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Abstract Clumped isotope studies on CO2, Δ47, that is the excess in the isotopologue containing both 13C
and 18O at mass 47, can be very useful since they can give temperature estimates independent of the
bulk isotopic composition. The measurement itself can be affected by a number of items. Here we develop a
data processing model to examine the effects different interferences might have on the final calculated value.
It incorporates known issues, for example, pressure baseline, 17O excess, and shifts in absolute ratios for
primary reference materials and parameters used for 17O correction. We also included linearity effects as
well as differences in isotopologue absolute abundances at a givenm/z. What normally would be considered
acceptable mass spectrometer 45R and 46R linearity can skew Δ47 results. That is 0.04‰/V and −0.04‰/V
linearity on 45R and 46R respectively would also cause an apparent shift in the parameters used for 17O
corrections. Measurements were made on CO2(g) equilibrated with water, and we were able to match up the
effects seen with model results. Linearity and small differences in amplitude between sample and
working reference gas affected Δ47 determination, as did apparent shifts in isotopologue abundances under
different conditions. This may (partially) account for discrepancies seen in Δ47‐temperature calibrations
curves between laboratories. We also developed an easy way to precisely calculate the δ13C and δ18O that
works well in spreadsheets without the need for multiple iterations.

1. Introduction

Themeasurement and applications of the abundance of multisubstituted isotopologues, “clumped isotopes,”
have advanced rapidly since the groundbreaking work done in John Eiler's laboratory at Caltech (Affek &
Eiler, 2006; Eiler, 2007; Eiler et al., 2014; Eiler & Schauble, 2004; Ghosh et al., 2006; Wang et al., 2004).
Clumped isotope measurements quantify the excess of isotopologues having more than one minor isotope,
that is, the difference from the expected amount assuming stochastic distribution for the given bulk
composition. The most common clumped isotope measurement, Δ47, characterizes the cosubstitution of
13C and 18O minor isotopes in a single CO2 molecule. The excess in the m/z 47 signal, Δ47, mainly the
16O13C18O isotopologue (Wang et al., 2004), reflects the temperature of formation/equilibration of the
CO2 or carbonate species. The signal can be from CO2 freshly equilibrated with water at a given temperature
or locked in the carbonate of a shell or mineral as long as they have not been altered. Data reduction routines
for Δ47 calculations were developed (Affek & Eiler, 2006; Huntington et al., 2009) before the 2010 paper
describing the new values for the 17O and 18O relationship (Brand et al., 2010) and used the previously
accepted values (Gonfiantini et al., 1995) along with the updated value for 13RVPDB (Coplen et al., 2002).

A recent issue facing the clumped isotope community is the need to use the proper parameter set for 17O
corrections in CO2 isotopic measurements. A mix of different parameter sets has been used in the past
and different ranges for working standards have been used to correct Δ47 data. The choice of parameters
for the 17O and 18O relationship will affect Δ47 determinations (Daëron et al., 2016; Olack et al., 2013;
Olack & Colman, 2016; Schauer et al., 2016). Schauer et al. (2016) demonstrated the sensitivity of Δ47 to
17O corrections using a series of sample measurements. Daëron et al. (2016) also modeled the effect and
showed that using a different parameter set for 17O corrections when processing model data will lead to
correlation between Δ47 and the δ13C and δ18O differences. The currently recommended values (Brand
et al., 2010) provide the best fit to the data in both of their studies. We did not see that in every case in
our previous work (Olack et al., 2013; Olack & Colman, 2016).

The model system presented here was developed to highlight some of the practical issues that need to be
addressed when making clumped isotope measurements on CO2. It includes a convenient method to find
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a numerical solution to the equation used to solve for 18R as presented by Santrock et al. (1985). The features
modeled include those that can be readily determined and corrected, such as pressure baseline correction
(PBL, Bernasconi et al., 2013; He et al., 2012), linearity on 45R and 46R, and pressure balancing. It also
includes features that are not or cannot be readily determined, for example, differences in isotopologue
behavior in the source. It was also used to map out the effects of switching parameter sets used in the
determination of isotopic values from CO2 measurements and visualize the 17R/13R relationship mentioned
by Brand et al. (2010), etc. The model was used to evaluate a series of CO2‐water equilibrated gas clumped
isotope experiments. The differences between the model and experimental values were used to examine
how different items, for example, variations in isotopologue absolute abundances and linearity effects,
affected Δ47 results.

1.1. Notation

The notation for working with isotopes can be simplified for publication (Coplen et al., 2002). The
notation in Brand et al. (2010) is followed here, though parentheses around the isotope and the element
are not being used, for example, δ13C instead of δ(13C), consistent with earlier publications (Santrock
et al., 1985). For clumped isotopes, that is Δ47 for excess m/z 47, the notation from the clumped isotope
community is followed, though there are some differences, for example, 45R and 47δ here versus R45 and
δ47 in Dennis et al. (2011). The definition of Δ47, which also includes excesses in 45R and 46R, is in
equation (1) and the expected amount for 47R, 47R*, is in equation (2) (Affek & Eiler, 2006;
Huntington et al., 2009).

Δ47 ¼ 1000× 47R =47R *−1
� �

− 46R =46R *−1
� �

− 45R =45R *−1
� �� �

(1)

47R * ¼ 2×13R ×18R þ2×17R ×18R þ13R ×17R (2)

Isotopic measurements for the relative abundances of theminor isotopes 13C and 18O are reported as part per
thousand, that is, per mil or ‰, differences from primary standards. Isotopic values will also be reported
without ‰ symbol but are in per mil.

1.2. 13C and 18O Values

For 18O, the scale is defined by the primary standard Vienna StandardMean OceanWater, VSMOW. The 13C
primary standard is NBS‐19, a limestone, but the scale is defined by the virtual Vienna Pee Dee belemnite,
VPDB. Traditional CO2 measurements assume (i) a stochastic distribution of the minor isotopes among the
various isotopologues and (ii) that there is a consistent 17O to 18O relationship. Mass spectrometer measure-
ments on CO2 give readings for m/z 44, 45, and 46.The ratios of m/z 45 and 46 to m/z 44 measurements
normalized to a standard, 45R and 46R, can be used to calculate the 13C/12C, 18O/16O, and 17O/16O ratios,
13R, 18R, and 17R, for the sample following the protocol outlined in Santrock et al. (1985):

−3×K2×18R2λ þ2×K×45R ×18Rλ þ2×18R −46R ¼ X ;X ¼ 0 (3)

17R ¼ K×18Rλ (4)

13R ¼ 45R −2×17R (5)

The constants, λ and K, are listed in Table 1 under SSH for Santrock et al. (1985). Equation (3) is solved by
adjusting 18R and the rest of the ratios calculated from equations (4) and (5) (see also Tables A1 and A2 for a
complete list of equations used to generate and process data, especially Table A2, lines 14–17).

The current International Union of Pure and Applied Chemistry, IUPAC, recommendations for λ and K
values are also in Table 1 under BAC (Brand et al., 2010). The recommendations include a new protocol
for δ13CVPBD calculations that avoids a numeric solution to equation (3). This was done both to have a cal-
culation more amenable for use in a spreadsheet and because the 17R/13R is well constrained, allowing for
analysis of the propagation of error (Brand et al., 2010; equations (6)–(8)).
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δ13CVPDB≈45δsample þ2 × 17R =13R
� �

VPDB−CO2
× 45δsample −λ ×46δsample
� �

(6)

with
17R=13R

� �
VPDB−CO2 ¼ 0:03516 8ð Þ (7)

and

δ18OVPDB−CO2≈ 46δVPDB−CO2−0:0021×δ13CVPDB
� �

=0:99924 (8)

The approximation for δ13CVPBD will deviate by up to 0.026 from the numeric solution in their extreme cases,
for example, 25.000 δ13CVPBD and −50.000 δ18OVPDB‐CO2 (Brand et al., 2010). The numeric solution, as
presented here, will be used and will include the updated parameters. Comparisons between different
parameters sets, which vary in 17R/13R, will be done.

1.3. Clumped Isotope, Δ47, Values

The measurement of clumped isotopes, isotopologues containing two (or more) of the minor isotopes in the
same molecule are made in a similar fashion to traditional isotopes (Eiler, 2007). In working with CO2, the
m/z 47 signal is primarily the 18O13C16O isotopologue, the 13R × 18R component in equation (2). The
reference gas in the instrument is treated as the initial standard and is commonly referred to as the working
gas (WG), and the measurements are made against the WG (Huntington et al., 2009), as shown in Table A2,
lines 7 and 18 (47Rmeas,‰

47Rsample).

