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ABSTRACT 

This thesis examines the measurement and interpretation of isotopic distributions 

and the application of these techniques to forensic questions. Stable isotope abundances 

are a powerful tool for ŜȄŀƳƛƴƛƴƎ ŀ ŎƻƳǇƻǳƴŘΩǎ ƘƛǎǘƻǊȅΦ However, their use is complicated 

by the fact that 1) isotope substitutions can occur at many positions of a molecule, resulting 

in a combinatorial increase in possible combinations of isotopes (or isotopologues) with 

molecule size, and 2) it is difficult to experimentally distinguish between isotopologues, so 

observational data averages over many isotopologues with distinct properties and 

histories. We here develop experimental and theoretical strategies to address these 

questions via observations of the isotopic distributions of small organic compounds 

obtained by Orbitrap mass spectrometry. In Chapter II, we develop mathematical 

procedures for manipulating and tracking isotopologues through various experimental 

designs, allowing us to make precise statements about how observable quantities are 

affected by underlying physical and chemical processes. Chapters III and IV explore 

corresponding experimental methods: Chapter III presents a sample introduction technique 

for the long duration observations required to measure rare, multiply substituted 

isotopologues, while Chapter IV applies these to observe 146 isotopic properties of 

methionine, a model analyte. We then explore the use of these Orbitrap methods to 

applied science problems. In Chapter V, we characterize the 13C and 2H enrichment of 

methylphosphonic acid, a breakdown product of sarin precursors, and examine the 

signatures of its synthesis methods. In Chapter VI, we apply these techniques to 

extraterrestrial, abiotic syntheses of nucleobases, focusing on the chemistry of adenine. 

These results are interpreted in the context of proposed extraterrestrial syntheses of 

adenine and other purine nucleobases and used to predict the isotopic distributions of 

these compounds.  
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NOMENCLATURE 

GENERAL TERMS 

 

Abundant Isotope: The isotope of a chemical element with the highest natural isotope 
concentration.  

Atomic position: A subset of atoms of the same element within a molecule which are 
symmetrically equivalent. 

Fragmentation Vector: █╒╜. ! ǾŜŎǘƻǊΣ ǿƘŜǊŜ ǘƘŜ ŜƴǘǊƛŜǎ ŀǊŜ ŜƛǘƘŜǊ άмέ ƻǊ άȄ.έ άмέ ƎƛǾŜǎ ŀ 
site that is passed from the parent molecule to the derived fragment ion during ionization, 
ŀƴŘ άȄέ ƎƛǾŜǎ ŀ ǎƛǘŜ ǘƘŀǘ ƛǎ ƭƻǎǘ ǳǇƻƴ ŦǊŀƎƳŜƴǘŀǘƛƻƴΦ ¢ƘŜ ǎǳōǎŎǊƛǇǘ ά/aέ ƎƛǾŜǎ ǘƘŜ ŎŀǊŘƛƴŀƭ 
mass of the unsubstituted isotopologue of the fragment ion in question.  

Identity Number: The number of ways to construct an isotopologue given a specified 
division of sites. For example, if N2O is defined with sites Nouter+inner and O3, the isotopologue 
  ὔ ὔ ȟ ὕ     can refer to 14N15N16O or 15N14N16O and has an identity number of 2. 

The identity number of an isotopologue can be found by multiplying the multinomial 
coefficient for each site.  

Isotome: The set of all concentrations of isotopologues in a sample of a molecule. 

Isotope Concentration: The mole fraction of an isotope within a molecule. Written using 
brackets; the concentration of ὔ  is written ὔ . 

Isotopologue: A version of a molecule with a unique set of isotopes in the sites. E.g., for the 
N2O molecule, 15N14N16O, 14N15N16O, and 15N15N17O are three different isotopologues. Note 
that subdividing sites differently may change the number and identity of isotopologues of 
a molecule; e.g., if we define N2O to have two sites, Nouter+inner and O3 (perhaps because our 
experiment does not distinguish between the nitrogen sites), then 15N14N16O, 14N15N16O are 
indistinguishable and treated as the same isotopologue.  

Isotopologue Concentration (or Relative Abundance): The mole fraction of an 
isotopologue within a sample. Written using brackets; the concentration of 15N14N16O is 
written ὔ ὔ ὕ Ȣ Multiatomic sites are written in parentheses; if we treat N2O as 
having two sites, Nouter+inner and O3, we write     ὔ ὔ   ὕ    for the concentration of 
the singly-substituted isotopologue.  



