO2 equilibrated at 25 and 1000 ◦C, indicates
that for samples on the lower end of Earth surface temperatures, the uncertainty can be reduced by only a
modest amount. These simulations rely on a 50/50 ratio of standards to samples.

In case of an ETF based on heated and/or equilibrated gases, these findings apply equally: For
low-temperature paleoclimate studies it would be wise to include a large number of low-temperature
equilibrated gas replicates.
Acronyms

ETF empirical transfer function
CDES carbon dioxide equilibrium scale

AFF acid fractionation factor
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