The expected 47R is calculated from 13R, 18R, and 17R, assuming stochastic distribution of the isotopes
(equation (2) and Table A2, line 18, 47Rcalc; Huntington et al., 2009). The actual isotopic distribution is not
stochastic. It varies with temperature leaving a slight excess of the clumped, mass 47, isotopologue at low,
such as room, temperatures (Wang et al., 2004). The 47R value is normalized to the working gas to give

Table 1
Parameter Sets for 17O Corrections

Parameters 1985a SSHa GSRf BACm A&Bp,q

13RVPDB × 106 11,237.2 11,237.2 11,237.2g 11,180 ± 28n 11,237.2
11,194.9h

18RVSMOW × 106 2005.2b 2005.2b 2005.2b [2005.2]b [2005.2]b
17RVSMOW × 106 373 ± 7c 402 ± 8c 379.9 ± 0.8i [384.8]l 386.7p

‰(17RVSMOW)BAC
r

−31 45 −13 0 5
18RVPBD‐CO2 × 106 2,079g 2,088.35j 2,088.35j

2,088.3j
17RVPDB‐CO2 × 106 379.95g 393.1 ± 0.9 395.11 ± 0.94

387.95j

λ × 103 516 516 516.4 ± 3.3k 528o 528o

K × 103 9.20235d 9.9235e [9.3940]l 10.22461 10.27689
17RVPDB‐CO2/

13RVPDB 0.03381 0.03516 0.03516
0.03466

17RVSMOW/13RVPDB 0.03319 0.03577 0.03381 0.03442 0.03441
‰(17RVSMOW/13RVPDB)BAC

r
−35.6 39.4 −17.8 0.0 −0.2

Note. Primary values bracketed if not directly reported in reference.
aSantrock et al., 1985. Two sets reported. “SSH” refers to the one commonly referenced, that is, the set that fits their CO2‐water equilibration experiments.
bValue taken from Baertschi (1976). cCalculated in Santrock et al. (1985) from λ (referred to as α in original publication) and K values, 17R = 18Rα ×K.
dCalculated from Neir's analysis of oxygen (Nier, 1950). eAs reported in Santrock et al., 1985, eliminates δ13C covariance with δ18O. fGonfiantini et al.,
1995. Top line value(s) used. Different 17RVPDB‐CO2 than Allison et al. (1995). gFrom Craig (1953). hComputed from measured values for NBS‐20 by
Zhang and Li (1987), via Gonfiantini et al. (1995). iFrom Li et al. (1988). jComputed from V‐SMOW value (Baertschi, 1976) by Gonfiantini et al. (1995)
and Allison et al. (1995). kVia Gonfiantini et al. (1995), from Matsuhisa et al. (1978). lCalculated here from reported values for other parameters using
equation (4): 17R = K×18Rλ. mBrand et al., 2010, current IUPAC recommendations. nCoplen et al., 2002, calculated from best measurement for NBS19
(Chang & Li, 1990). oValue reported by Barkan and Luz (2005), Landais et al. (2008), and Meijer & Li, (1998). pFrom Assonov and Brenninkmeijer
(2003b) using values from Assonov and Brenninkmeijer (2003a). qTable not comprehensive, for example, Kaiser (2008) omitted. Also, references may list
values by atom percent, not mole ratio, and for 13C, values may be for NBS19 not Vienna Pee Dee belemnite (VPDB). Oxygen may be for Vienna Standard
Mean Ocean Water (VSMOW) or VPDB‐CO2. rPart per thousand difference from BAC parameter set values for 17RVSMOW or 17RVSMOW/13RVPDB, for
example, ‰(17RVSMOW)BAC = 1000× (17RVSMOW‐SSH/

17RVSMOW‐BAC − 1), calculated here.
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47δsample. The excess ofm/z 47 is normalized to the working gas too since that was used to both measure 47R
and calculate 13R, 18R, and 17R (Table A2, lines 18,19).

If δ13C, δ18O, and Δ47 are calculated together, using the same parameter set, then there will not be an excess
in either 45R or 46R. Only the 47R excess component is needed in equation (1). This is because equations (3) to
(5) assume a stochastic distribution of the isotopes. If δ13C and δ18O are calculated separately by a different
means, such as using values as reported by themass spectrometer software, or with a different parameter set,
then the differences in the calculations will give rise to 45R excess and 46R excess values. Those differences
also affect 47R determination. In that case, calculating the full Δ47, equation (1), is needed.

A series of standards, including CO2 equilibrated with water at different temperatures and CO2 heated in
quartz tubes to 1000 °C, are run over a range of 47δ to correct the working gas scale and report Δ47 as the
excess from the true stochastic distribution, yielding values reported on the Absolute Reference Frame
(ARF; Dennis et al., 2011). The ARF is needed to correct for scale expansion due to instrument response, data
processing, etc.

1.4. 17O Effects on Δ47

The effect of different 17O parameters sets on theΔ47 determination comes in directly, via the 17R component
used in 47Rcalc (Table A2, line 18; 47R* in equation (2)), and indirectly via the 13R calculation and the 17O
component of 45R (equation (5) and Table A2, line 17). Switching the parameter sets used to calculate 17O
from 18O will then affect the Δ47 results (Daëron et al., 2016; Olack et al., 2013; Olack & Colman, 2016;
Schauer et al., 2016). Also, samples having a large, in magnitude, excess of 17O, Δ17 or difference in

17O from
the expected value calculated in relationship to 18O should also have an effect on Δ47 (Halevy et al., 2011).
Luz and Barkan (2010) measured a series of different meteoric water samples that showed Δ17 range from
−0.016 to 0.076, with evaporatively 18O enriched samples relatively depleted in 17O. Extraterrestrial samples
can have larger in magnitude variations, for example, 0.8 Δ17 for Martian meteorites (Farquhar et al., 1998;
Halevy et al., 2011).

1.5. PBL, Linearity, and Absolute Abundance Effects on Δ47

The expectedm/z 47 signal is orders ofmagnitude smaller than them/z 46 and requiresmore amplification to
be detected (Ghosh et al., 2006). That also means it is more sensitive to interferences, such as abundance
sensitivity, the main ion peak bleeding into the m/z 47 cup, and secondary electrons, electrons kicked off
of surfaces when struck by an ion (Bernasconi et al., 2013; Fiebig et al., 2016; He et al., 2012). The PBL correc-
tion determined by measuring the off peak baseline while CO2 is entering the source removes much of the
problem (He et al., 2012). The residual baseline will still give rise to a much smallerΔ47 versus

47δ correction.

Linearity issues, namely, changes in 45R and 46R with changes inm/z 44 signal intensity, affect δ13C or δ18O
values (Mook & Grootes, 1973). Those issues will affect Δ47 determination. The sensitivity of Δ47 to linearity
effects on the other species, m/z 45 orm/z 46, is modeled directly. Linearity is also broken down into its com-
ponent parts, that is, changes in m/z 44, 45, and 46 responses with changing intensity, though the input for
the model is still in 45R and 46R. A linearity effect onm/z 44 will affect both 45R and 46R linearity values since
m/z 44 is in the denominator. A linearity effect onm/z 47 will show up as a Δ47 versus

47δ trend, corrected in
part by the empirical transfer function (ETF) when values are mapped on to ARF, and has been a main focus
of the clumped isotope community (Dennis et al., 2011). The present work assumes that there will be a Δ47

versus 47δ correction and will not focus on that.

Instrument suppliers usually rate the linearity of their instruments to be better than some small value. For
Thermo instruments used in this study, it is typically <0.06‰/V for 45R and 46Rmeasured against changes in
amplitude form/z 44. Clumped isotope measurements are in the 12 to 16 V range form/z 44. If reference gas
and sample pressures are not balanced, or if they have different δ13C and δ18O values, different signal
strengths on m/z 45 and/or 46 will occur and the linearity will affect the modeled or calculated value.
Errors in δ13C and δ18O will translate into differences in the expected 47δ and affect the Δ47 result. If the pres-
sure difference results in a 1 V difference in signal, then 0.05 shifts could be seen for δ13C and δ18O. Large
differences in δ13C or δ18O from the WG will mean differences in m/z 45 or 46 at the same voltage on m/z
44, for example, a difference of 50‰ δ18O is ~1 V difference at 20 V on m/z 46, whichcould lead to a shift
in the δ18O value.
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Using different 17O parameter sets for δ13C correction affects the calculated amount of the 17O12C16O isoto-
pologues, 17R in equations (4) and (5), which compose them/z 45 signal. The 17O correction presupposes that
those isotopologues have the same absolute abundance, gas molecules per ion detected, as the main m/z 45
component, 16O13C16O. If they were different, that would be expected to give rise to an apparent shift in 17O
parameter set. Work on NO2‐NO systems indicates that the parent isotopologues do not give rise to the
expected daughter NO ions at the same rate (Westley et al., 2007). One possibility is that the parent isotopo-
logues break down at different rates, meaning the parent species could have different absolute abundances.
The potential for different isotopologues at the samem/z to have different absolute abundances was added in
to our model system as fractional isotopologue absolute abundances (FI, appendix Table A1, lines 14–16), so
the effects could be assessed. Source scrambling and sample contamination have not been included in the
model. The former is expected to be small (Yeung et al., 2012), corrected by projecting results onto the abso-
lute reference frame (Dennis et al., 2011), and may already be included in the model. The PBL effect was
initially attributed to source scrambling (He et al., 2012). Sample contamination should vary by individual
sample run, with contaminated samples being flagged as outliers.