 

 

xi 

Multiply-substituted Isotopologue: An isotopologue with multiple rare isotopes.  

Rare Isotope: Any isotope of an element other than the abundant isotope. 

Set of All Possible Isotopologues: ═. The set containing all possible isotopologues of a 
molecule (for some specified division of sites).  

Set of element isotopes, ╔●: A set giving the possible isotopes for any chemical element x. 
Generally, this will include only the naturally occurring stable isotopes of that element. For 
example, for nitrogen, Ὁ ὔȟὔ ; the synthetic, short-lived isotope 13N is omitted. 
In principle, EN can include any isotopes of interest.  

Set of site isotopes: ╢▓. The possible combinations of isotopes at site k. For example, for a 
nitrogen site with two nitrogen atoms: Ὓ  ὔ ὔ ȟ ὔ ὔ ȟ ὔ ὔ  . For a site 
k with n atoms of element x, Ὓ is the multinomial expansion of the corresponding set Ὁ 
to the n-th power.  

Set of site multinomial coefficients: ♠▓ The number of ways to construct each combination 
of isotopes within site k. For example, for a nitrogen site with two nitrogen atoms: ὅ
  ρȟςȟ   ρ, corresponding to the set Ὓ above. For a site k with n atoms of element x,    

is the set of the multinomial coefficients from the expansion of the set Ὁ to the n-th power. 

Singly-substituted Isotopologue: An isotopologue with a single rare isotope.  

Site: An arbitrary subset of atomic positions with the same chemical element within a 
molecule. Often, a site will include the same atoms as an atomic position; however, it may 
combine or subdivide these arbitrarily (doing so may be mathematically useful, especially 
for the interpretation of fragmentation experiments).  

Site-specific isotope concentration: The mole fraction of an isotope within a site(s). The 
site(s) are indicated with a subscript, i.e., the concentration of ὔ  at site N1 is written 
ὔ . 

Stochastic Assumption: The assumption that the rare isotope content at each site of a 
molecule is randomly distributed across all possible isotopologues of that molecule. If we 
write ὼ  for the concentration of isotope x at the ith site of a molecule, and [a] for the 
concentration of an isotopologue, we may calculate the isotopologue concentration as the 
product of the site-specific isotope concentrations: ╪ Б ὼ 

▪
░ Ȣ 

Unsubstituted Isotopologue: The isotopologue where every site contains only the 
abundant isotope.  
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OPERATIONS ON SETS OF ISOTOPOLOGUES: 

Addition of New Atoms: Define new site(s) for the new atoms and take their cartesian 
product with the current set of all isotopologues.  

Cardinal Mass Change: Compute the cardinal mass difference of each isotopologue relative 
to the unsubstituted isotopologue.  

Isotopic Substitutions: Gives the rare isotopes present in each isotopologue.  

Loss of Atoms/Fragmentation, █╒╜: Applies a fragmentation vector to a set of 
isotopologues.  

Mass Selection, M+N: Selects a subset of a set of isotopologues with N cardinal mass units 
greater than the unsubstituted isotopologue.  

 

REPORTING METHODS 

Clumped-Isotope Ratio: 2
 

 
Ȣ The numerator may be a specific 

isotopologue, two or more isotopologues containing the same rare isotope substitutions, 
or two or more isotopologues having the same cardinal mass, while the denominator is 
often the unsubstituted isotopologue. For example, for N2O we may report: 

Ὑ       
ὔ ὔ ὕ ὔ ὔ ὕ 

ὔ ὔ ὕ 
Ȣ 

Clumped U Value: As the clumped isotope ratio where the reference isotopologue is the 
unsubstituted isotopologue.  

Delta value: 5ÓÅÄ ÔÏ ÒÅÐÏÒÔ ÄÉÆÆÅÒÅÎÃÅÓ ÂÅÔ×ÅÅÎ Ô×Ï ÉÓÏÔÏÐÅ ÒÁÔÉÏÓȟ ÆÏÒ ÓÁÍÐÌÅÓ ȬÊȭ ÁÎÄ 
ȬËȭȠ ×Å ÇÉÖÅ ÔÈÅ ÅÎÒÉÃÈÍÅÎÔ ÏÆ ȬÊȭ ÒÅÌÁÔÉÖÅ ÔÏ ȬËȭ ÁÓȡ 

ɿ
2

2
ρ ρzπππȢ 

We can also define delta values using U values, instead of ratios, i.e.,: 

ɿ
5

5
ρ ρzπππȢ 
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Isotope-specific U value: A U value where the numerator equals the sums of the 
concentrations of the singly-substituted isotopologues for a given element. For N2O, we 
may report: 

Ὗ
ὔ ὔ ὕ ὔ ὔ ὕ 

ὔ ὔ ὕ 
Ȣ 

 
Isotopologue-specific U value: A U value where the numerator is a single isotopologue.  