2. Materials and Methods
2.1. Model measurements

The model system can be found in two spreadsheets in the supporting information, with the equations listed
in order in the appendix, Tables A1 and A2. It consists of first calculating the 13R, 18R, and 17R values for CO2

from a given set of δ13C and δ18O values using the equations and the reported absolute ratios for the stan-
dards (see Table A1, lines 1–4). These are converted into fractional amounts. The fractional amount of the
masses, 44F, 45F, 46F, and 47F, composed of the different molecular species can be calculated (Table A1, lines
5 to 16) assuming stochastic distribution, with corrections for Δ47 applied (Table A1, lines 11–13). This is
done for both the designated WG reference and the model sample runs. Multiplying them by a target signal
value and relative amplification of the different measuring cups will return the model m/z readings for 44,
45, 46, and 47 (Table A2, lines 1–6). Modifications can then be made to the sample ratios or m/z readings
to study different effects, for example, linearity (Table A2, lines 2 and 5). The parameter set used to calculate
the isotopic composition from the model data set can be different from that used to generate the model data
set (Table A2, lines 9–11).

Other modificationsinclude shifting the δ13C and δ18O values for theWG, applying FI changes at a givenm/z
value, incorporating 17O excess (Table A1, line 4), changing the baseline, changing the signal strength
between samples and WG, and applying linearity effects (Table A2, lines 1–6). At natural abundance levels,
a primary species, consisting of a mixture of 12C, 13C, 16O, and 18O, dominates eachm/z. The main 17O con-
taining species are minor species, and form/z 45, 46, and 47, constituting 6.6%, 0.2%, and 3.4% of the signal,
respectively (Kaiser, 2008). Those components each have a multiplier, FI, to account for fractional isotopo-
logue absolute abundances (Table A1, lines 14–16). The theoretical calculations for Δ47 also includeΔ values
for each isotopologue, which can also be incorporated into FI multiplier for the main 17O isotopologues (200
K calculated values, Wang et al., 2004) at a given m/z:

FIm=z ¼ 1þ Δm=z

1; 000
; Δ16O12C17O ¼ −0:0117;Δ16O13C17O ¼ 0:9347;Δ17O12C18O ¼ 0:4674
� �

(9)

The baseline effects can be added to or subtracted from the model voltage data (Table A2, line 4). The
changes in signal strength means changing the target value of m/z 44 for the samples, with the exact
response for a given m/z dependent on the ratio calculated for that m/z. Linearity is typically reported as
change in 45R and 46Rwith signal strength onm/z 44,‰/V, adjusted by changing gas pressure in the source,
and thus the readings in the cups. For the model, it is converted to per mil change per 1,000 mV change at a
givenm/z, for example, 45, using the ratios of the working reference gas, 45RWG in this case. The per mil shift
in signal strength is determined by the difference in the signal strength between the reference gas and the
sample at a given m/z and applied to the model signal (Table A2, line 2 and 5). It is being treated as a
traditional calibration line. If a linearity correction is applied to m/z 44 and another species, for example,
45R, then the effects would combine.
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The model readings are treated as real data in order to calculate the δ13C, δ18O, δ17O (from 18O), 47δ, and
Δ47(Huntington et al., 2009; Santrock et al., 1985). One of the model δ13C, δ18O sets is designated as the
WG. The m/z 45/44, 46/44, and 47/44 ratios of the designated WG and model samples are taken, then the
sample ratios are normalized to the designated WG (Table A2, lines 7–8). Since the designated WG is, by
definition, known, its ratio of masses can be calculated as was done above from the reported δ13C and
δ18O, assuming stochastic distribution (Table A2, lines 9–14). Multiplying the sample ratios by the calculated
WG ratios gives their absolute ratios (Table A2, lines 12–14).

From the ratios, 18Rsample can be calculated from equation (3), adjusting the 18R value in equation (3) until X
equals 0. The initial value for 18R, 18Rinit is estimated from 46R by dividing by 2 since 18O12C16O is themain com-
ponentm/z 46 (Kaiser, 2008). The result from equation (3), X, using 18Rinit can be divided in half and subtracted
from the initial 18R value to generate a better 18R estimate. The values will converge after three to five cycles.
The protocol was optimized, using equation (10) for 18Rinit , then equations 3 and (11) (Table A2, lines 14–15).

18Rinit ¼ 46R=2:005 (10)

18Rfinal ¼ 18Rinit−X=2:0022 X ≤ 1E − 9 using 18Rinit in equation 3
� �

(11)

17R is then calculated from 18R, and 13R is calculated from 45R and 17R using equations (4) and (5). Different
parameter sets can be used (Table 1), and X will still be <1E−9. The isotopic and clumped values are calcu-
lated from the data supplied by the model, with the clumped isotope, Δ47, is normalized to theWG (Table A1
for model data generation, Table A2 for processing).

With the model system, all parameters do not have to be kept the same. The model data can be calculated
using one parameter set and then processed with another, mimicking the effect of processing real data with
an incorrect parameter set (Table 1). This is fundamentally different then processing data with two different
parameter sets, one for δ13C and δ18O determination and a second for Δ47 using equation (1). The model is
generating data to be processed. Since it is a model system, each parameter can be varied individually, either
for data generation or processing.

Model tests were typically done using a matrix of δ13C and δ18O values, 0 to −50 and 0 to +50 respectively,
step size 10. One of the matrix data points may be shifted or one of the step sizes removed to help keep track
of the data points when plotted. The model data was set to 16 V (16,000 mV) form/z 44 (if 100% 12C16O16O),
and the relative amplifications for m/z 45, 46 and 47 were 100, 333, and 3,333, respectively. The isotopic
range therefore covers ~1 V on m/z 45 and 46. The WG in the model was −3.61‰ δ13CVPBD, 24.99‰
δ18OVSMOW, our OzTech tank value (section 2.3), or 0‰ δ13CVPBD and 0‰ δ18OVSMOW, 0‰ 47δ, and 0‰
Δ47. Other settings used too, for example, 0.9 and 0.5 Δ47 for WG and sample matrix, respectively. In the
series of tests presented here, the values for the working reference gas are set. Note that not all possible
model tests are described here.

The model system can also be used to fit measured data, e.g. the equilibrated gases described in section 2.2.
The δ13C and δ18O values from the reference gas and sample runs, and the parameter set from the measure-
ment, are used for model input. The sum of the squares of the differences between the model Δ47 and the
sample Δ47 values is minimized when fitting designated parameters, along with sample Δ47 and PBL47
(m/z 47 baseline). For these studies, the samples varying in δ13C and δ18O are prepared to have the same
Δ47, but the exact value relative to the WG is not known. The fitting to PBL47 is carried out since there will
be a residual baseline even after off‐peak measurement and correction to PBL47 (He et al., 2012). This can be
done in Excel (Microsoft Corporation, Redmond, CA) using the solver function (GRG nonlinear, minimize
the value in the cell that is the sum of squares of the differences by modifying parameters of interest, allow
cells being modified to go negative). Constraints can be placed on the designated parameters being fit if
needed. Different parameters may effectively modify the same variable(s), such as the FI series and Δ17,
so they have to be treated separately. Spreadsheets for the matrix model and processing experimental data
are provided in the supporting information.

2.2. Equilibrated Gas Measurements

Mass spectrometric measurements made in this study were conducted on CO2 equilibrated with water
(equilbrated gas, EG) at 26 °C, and a series of samples were generated spanning a range of 47δ so each set
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can be used to calculate its own empirical transfer function (ETF), a Δ47 versus
47δ correction (Dennis et al.,

2011). Initial experiments were done using house waters, EG1, or recently acquired SLAP and VSMOW2,
EG2. The protocol presented in He et al. (2012) was followed and is briefly described here. Approximately
200 to 300 μl water was loaded into a borosilicate glass tube (4‐mm ID, 25‐ to 30‐cm long), frozen in the
tip using liquid N2 (LN2), attached to a vacuum line (Wilmad‐Labglass, Chicago, IL), the cooling bath
was switched to a LN2‐ethanol slurry (−80 to−100 °C) and the tube evacuated. The cooling bath for the tube
was switched back to LN2, and approximately 15 μmol CO2 gas was frozen over to the tube, and any residual
noncondensable gases pumped away. Tubes were then flame sealed (final length ~15–20 cm) and placed in a
26 °C incubator for greater than 24 hr. When needed, a tube was removed from the incubator, the water sha-
ken down to one end, and the CO2 and water were immediately frozen down in one tip using LN2. The tip
was slowly lowered into the LN2 as the ice formed to prevent breaking the tube. The tip of tube was then
placed in a slurry bath, the top scored and loaded into a tube cracker. The line was evacuated and the sample
tube cracked, allowing the CO2 to be passed through a water trap (LN2‐ethanol slurry) and frozen into the
CO2 trap using LN2. Any noncondensables were noted and pumped away. The CO2 was then frozen into
transfer vessels (tube with Kontes Hi‐Vac valve, Kimble Chase, Rockwood, TN) and loaded into the mass
spectrometer for isotopic measurements. Note that earlier tests using house water samples indicated further
sample cleanup is not necessary, which saves time and avoids potential fractionation during sample
clean up.

These experiments were repeated, EG3, using house waters and older stocks of SLAP, GISP, and VSMOW
using 5‐mm ID tubing, 18‐cm long. These required cleaning by passing the cryogenically isolated CO2

through PoraPlot Q packing material (Affek & Eiler, 2006; Davies & John, 2017). In our setup, a 4‐mm ID
borosilicate glass U tube was packed with PoraPlot Q (5 ‐mm ID, 7‐cm length) and silver phosphate
(entrance side, 1‐cm length, mixed with quartz wool) and plugged with quartz wool then capped with silver
wool. That was attached to the vacuum line, and the CO2 was frozen over to another trap through the pack-
ing material at room temperature (transfer time ~45 to 50 min, determined empirically). The trap was baked
out at 150 °C for 45+ min under vacuum between samples. Select samples were recleaned and reanalyzed,
with the original analysis discarded if values shifted by >0.035 Δ47.

The measurements on the mass spectrometer (MAT 253, Thermo) were made following the PBL protocol
(interpolation) presented by He et al. (2012). The R‐script from that work used to calculate Δ47 was modified
to directly calculate δ13C and δ18O, as outlined above for themodel and running iterations untilX< 1 × 10−9,
later modified to use equations (10) and (11) with three iterations. It was also modified so different para-
meter sets could be used as noted, which cannot be done using the instrument's software. As presented in
He et al. (2012), the PBL correction is not perfect and the residual baseline can be treated as a linear trend
in Δ47 versus

47δ. That correction was applied as noted to each set of runs for each parameter set used, as
the slope would vary when the parameter sets were changed.

The data model was used to fit the EG results. The δ13CVPDB and δ18OVSMOW data from a series is used
directly, the input parameter set can be varied, the output parameter set would be the one used to process
the data, then the difference between the Δ47 model results and the Δ47 measured results can be minimized
(sum of squares of differences) by varying PBL47, Δ47 set value, and the parameter(s) of interest. This fitting
does not directly account for expected noise in the data, and treats replicate runs independently of each
other. The model baseline (PBL47) scales to the m/z 44 input, in this case determined by the set value and
the reported differences between the sample andWG. The residual PBL47 is expected to dominateΔ47 trends,
and is fitted in lieu ofm/z 47 linearity. Processing with different initial parameter sets in the model will give
different Δ47 results relative to the working gas and different Δ47 versus

47δ trends.

2.3. Chemicals and Supplies

The CO2 for the CO2‐water equilibration runs was supplied by OzTech Trading Corporation (OzTech,
Safford, AZ) for use as CO2 isotopic standards. Where stated, the water standards, VSMOW2 and SLAP
(NIST, Gaithersburg, MD) were used as is. Older supplies, VSMOW, GISP, and SLAP, courtesy of Robert
Clayton, were used after filtering through 0.2 micron syringe filters to remove visible contaminants. Other
water used was either local water treated using a Nanopure system (Barnstead, Thermo), Chicago snowmelt
from 2012, or house RO (reverse osmosis) evaporatively enriched. The collected and evaporatively enriched
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waters were treated with activated charcoal (Norit 3 mm, Spectrum) and filtered (0.22 micron nylon mem-
brane, Tisch Scientific, North Bend, OH, using Millipore sintered glass support, EMD‐Millipore, Darmstadt,
German, or 0.22 micron Corning filtration unit, Corning, NY). The tube cracker was a section of flexible
stainless steel tubing with Ultra‐Torr fittings (Swagelok). The borosilicate glass tubing (Chemglass) was
washed and ashed (500 °C overnight) before use. Other chemicals used were reagent grade or better.

3. Results
3.1. Model PBL and Δ17 Tests

He et al. (2012) showed that the PBL47 is a major contributor to the slope in the Δ47 vs
47δ plot of heated or

equilibrated gases and estimated the PBL47 from the slope of that line. The results of our current model on a
matrix of data for a −25 mV PBL47 effect on an approximate 2,500 mVm/z 47 signal are shown in Figure 1a,
both with and without Δ47 versus

47δ slope correction. After the linear correction, the data points form a
curve and are off by −0.019 at either end and by 0.007 at the middle, consistent with He et al. (2012)

The effect of generating the data with one parameter set, BAC, and processing with another, GSR, both with
and without −25 mV PBL47, is also shown (Figures 1b and 1c). The GSR processed points plotted against 47δ
give a diamond shaped matrix (Figure 1b), not a line. The points will fall on a line if plotted against
(δ13CVPDB − δ18OVSMOW; Figure 1d). Replotting GSR processed data against (δ13CVPDB − δ18OVSMOW) shifts
the data points in the diamond pattern from 47δ, which is approximately (δ13CVPDB + δ18OVSMOW), to
(δ13CVPDB – δ

18OVSMOW), which aligns the rows of constant δ18O points in the data matrix, and the diamond
pattern in 47δ space becomes the line seen in (δ13CVPDB − δ18OVSMOW) space (Figures 1b and 1d). In that
way, the two types of plots present complementary information, akin to Δ47 versus δ

13C compared to Δ47

vs δ18O plots. The (δ13CVPDB + δ18OVSMOW) and (δ13CVPDB − δ18OVSMOW) axes can be projected on a
δ13C, δ18O grid (supporting information, Figure S1, done assuming stochastic distribution of the isotopolo-
gues). To stay at 0 (δ13CVPDB – δ18OVSMOW), (δ13CVPDB + δ18OVSMOW) axis will have to fall on the δ13C =
δ18O line. By the same reasoning, (δ13CVPDB − δ18OVSMOW) axis falls on the δ13C = −δ18O line, which is
orthogonal to the δ13C = δ18O line. The origin will shift with the WG, but the principle is the same.
Correcting data in anyone of these four spaces will give a partial correction in the other three. For the best
correction, use the axis that gives the best line, with a follow up correction done on the orthogonal axis.

The combined effects, PBL47 and GSR processing, give rise to a line when plotted against 47δ, but a broad
matrix of points if plotted against (δ13CVPDB − δ18OVSMOW; not shown but can be modeled using the model
spreadsheet in the supporting information). After a Δ47 versus

47δ slope correction, plotting the data against
47δ shows the matrix pattern from the GSR processing combined with the curve of the data points due to
PBL47 (Figure 1c). The endpoints of the diamond shaped matrix drop and the middle points rise
(Figures 1b and c). Replotting the corrected data (Figure 1c) against (δ13CVPDB − δ18OVSMOW) shows a line,
with a spread of data points, similar to the line from GSR processing data (no PBL47) run, albeit with an off-
set, ~0.020 Δ47 (Figure 1d).

The model was used to examine effects of Δ17 on the Δ47. Using the same parameter sets for generation and
processing the data set, but varying the Δ17 shows that a 0.5‰ Δ17 shift relative to the reference gas leads to ~
−0.018 shift in Δ47 (Figure 1a), consistent with earlier work (Halevy et al., 2011). A 0.5‰ Δ17 shift also leads
to a small shift in δ13C, ~0.035.

3.2. Modeling the Effects of Changes in Specific Parameters on Δ47 and δ13C

The accepted absolute ratios for the δ13C and δ18O standards have changed over time, as have the processing
parameters used to related δ18O to δ17O (Table 1). Brand et al. (2010) noted that the 17R/13R relationship is
robust, more so than 17R and 13R individually. To see the relative relationship of the different parameters to
17R/13R, the 13R, K, and λ values were varied in the BAC parameter set and those values were plotted against
the corresponding part per thousand difference in 17RVSMOW/13RVPDB from the starting value, that is,
(17RVSMOW/13RVPDB)BAC (Figure 2a).

Changing 13R, K, and λ also affected the model sample matrix. To study those effects, the difference between
the nominal starting value and the modeled value, in both δ13C and Δ47, at the two extreme matrix points
(δ13C, δ18O), (−50,50), and (0, 0), both ~0 47δ but −100 and 0 (δ13C − δ18O) were subtracted from each
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other, giving a measure of scale compression along the (δ13C − δ18O) axis. The difference of differences,
δ13Cdiff and Δ47 diff, is plotted against (17RVSMOW/13RVPDB)BAC. The effect on δ13Cdiff is about twice that
seen for Δ47 diff, and in opposite directions (Figure 2b). Daëron et al. (2016) also reported that relative per
mil effects on δ13C were twice the effects seen on Δ47 when 17O was varied. Varying the different
components gave rise to different matrix shapes (not shown). That is, the effects are not identical, which is
reflected in the δ13Cdiff or Δ47 diff versus (17RVSMOW/13RVPDB)BAC slopes that vary slightly for the
different components.