Molecular-average isotope ratio: ἠἱ
ἱἻἷἼἷἸἭ ἱ

ἺἭἮἭἺἭἶἫἭ ἱἻἷἼἷἸἭ ἲ
. Typically, i is a rare isotope while 

j is the abundant isotope. For example, for nitrogen, we may report 2  .  

Site-specific Isotope ratio: 2
 

  
. As the molecular-average isotope 

ratio but calculated across site(s) k. For example, the site-specific isotope ratio for the site 
N1 in N2O:             

Ὑ
ὔ

ὔ
Ȣ 

Site-specific U value: A U value where the numerator equals the concentration of the 
singly-substituted isotopologue at a given site. For the Nouter site of N2O, we have:  
 

Ὗ 
ὔ ὔ ὕ 
ὔ ὔ ὕ 

Ȣ 

ά¦έ ±ŀƭǳŜΥ 5
 

 
. The numerator can be any set of isotopologues, 

while the denominator is always the unsubstituted isotopologue. Similar to the clumped-
isotope ratio, the U value differs because 1) the numerator can include singly substituted 
isotopologues and 2) the denominator is always the unsubstituted isotopologue.  

╤╜ ╝ value: A U value where the numerator equals the sums of the concentrations of 
the M+N values. This may be used to transform results from M+N relative abundance 
space to U value space. For N2O and M+1:  

Ὗ 
ὔ ὔ ὕ ὔ ὔ ὕ ὔ ὔ ὕ 

ὔ ὔ ὕ 
Ȣ 
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ORBITRAP MASS SPECTROMETRY TERMS 

Microscan: An observation of a single packet of ions within the Orbitrap which records an 
individual transient. 

Transient: The time-varying image current observed by the Orbitrap. 

Scan: A single observation reported from the Orbitrap software to the user, consisting of 
the result of a Fourier transform applied to a transient to present a mass spectrum. The 
transient may be from a single microscan or from a combination of several microscans. 

Acquisition: A single experiment performed on a compound of interest, consisting of many 
individual scans. 

Mass Resolution: The mass resolution (FWHM) of the Orbitrap at m/z = 200; scales as (m/z)-

1/2. 

Automatic Gain Control Target (AGC Target): A target number of ions to permit into the 
Orbitrap for each scan. 

Total Ion Current (TIC): The sum of ion intensities observed by the Orbitrap. 

Number of Ions Observed (NIO): The number of ions observed for an individual peak in an 
individual scan. 

Zero Scan: A scan which returns NIO = 0 for a specific peak. 

ORBITRAP-IRMS ERROR MEASURES 

!Ŏǉǳƛǎǘƛƻƴ 9ǊǊƻǊ όˋAE): The observed relative standard error of an observed isotope ratio 
όƛΦŜΦΣ ŀ w ǾŀƭǳŜύ ŀŎǊƻǎǎ ŀƭƭ ǎŎŀƴǎ ƻŦ ŀ ǎƛƴƎƭŜ ŀŎǉǳƛǎƛǘƛƻƴΦ wŜǇƻǊǘŜŘ ƛƴ ҉Φ 

{Ƙƻǘ bƻƛǎŜ [ƛƳƛǘ όˋSN): A prediction of the relative standard error of an observed isotope 
ratio (i.e., a R value) across all scans of a single acquisition assuming that the precision of 
ǘƘŀǘ ƻōǎŜǊǾŀǘƛƻƴ ǿŀǎ ƭƛƳƛǘŜŘ ƻƴƭȅ ōȅ ǎƘƻǘ ƴƻƛǎŜ ŜǊǊƻǊΦ wŜǇƻǊǘŜŘ ƛƴ ҉Φ 