The different parameter sets can vary in more than one parameter, as shown in Table 1, and the combined
effect on either Δ47 diff or δ

13Cdiff as a function of the net change in (17RVSMOW/13RVPDB)BAC space is also
shown in Figure 2b. The A&B set is very close to the BAC set in (17RVSMOW/13RVPDB)BAC and shows little
change in Δ47 diff or δ

13Cdiff. The
13RVPDB difference counteracts the effect from the 17RVSMOW difference,

Figure 1. Effect of baseline and Δ17 on Δ47 values. Plots of Δ47 versus
47δ or (δ13CVPDB − δ18OVSMOW), as listed, for

model data matrix: δ13C: −50 to 0; δ18O: 0 to 50; step size 10; reference gas −3.61 δ13C, 24.99 δ18O. Model data gener-
ated using BAC parameter set and processed with BAC set unless otherwise listed. Results plotted with and/or withoutΔ47
vs 47δ slope correction. (a) −25 mV PBL47, 0‰ Δ17 (squares), both with slope correction (open) and without slope
correction (closed). 0 mV PBL47, 0.5‰ Δ17 with slope correction (open triangles) which overlaps uncorrected results (not
shown). (b) 0 mV PBL47, GSR parameter set (c) −25 mV PBL47, GSR parameter set, slope corrected (20 δ18O series not in
matrix). (d) Replotting (b) and (c) results versus (δ13CVPDB − δ18OVSMOW) and including (b) series data with slope
correction. Switching to (δ13CVPDB − δ18OVSMOW) scale moves the data points horizontally.

Figure 2. Modeling parameter sets and components in (17RVSMOW/13RVPDB)BAC space (see Table 1). (a) Components,
13RVPDB, K, or λ, in BAC parameter set individually varied over range of values reported (Table 1) and plotted against
corresponding (17RVSMOW/13RVPDB)BAC value. (b) Scale compression along (δ13C‐δ18O) axis, the difference of the dif-
ferences between the expected and modeled results at (50, −50) and (0,0) matrix data points (δ13C, δ18O) for δ13C,
(δ13Cdiff) or Δ47 (Δ47 diff) plotted against (17RVSMOW/13RVPDB)BAC. Matrix data generated with Δ47,WG = 0.9 and Δ47,
sample = 0.4 using BAC parameter set, then processed with modified BAC parameter set, individual component values
varied as above, or with other parameter sets: SSH, SSH using the updated value for 13RVPDB (not in Table 1), GSR, GSR
set with the updated value for 13RVPDB, (not in Table 1) and A&B.
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for example, Δ47 diff = 0.002, but is 0.012 if only the 17O components from the A&B are used, that is, only K is
changed (Table 1). The other parameter sets do differ in (17RVSMOW/13RVPDB)BAC, with the GSR set at −17.6
and SSH at +40.4. Both of these sets sit above the other data lines and the net difference in Δ47 diff space have
close to the same magnitude, ~0.063 Δ47 diff, though opposite in sign (Figure 2b).

The effect of switching parameter sets on the full matrix is seen by plottingΔ47 versus
47δ, Figure 3a, with the

spread in the data points at 0 47δ corresponding to the data plotted in Figure 2b. The data were generated
using the BAC set with 0.9 Δ47 WG and 0.5 Δ47 samples, a 0.4 difference. The calculated Δ47 using the same
parameter set, BAC, is −0.410. A slight difference due to data processing assuming stochastic distribution
leading to scale expansion in Δ47. The A&B parameter set is also ~−0.410, with little spread in the data
points. The SSH parameter set expands the matrix to higher values and GSR to lower values. The shape of
the matrix varies from diamond to rhomboid. If the Δ47 data are plotted against (δ13CVPDB − δ18OVSMOW),
the GSR results, diamond shaped, collapse onto a line, as shown in Figures 1b and 1d under slightly different
conditions. The SSH results shift but do not collapse down onto a line, unless a Δ47 versus

47δ correction is
applied (not shown).

3.3. Modeling Linearity Effects on Δ47

Linearity issues on 45R and 46R can affect the δ13C and δ18O results, which affects the calculated expected 47δ
and thus the Δ47 values. Values of 0.050‰ and 0.110‰/V were applied to 45R and/or 46R, with a 0.1 V (100
mV in model) offset fromWG, 16 V onm/z 44. The results are shown in Figure 3b. If the linearity is the same
for 45R and 46R, a line is seen in Δ47 versus

47δ. That is correctable, as long as the sample amplitudes (mV) are
the same. The net offset in Δ47 is due to the millivolt offset between samples and standards. If the linearity is
only applied to one mass at a time, then plotting Δ47 versus

47δ shows a spread of data that resembles what is
shown in Figure 3a. Linearity effects mimic effects seen when parameter sets are switched in themodel. Data
generated using the BAC parameter set with 0.04‰ and −0.04‰/V on 45R and 46R are best processed by
using the GSR parameter set, after Δ47 versus

47δ correction, run at 16‐V setting. The SSH parameter set
works best after Δ47 versus

47δ correction if the linearity values are set to−0.04‰ and 0.05‰/V, respectively.
The linearity effect scales with target voltage used in the model. If the voltage is varied among samples,
results will vary too and add apparent noise to the results (see spreadsheet model in supporting information).

The linearity effects on Δ47 can also be mimicked by changing other parameters, for example, a 0.05‰/V lin-
earity on either 45R or 46R could also be mimicked by adjusting the respective PBL value to 14 mV PBL45 or
17 mV PBL46. It is not a perfect match. The linearity effect will vary withm/z 44 offsets between the sample
and WG settings, but the PBL values scale withm/z 44, so its effect is about the same. These PBL values are
much larger than typically measured on the instrument.

The linearity onm/z 44, in this case the change in intensity with pressure modeled as mV differences onm/z
44, can also be tested in the model. A 0.1‰/V change inm/z 44 will give rise to an apparent −0.1‰/V shifts
in 45R and 46R with changes in m/z 44 amplitude. Linearity is determined experimentally by changing gas

Figure 3. Modeling effects seen by shifting parameter sets or linearity. Model, BAC parameter for sample generation, vary
processing parameters, 0 mV PBL47, δ

13C: −50 to 0; δ18O: 0 to 50; reference gas −0 δ13C, 0 δ18O. Generated Δ47
plotted against 47δ, uncorrected. (a) Processing parameter sets, GSR, SSH or A&B; working gas at 0.9 Δ47, samples set to
0.5 Δ47. (b) Processing parameter set BAC, linearity settings (‰/V 45R, ‰/V 46R): lin‐00 (0.00, 0.00); lin‐05 (0.05, 0.05);
lin‐11 (0.11, 0.11); C‐11 (0.11, 0.00); and O‐11(0.00, 0.11). Amplitude offset between working gas and samples: 0.1 V.
Nominal signal strength 16 V. Working and sample gas Δ47 values the same: 0. Intercepts of lin‐05 and lin‐11 fitted lines
are at −0.010 and −0.022 Δ47 respectively.
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pressure, modeled as changingm/z 44. This value will be the net value in themodel, that is the 45R, 46R, or 47R
set linearity values minus the m/z 44 value. The linearity effect breaks down into two parts. The set values
govern how the system responds to amplitude differences on a given m/z due to isotopic differences, that is
the effect on the different points in the model matrix. The experimentally determined or net value governs
how the WG responds to changes in m/z 44 amplitude. When modeling experimental results, m/z 44 value
will be added to the other values to maintain a constant net value, which is the apparent linearity, that is,
the value determined when pressures are changed. If all linearity values are the same, for example, 1‰/V,
the net will be zero, as would be the experimentally determined value, but there would be scale expansion
for δ13C and δ18O, ~0.8 at 50‰ run at 16 V m/z 44, though only 0.021 Δ47 change at −50 δ

13C, 50 δ18O.

3.4. Modeling Other Effects on Δ47

If the two main isotopologues that compose a given m/z value have different absolute abundances,an FI
effect, that can resemble linearity effects. Asmodeled, the FI variable is just amultiplier on themain 17O con-
taining isotopologue, which is the secondmost abundant isotopologue at a givenm/z. For example, withm/z
45, if 16O12C17O is 0.5% less in terms of absolute abundance than 16O13C16O, FI45 = 0.995. The differences in
FI will not show up in a traditional measurement of linearity since it is just scaling a component of the signal.
The Δ17 component is similar to FI, except it affects all 17O isotopologues, not just the designated one.

The FI feature can be used to examine the different minor isotopologue excesses calculated by Wang et al.
(2004), equation (9), though that would only have a minor effect on the Δ47 results, <0.002.

3.5. The Effects of Different Parameter Sets on Equilibrated Gas Runs

Running samples having the same 47δ and Δ47, but large spreads in δ13C and δ18O will help highlight the
differences between using different parameter sets for data processing. This is seen in Figures 3a and 3b,
where a vertical row at a given 47δ showsΔ47 shifting with changes to δ13C and δ18O. To do that in the labora-
tory, two CO2 gases with a spread in δ13C values (nominal values ~−40 and−10 δ13CVPDB) were equilibrated
with at least three different waters, house waters at −23, 1.5, and 30 δ18OVSMOW (equilibrated gas 1, EG1,
Figures 4a and 4b) or VSMOW2 and SLAP plus a 50:50 mix of those standards (EG2, Figures 4c and 4d).
A follow up run was also done, with the CO2 gases equilibrated with house enriched water and with older
samples of VSMOW, GISP, and SLAP (EG3, Figures 5 and 6). The samples were equilibrated at 26 °C so they
would all have the same Δ47, with any differences in the measurements due to handling, uncorrected PBL,
missed or miss applied corrections, or errors in the parameters used to process the data. The different EG sets
were run at different times and under different mass spectrometer conditions. The same tank of CO2 gas,
−3.61 δ13CVPDB and 24.99 δ18OVSMOW, was used as the working reference gas in all cases.

The first test, EG1, modeled with the BAC parameter set, or BAC model, works better than the GSR model.
There is less spread between the different samples that run near the same 47δ value (Figure 4a). Also note,
using the different parameter sets will not lower the scatter in replicate runs. These results are consistent
with previous studies (Daëron et al., 2016; Schauer et al., 2016). When the GSR model in used, a linear trend
in (δ13CVPBD − δ18OVSMOW) is seen (Figure 4b). The measured linearity for both 45R and 46Rwas 0.011‰/V.

EG2, with a limited number of samples and analyzed under different mass spectrometer conditions, did not
give the same results (Figures 4c and 4d). The GSR model shows less scatter than the BAC model. Plotting
the Δ47 results against (δ

13CVPDB − δ18OVSMOW) shows a stronger correlation when using the BAC model
than the GSR model (Figure 4d), implying the GSR model is the better choice. The linearity was 0.011‰
and 0.056‰/V for 45R and 46R, respectively.

EG3 analyzed a suite of samples with the same or replicate gas samples analyzed at different gas pressures
with the same tune settings, EG3a at 16 V onm/z 44 and EG3b at 12 V onm/z 44, as well as under different
tune settings, EG3c 12 V on m/z 44. The linearity values for EG3a were initially 0.024‰ ± 0.010‰ and
0.036‰ ± 0.019‰/V for 45R and 46R when measured over a range of 14.5 to 16.5 V on m/z 44, 0.5‐V
increments. After a week, the values were 0.035‰ and 0.044‰/V, respectively. If the measurement range
was shifted to 13 to 16 V, the linearity values shifted to 0.021‰ ± 0.007‰ and 0.074‰ ± 0.011‰/V,
respectively. For EG3b, over the 11 to 13‐V range, the values were 0.049‰ and 0.095‰/V for 45R and 46R.
The linearity for the alternate tune setting was 0.022‰ and 0.049‰/V for 45R and 46R over the 11‐ to 13‐V
range for those 12‐V runs.
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Concentrating on EG3a and plotting the Δ47 results against (δ
13CVPDB− δ18OVSMOW) does not show a strong

correlation with either parameter set (Figures 5a and 5b). A trend with a few outliers does emerge when plot-
ting Δ47 versus average difference in amplitude between sample and reference gases, especially when using
the BAC model (Figure 5c). Two of the three apparent outliers were duplicate analyses of the same sample
gas. Further analyses were then done comparing measured results to the model system.

Figure 5. Equilibrated gas studies, amplitude effects. Plot of equilibrated gases results, EG3a, run at 16 Vm/z 44 nominal
amplitude, 0.024‰/V 45R and 0.036‰/V 46R linearity. Data processed using pressure baseline correction with designated
parameter set and a Δ47 versus

47δ correction applied. Corrected Δ47 results plotted against: (a) 47δ, (b) (δ13CVPDB −

δ18OVSMOW) with trend lines shown, solid for BAC and dashed for GSR data sets and (c) plotted against average
difference in m/z 44 amplitude between WG and sample, working − sample gas. Two of the three apparent outliers in
(c), near 0.040, −100 for BAC processed results, are reruns of the same gas. (d) Corrected Δ47 results processed with BAC
parameter set and linearity correction.

Figure 4. Equilibrated gases (EG) studies. All data pressure baseline corrected, processed with different parameter sets,
BAC or GSR, Δ47 versus

47δ slope corrected, with trend lines, BAC (solid) and GSR (dashed). (a) Plot of Δ47 versus
47δ

for EG1, 26 °C, house waters,−0.011‰/V linearity (uncorrected) on both 45R and 46R, with reruns data at−10,17;−10, 43,
and −41, 17 (δ13C, δ18O). The brackets indicate the differences between two samples, at −20 47δ but with different δ13C
and δ18O values, processed with either the GSR or BAC parameter set. (b) Replot of EG1 Δ47 data versus (δ

13CVPDB −

δ18OVSMOW). (c) Plot of Δ47 versus
47δ for EG2, 26 °C, VSMOW2, mixture and VSLAP, −0.011‰/V 45R and −0.056‰/V

46R (uncorrected). Samples having large differences in δ13C and δ18O but same 47δ fall in −20 and −48 47δ regions.
(d) Replot of EG2 Δ47 data versus (δ

13CVPDB − δ18OVSMOW).
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3.6. Using the Model to Help Interpret Data

In EG3a, the differences in amplitude between the reference and sample gases was affecting the results
(Figure 5c). The EG3a data were then put into the model and the various settings tested to see how that set-
tingmight be affecting the results. The differences between themodel and sample data are plotted againstm/
z 44 amplitude difference (working reference and sample gas) after applying 45R and 46R linearity and ampli-
tude corrections (Figure 5d). The three apparent outliers seen in Figures 5c and 5d at ~−100 mV and 0.040
Δ47 are only outliers when using the BAC model, determined by using Peirce's test (Ross, 2003). One of the
outlier samples, at −44.3 47δ, Figure 5a, was recleaned and reanalyzed, and a difference between their Δ47

values was observed after linearity corrections were applied. The others, replicate runs at 8.4 47δ, were
0.020 to 0.030 Δ47 greater than the replicate analyses on a replicate sample before linearity corrections. If
the GSR model was used in the model, the Δ47 values may shift but the differences between the replicate
runs hold. However, none of the data points qualify as an actual outlier.

The data from each EG3 series were compared to the model data after corrections for linearity, on 45R and
46R, and amplitude, m/z 44, differences (Figure 6). The corrected EG3a series, with the outliers removed,
now shows less scatter with the BACmodel than the GSR model, and the GSR model shows a small correla-
tion of Δ47 with (δ13CVPDB − δ18OVSMOW; Figures 6a and 6b), reversing the results without the corrections
(Figure 5b). If FI45 is included in the fitting of the model to the samples, both parameter sets converge onto
the same Δ47 values, within 0.010 Δ47 of the BAC model (not shown).

Figure 6. Equilibrated gas series three, EG3, comparing different tune settings. Measured minus modeled results plotted
against 47δ or (δ13CVPDB− δ18OVSMOW), with trend lines (linear) and correlation coefficients squared shown in the latter
case. The model data were generated using either the BAC or GSR parameter sets and corrected using the reported
linearity and amplitude differences between sample and working gas. Other parameters fitted as noted. Trend lines, when
shown, solid for BAC and dashed for GSR. (a) EG3a tune setting, 16V amplitude, data points with outliers excluded,
plotted against 47δ and (b) plotted against (δ13CVPDB − δ18OVSMOW). (c) EG3b, using EG3a tune settings but run at 12 V
amplitude, data points plotted against 47δ and (d) (δ13CVPDB − δ18OVSMOW). Also shown for EG3b are difference
from the model system that includes fitting to FI onm/z 45 (FI 45, BAC), fitting to 45R and 46R linearity instead of keeping
them fixed (fit lin.), and fitting to m/z 44 linearity and FI45 while keeping the

45R and 46R linearity fixed (lin44‐fix45,46;
FI45; BAC). (e) EG3c tune setting run at 12V amplitude and plotted against 47δ and (f) (δ13CVPDB − δ18OVSMOW).
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The EG3b series, run under the same tune settings but at a target intensity of 12 V onm/z 44, not 16 V, does
not appear to favor either the GSR or the BACmodels (Figures 6c and 6d). Both show a lot of scatter and little

correlation of Δ47 with (δ13CVPDB − δ18OVSMOW), and this is after linearity corrections were applied.
Different outliers were detected using the BAC and GSR models, the lowest data point with BAC and the
highest one with GSR, as plotted (Figure 6c). The BACmodel outlier sample corresponds to one of the outlier
samples seen in EG3a. The GSR model outlier does not.