tǊƻǇŀƎŀǘŜŘ !Ŏǉǳƛǎƛǘƛƻƴ 9ǊǊƻǊ όˋPAE): ¢ƘŜ ŜǊǊƻǊ ƻŦ ŀ ǎǘŀƴŘŀǊŘƛȊŜŘ ƛǎƻǘƻǇŜ Ǌŀǘƛƻ όƛΦŜΦΣ ŀ ʵ 
value) calculated using a sample acquisition and one or more standard acquisitions. 
/ƻƳǇǳǘŜŘ ōȅ ŀŘŘƛƴƎ ǘƘŜ ˋAE on the sample to the error on the standard in quadrature. 
9ƭǎŜǿƘŜǊŜ ƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜΣ ǘƘŜ ŜǊǊƻǊ ƻƴ ǘƘŜ ǎǘŀƴŘŀǊŘ Ƴŀȅ ōŜ ŀ ˋAE value (Eiler et al., 2017; 
Wilkes et al., 2022; Mueller et al., 2022a). Here, it is a confidence interval around a linear 
Ŧƛǘ ǘƻ ǎŜǾŜǊŀƭ ǎǘŀƴŘŀǊŘ ŀŎǉǳƛǎƛǘƛƻƴǎΦ {ǘǊƛŎǘƭȅ ƎǊŜŀǘŜǊ ǘƘŀƴ ˋAE ŦƻǊ ǘƘŜ ǎŀƳǇƭŜΦ wŜǇƻǊǘŜŘ ƛƴ ҉Φ 

9ȄǇŜǊƛƳŜƴǘŀƭ wŜǇǊƻŘǳŎƛōƛƭƛǘȅ όˋER): The standard deviation of the standardized isotope 
Ǌŀǘƛƻǎ όƛΦŜΦΣ ʵ ǾŀƭǳŜǎύ ŦƻǊ ƳǳƭǘƛǇƭŜ ǎŀƳǇƭŜ ƻōǎŜǊǾŀǘƛƻƴǎΦ wŜǇƻǊǘŜŘ ƛƴ ҉Φ 
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C h a p t e r  1 

INTRODUCTION 

The forensic questionτwhere did a compound come from? What processes were 

active in its formation? To what extent has it been degraded or changed?τare crucial 

across scientific disciplines. They ƛƴŦƻǊƳ ƻǳǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ ǇŀǎǘΣ ǇǊŜǎŜƴǘΣ ŀƴŘ 

future, telling us where and how our planet was formed, how anthropogenic activity is 

altering our environment, and how we can expect its biosphere to develop. They can tell us 

about our own history, revealing when humans developed certain agricultural techniques, 

what sorts of diets they ate, and how cultural practices began. And they have much to say 

about current problems, revealing if patients are healthy or diseased or if athletes are using 

performance enhancing drugs.  

Stable isotopes are one of our core tools for answering these sorts of questions. 

Most elements can exist in multiple forms, or isotopes, with different numbers of neutrons. 

Different isotopes have subtly different physical and chemical properties, and the 

abundances of these isotopes in a sample will differ with its physical and chemical history. 

Measurements ƻŦ ƛǎƻǘƻǇŜ ŀōǳƴŘŀƴŎŜǎ Ŏŀƴ ǘƘŜǊŜŦƻǊŜ ǊŜǾŜŀƭ ŀ ŎƻƳǇƻǳƴŘΩǎ ƘƛǎǘƻǊȅΦ CƻǊ 

example, carbon fixation proceeds more rapidly for CO2 with the 12C isotope of carbon than 

the 13C isotope, causing the carbon incorporated into living creatures to be deplete in 13C 

relative to atmospheric carbon. A measurement of the relative abundances of 13C and 12C 

in a sample can thus be used distinguish whether it originated from an organic or inorganic 

source.  

However, the application of stable isotopes is immediately complicated by the fact 

that molecules have many atoms, and isotopic substitutions can occur at any of these. 

Moreover, these substitutions can occur simultaneously; there are versions of alanine, for 

example, with 13C substitutions at both the amine and methyl carbon. Because substitutions 

can occur at any combination of positions, there is a combinatorial explosion in the number 



 

 

2 

of isotopologues which exist for a molecule. Molecules with as few as 20 atoms (e.g., small 

fatty acids, or moderate-sized amino acids) can have millions of possible isotopic forms, or 

isotopologues. Just as different atoms have different chemical properties, isotopic 

substitutions at different positions have different effects: every one of these isotopologues 

Ƙŀǎ ƛǘǎ ƻǿƴ ǳƴƛǉǳŜ ǇǊƻǇŜǊǘƛŜǎΣ ŀƴŘ ǘƘŜ ŀōǳƴŘŀƴŎŜǎ ƻŦ ŜŀŎƘ ǿƛƭƭ ŘƛŦŦŜǊ ǿƛǘƘ ǘƘŜ ŎƻƳǇƻǳƴŘΩǎ 

history.  