There is a lot of scatter in the results of the EG3b series, regardless of the parameter set used. The standard
deviation for the Δ47 values, all points, is 0.035, BAC model, or 0.031, GSR model. If FI45 fitting is included,
the data points in both models will overlap the GSR model results (Figure 6c, GSR, BAC, and FI45 plots).
Removing the outlier appropriate for the given parameter set drops the standard deviations down to 0.020
and 0.023, respectively.

Fitting the linearity values, instead of using the measured ones, improved the fit. The fitted values were
−0.056‰ and −0.035‰/V for 45R and 46R, respectively, when using the GSR model (Figure 6b, “fit lin,
GSR”). The reported values were 0.021‰ to 0.049‰ and 0.071‰ to 0.095‰/V. A 0.1‰/V difference between
the fitted and reported values indicates there are undetected problems.

The reported values can be used, 0.046‰ and 0.095‰/V for 45R and 46R, respectively, and the linearity onm/

z 44 fitted. The points from that fit overlap the points from the fit to 45R and 46R linearity (Figure 6d, fit lin,
GSR and “lin44; FI45, BAC”). As plotted, the fit to the linearity onm/z 44 used the BACmodel and included

fitting to FI45, equivalent to using the GSR model in this series. With this fit, the standard deviation dropped
to 0.015 without removing outliers. The fitted value was −0.234‰/V for linearity on m/z 44. Excluding the
outliers from the fitting routine did not greatly improve the standard deviation, 0.014, of the remaining data
points, but did shift the fitted value to −0.071‰/V. The changes in the linearity onm/z 44 were added onto

the values for 45R and 46R to keep those values constant in terms of how the actual measurements are made.

If all the samples that were detected as outliers, in either EG3a or EG3b series, three points total, were
removed from this analysis, then the modeled 45R and 46R linearity values, 0.078‰ and 0.077‰/V respec-
tively, would partially overlap the range of reported values. That could not be done using the information
from just this series. Fitting to the linearity on m/z 44 then either happened to fit the outliers well or those
points are not actual outliers in this series.

Moving to different tune settings at 12 V intensity, EG3c, favors the GSR model. Less scatter is seen with the
GSR model and there is a correlation of Δ47 with (δ13CVPDB − δ18OVSMOW) with the BAC model (Figures 6e
and 6f). Additional fitting of them/z 44 linearity only had minor effects, 0.002 Δ47 differences. Fitting to FI45
too had little effect on the GSR model, but the BAC results collapsed onto the GSR results (0.988 FI45, plot
not shown, linearity corrections on 45R and 46R included). Fitting to PBL45 with the BAC model gave very
similar results to fitting to FI45. The fitted value, −17 mV PBL45, though, is outside the expected value for
the residual PBL45, ca. 1 mV, estimated from high voltage scans across m/z 45 peak.

The same fitting exercises can be done with FI46, FI47, PBL46, Δ17, and
45R and 46R linearity with similar

results. Fitting to the 45R and 46R linearity instead of FI45, using the BACmodel, gives values that are signifi-
cantly different than the reported values, by 0.04‰ and −0.07‰/V, respectively. The error in the reported
linearity values ranged from 0.01‰ to 0.02‰/V. Themodel can be used to fit the other variables, though that
may not be appropriate nor the results reasonable, for example, fitted result of−24 Δ17 (samples) is well out-
side the expected range for the surface of the Earth (Luz & Barkan, 2010).

Fitting a single subset of variables will partially correct for all problems in a data set, including errors in other
variables and sample noise. That can lead to some interesting results, as shown above. In the EG3 series, FI45
has served as the catchall variable that will get the BAC and GSR model values to overlap. If the isotopolo-
gues do have different absolute abundances, then FI46 and FI47 need to be considered. Fitting to two or all
three FI components at the same time will push the values past their individually fitted values, though
the sample results stayed basically the same. The interactions between the different variables and the fitting
routine will not always be useful. Two FI variables can be set and the third fitted to bring all three into the
0.99 to 1.01 range and get essentially the same sample results in the EG3c set as fitting only to FI45. In this
case, the model does not provide an exact solution but does allow for an exploration of what is possible.
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4. Discussion

The clumped isotope community is aware of the practical issues in making their measurements (Dennis
et al., 2011; He et al., 2012; Huntington et al., 2009). This model system highlights the effects those and other
issues have on the clumped isotope measurements, as well as how they interact with each other. The matrix
of data points plotted in Figures 1 and 3 shows how linearity issues, different parameter sets, Δ17, and PBL47
shift and distort the Δ47 results. These can combine to mimic or mask each other. The different parameter
sets, and the components that make them up, for example, K, show a linear relationship when plotting their
effects on scale compression against (17RVSMOW/13RVPDB)BAC (Figure 2b). FI45 is one of the variables mod-
ified when fitting EG data. Mathematically, FI45 serves as a multiplier for K in equation (4) (Table A1 line 14
traced back to line 4), at least for m/z 45. Modifying K moves the working parameter set along the
(17RVSMOW/13RVPDB)BAC line, Figure 2a, and empirically fits the parameter set to the EG data points
(Figure 2b). That is how the fitted results processed with the BAC parameter set can fall on top of the
GSR results (Figure 6c, “FI 45, BAC”).

Modeling the linearity effect, 45R and 46R, shows that even at values typically considered acceptable, Δ47

results will be affected. As modeled, a linearity of 0.040‰/V for 45R and −0.040‰/V for 46R would shift
results generated using the BAC parameter set to ones best processed by the GSR parameter set. This is
demonstrated in EG studies. EG1 series works best with the BAC parameter set, consistent with the earlier
papers (Daëron et al., 2016; Schauer et al., 2016). However, a short test, EG2, under different tune conditions

that had larger (magnitude) linearity on 45R and 46R worked best with the GSR parameter set.

Correcting for linearity issues can help, as shown in the EG3a study. But that only worked well after outliers
were removed, and the outliers were only detected when the BAC parameter set was used (Figures 5c and 5d
and 6a and 6b). In the EG3b series, one of the samples was flagged as an outlier when processed with the
BAC parameter set (Figures 6c and 6d, the low point), and a completely different sample was flagged when
the GSR set was used (Figures 6c and 6d, the high point). The choice of processing parameters will not only
affect your results, it can affect what data you choose to include in your results. The best practice would be to
have multiple replicates of every data point, if feasible, and use those results to find outliers.

The choice of parameter set may not be obvious, as in EG3b, or the GSR set may be favored, as in EG3c, even
after linearity corrections (Figure 6). Fitting to FI45 will cause the results converge on the GSR parameter set
results when starting with either the GSR or BAC parameter sets, as shown in Figure 6c for the BAC para-
meter set. The EG3a series gave similar results, but in that case the results converged on values closer to the
BAC parameter set results (not plotted). Fitting to FI45 is empirically fitting the parameter sets to the data
along the K trajectory. If that is needed, it could indicate missing or improper corrections, poor quality data,
or, indeed, the FI effect is real or source scrambling is affecting results.

The fitted values for FI45 are ~0.99, that is the absolute abundance of the
17O isotopologues atm/z 45 is 99%

of that for the 13C isotopologue. Westley et al. (2007) report relative percent level differences between isoto-

pologues for the generation of NO from N2O in the mass spectrometer source. Though not CO2, it did show
source conditions affecting relative isotopologue abundances. Our results are evidence for, though not proof

of, isotopologue absolute abundance differences in CO2 mass spectrometry. Fitting to FI can also correct for
other issues and allows for empirically fitting the parameter set to the data, limiting the utility of these results

in understanding CO2 source chemistry.

The EG3b results also showed that fitting to m/z 44 linearity helped minimize the scatter in the samples.
However, one cannot distinguish between possible outliers driving the m/z 44 linearity fit, fitting to
noise/outliers, or that the apparent outliers are due to an unaccounted for linearity effect onm/z 44 under these
conditions. If sample information is used from the EG3a series, then more outliers can be removed and the
impact of fitting to m/z 44 linearity diminishes. Fitting to it only had a minor effect when tested on the other
trials. The modeling shows that linearity can be broken into two components, and linearity of m/z 44 can be
determined indirectly as δ13C and δ18O scale compression that is not in line with 45R and 46R linearity.

It is also important that the sample andWG are run at the same signal strength. That will limit the impact of
linearity issues. However, if samples are analyzed over a wide range of pressures, then linearity measure-
ments and corrections would have to be made accordingly. Long‐integration dual inlet protocols (Hu
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et al., 2014; Müller et al., 2017) fall into that category. Long integration times can mean the sample gas will
bleed down over a wide range of voltages. Linearity has to be consistent, and small, over that entire range. If
it varies, then either a running correction or an appropriate correction to a weighted average would have to
be made. As seen here with EG3a and EG3b, samples with the same tune settings but run at different vol-
tages, 16 and 12 V on m/z 44, behave differently. If different samples are run over different voltage ranges,
no matter the protocol, they could need their own suite of standards, empirical transfer functions, PBL
corrections, etc.

Though not presented here, the model can be used to see how linearity, choice of parameter set used for pro-
cessing, etc., affects interlaboratory studies. Any three points in the data matrix can be picked to be “stan-
dards” and two or more for samples. The interplay between them can be mapped out as conditions
change, and that represents how values can vary between instruments or sessions with different instrument
tunings. This can also be done with available working standards (Bernasconi et al., 2018).

The solution for solving equation (3) presented here, equations (10) and (11), works well. The approxima-
tions used for calculating the isotopes in Brand et al. (2010) will lead to deviations from the exact solution,
as they pointed out, whichmight lead toΔ45 andΔ46 artifacts and the need to use fullΔ47 if incorporated into
clumped isotope studies. Other methods work, for example, Taylor expansion (Daëron et al., 2016), and all
methods can be evaluated using equation (3).

5. Conclusions

We see that getting the correct stable isotope results for CO2 requires more than just choosing the most
recent, BAC, parameter set for the needed 17O correction. We have demonstrated that the apparent
proper parameter set can vary with the tuning used and the instrument's linearity, which could skew
both inter and intralaboratory corrections and results. This will add to the apparent noise seen in sample
data and is likely contributing to the precision seen in the analysis of previous work (Fernandez
et al., 2017).

Modeling the data, as done here, can lead to insights into issues affecting the quality of the data. It is not just
that 45R and 46R linearity can affect results, and corrections do need to be applied, but it is that other factors
can also affect results. A model, such as this, can be used as a tool to evaluate data, for example, ETF data. It
should not be used for data correction but can point toward over looked problems that need to be addressed
and/or standards that need to be run.

We recommend the following:

1. Mass spectrometer data can and should be directly processed for δ13C, δ18O, and Δ47 determination using
the method presented here or any suitable method that is checked against equation (3). That way correc-
tions can be applied to the data prior to processing.

2. Linearity corrections, 45R, 46R, and including m/z 44 if scale compression is an issue, should be done.
Most importantly, tune the instrument well to avoid needing to do such corrections.

3. Use a model system, such as the one presented here, to test the effects the measured linearity would have
on your suite of standards and samples.

4. Laboratories should use the currently accepted values for the parameters for 13RVPBD and 17O determina-
tion (Brand et al., 2010; Coplen et al., 2002; Daëron et al., 2016; Schauer et al., 2016).

5. Results should be presented in the ARF (Dennis et al., 2011). Though not discussed in detail here, that
can also be done by correcting samples to a suite of standards (Bernasconi et al., 2018).

6. Plot Δ47 values from standards, EGs and HGs against (δ13C – δ18O), after Δ47 versus δ47 correction.
Trends indicate incomplete linearity corrections or issues with the source, for example, FI45.
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Appendix A: Tables

This appendix contains two tables for showing the equations used in the model. Table A1 shows how the
model data are generated. Table A2 shows how the model data are processed to give isotopic results.

Table A1
Model Data: Fractional Amounts for 44, 45, 46, and 47 From Parameter Set (Table 1) and Initial δ13C, δ18O, and Δ47 Input

Species Working gas (reference) Sample

1. 13 13RWG = 13RVPDB ×(1 + (WG δ13C + δ13Coffset)/1000)
13R = 13RVPDB ×(1 + δ13C)/1000

2. 12F 12F = 1/(1 + 13R)

3. 18 18RWG = 18RVSMOW ×(1 + (WG δ18O + δ18Ooffset)/1000)
18R = 13RVSMOW ×(1 + δ18O)/1000

4. 17 17R = K × 18Rλ × (1 + Δ17/1000)

5. 16F 16F = 1/(1 + 17R + 18R)

6. 13F 13F = 12F × 13R

7. 18F 18F = 16F × 18R

8. 17F 17F = 16F × 17R

9. 47F′ 47F† = 2 × 13F × 18F × 16F + 2 × 12F × 18F × 17F + 13F × 17F2

10. 44F 44F = 12F × 16F2

11. 13F′ 13F′ = 13F −
47F† × Δ47/1000

12. 16F′ 16F′ = 16F′ − 47F† × Δ47/1000

13. 18F′ 18F′ = 18F′ − 47F† × Δ47/1000

14. 45F 45F = 13F′ × 16F′2 + 2 × 12F × 16F′ × 17F × FI45

15. 46F 46F = 2 × 12F × 18F′ × 16F′ + 2 x 13F′ × 16F′ × 17F × FI46 +
12F × 17F2

16. 47F 47F = (2 × 13F × 18F × 16F + 2 × 12F × 18F × 17F × FI47 +
13F × 17F2) × (1 + Δ47/1000)

Note. See spreadsheet model in supporting information. Formulas for calculating ratios for fractional amounts for working gas (WG) or sample CO2; R, ratio =
minor species/major species; F, fractional amount = species/total. Working gas and samples are processed separately but mainly with the same equations.
Separate equations only shown if they are different for a given step. In part from He et al. (2012; see R‐code); Huntington et al. (2009; see MATLAB code in their
supporting information) and Santrock et al. (1985). Modifications added here include offset for true values for reference gas (δ13Coffset and δ

18Ooffset), excess
17O

(Δ17), and excess 47 (Δ47) including effects on
13C, 18O, and 16O pools, and fractional isotopologue absolute abundances (FI45, FI46, and FI47).

Table A2
Generating Model Signal Data From Fractional Amounts

Isotope or mass Working gas (reference) Sample

1. 44 mV′ 44 mV′WG = 44FWG × Amp + PBL44 44 mV′ = 44F × Amp + PBL44

2. 44Lin 44Lin = Lin44 × (44 mV′WG − 44 mV′)

3. 44 mV 44mVWG = 44 mV′WG 44 mV = 44 mV′ × (1 + 44Lin/1000)

4. 4XmV′ 4XmV′WG = 4XFWG × Amp × Mult4X + PBL4X 4XmV′ = 4XF × Amp × Mult4X + PBL4X × 44 mV/44 mVWG

5. 4XLin 4XLin = Lin4X × (4XmV′WG − 4XmV′)

6. 4XmV 4XmVWG = 4XmV′WG 4XmV = 4XmV′ × (1 + 4XLin/1000)

7. 4XRmeas
4XRWG‐meas = 4XmVWG/44 mVWG

4XRmeas = 4XmV/44 mV

8. 4XRnorm
4XRWG‐norm = 4XRWG‐meas/

4XRWG‐meas
4XRnorm = 4XRmeas/

4XRWG‐meas

9. 13RWG
13RWG = 13RVPBD′ × (1 + WG δ13CVPDB)

10. 18RWG
18RWG = 18RVSMOW′ × (1 + WG δ18OVSMOW)

11. 17RWG
17RWG = K′ × 18RWG

λ′

12. 45R 45RWG = 13RWG + 2 × 17RWG
45Rsample =

45RWG × 45Rnorm

13. 46R 46RWG = 2 x 18RWG + 2 × 17RWG × 13RWG + 17RWG
2 46Rsample =

46RWG × 46Rnorm

14. solve Sample processing only 0 = −3 × K2 × 18R2λ + 2 × K × 45R × 18Rλ + 2 × 18R −
46R = X

15. 18R 18O 18Rinit =
46Rsample/2.005;

18Rfinal =
18Rinit − X/2.0022 ‰δ18OVSMOW = 1,000 × (−1 + 18Rsample/

18RVSMOW)

16. 17R 17Rsample = K × 18Rλsample
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Table A2
(continued)

Isotope or mass Working gas (reference) Sample

17. 13R 13C 13Rsample =
45Rsample − 2 × 17Rsample ‰δ13CVPDB = 1,000 × (13Rsample −

13RVPDB)/
13RVPDB

18. 47R 47δ 47Rcalc = 2 × 18Rsample ×
13Rsample+2 × 18Rsample ×

13Rsample +
13Rsample ×

17R2sample

‰
47Rsample = 1,000 × (−1 + 47Rmeas/

47RWG‐meas)

19. Δ47 ‰Δ47, raw = 1,000 × (47Rsample −
47Rcalc)/

47Rcalc ‰Δ47, sample = ‰Δ47, WG + ‰Δ47, raw

Note. See spreadsheet model in supporting information. Formulas for calculating model signal data from fractional amounts for working gas or sample CO2. F,
fractional amount = species/total; Amp, amplitude; mV, signal (millivolts, but any values and relative amplitudes can be used); Mult, multiplier or relative
amplification for a given m/z cup. In part from He et al. (2012; see R‐code); Huntington et al. (2009; see MATLAB code in their supporting information) and
Santrock et al. (1985). Designation “4X” stands for cycling through 45, 46, 47, and 44 as appropriate. For test purposes, 13RVPDB′,

18RVSMOW′, K′, and λ′ values
do not have to be the same values used in Table A1 to generate the model data.
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