The combinatorial explosion presents both a challenge and an opportunity for the 

application of isotopic arguments. The presence of so many isotopologues with their own 

unique properties can allow investigators to distinguish different scenarios in minute detail. 

However, the difficulty in separating and observing so many isotopologues makes it hard to 

use any of this information; indeed, previous investigators have concluded that άit is 

impossible to determine the relationships among all the isotopic forms of a polyatomic 

compound experimentallyέ (Galimov, 1985). Traditional experimental techniques will 

instead average over a large number of isotopologues; for example, they will combust a 

sample to CO2 and observe the 13C/12C content of the resulting gas, losing any information 

about 13C at different positions and the cooccurrence of multiple 13C substitutions. This 

more analytically tractable approach is useful; however, as there may be dozens of 

processes affecting the isotopic content of a compound, it is often insufficient to fully solve 

a problem. As one investigator put it: άIt often seems that isotopic fractionations provide 

too much information about too many processes, combining it all in a package that is 

unmanageably intricateέ (Hayes, 2001). Making progress in this regard therefore requires 

a two-pronged approach: first, we must develop experimental techniques which can 

distinguish between the many different isotopologues of a compound, and second, we 

must have the theoretical means for understanding and interpreting the resulting data.  

This thesis attempts to make progress on both experimental and theoretical aspects 

of this problemΣ ǿƘƛŎƘ ǿŜ ǘŜǊƳ ΨƛǎƻǘƻƳƛŎǎΦΩ Crucial to our approach is the new 

measurement technique of Orbitrap isotope ratio mass spectrometry (Orbitrap-IRMS). 

Orbitrap-IRMS methods have been developed only recently but are very promising tools for 
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isotope measurements because of their high mass resolution and ability to observe many 

fragments of larger organic molecules, which allows us to determine the positions of 

isotopic substitutions. While powerful, there are many outstanding questions regarding the 

use of this technology and the amount of isotopic information which can be extracted. We 

explore these questions via both fundamental method development (Chapters II-IV) and 

application to science questions (Chapters V-VI). We conclude this section with an overview 

of the remaining chapters.  

Chapter II explores the mathematical foundations of isotope calculations. Here, the 

key questions are: how can we understand the data obtained from an arbitrary experiment 

applied to a small molecule? How can we relate this data to other experiments, and a more 

holistic understanding of the molecule? Which properties are expected to differ with which 

processes? And which targets should we choose for isotopic measurements? It settles on 

an explicit isotopologue-tracking strategy, in which all of the isotopologues of a molecule 

are enumerated and traced through an experiment. We then apply this strategy to a 

particular type of Orbitrap-Lwa{ ŜȄǇŜǊƛƳŜƴǘΣ ŎŀƭƭŜŘ ŀ ΨaҌbΩ ŜȄǇŜǊƛƳŜƴǘΣ ǿƘƛŎƘ ƛǎ 

conceptually challenging but enables the investigator to extract a much greater amount of 

isotopic information. Our analysis allows us to reframe this experiment in much simpler 

terms, obtaining an analytical method to compute the results, an improvement over the 

previous numerical approach.    

Chapter III moves to experiment, developing techniques for the long duration 

Orbitrap-IRMS measurements required for isotomics. One of the core challenges of 

isotomics is the rarity of the many of the species it wishes to observe; these may have 

abundances of <10-5. Moreover, to make meaningful statements about forensics, 

investigators must characterize deviations ƛƴ ǘƘŜƛǊ ŀōǳƴŘŀƴŎŜǎ ŀǘ ǘƘŜ ƭŜǾŜƭ ƻŦ м ҉Φ 

Observed precisions are limited by counting statistics, so the target must be observed many 

times (e.g., 106) to make these statements. In order to observe such rare species so many 

times, our experiments must occur over long durations, hours to tens of hours. However, 

prior Orbitrap-IRMS measurements used much shorter timescales, minutes to tens of 
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minutes. We therefore implemented an alternate sample introduction method which was 

capable of such long duration measurements and characterized its stability and accuracy. 

We find that it is sufficient for a certain level of precision, Ғ м ҉, but insufficient to move 

much beyond this.  

Chapter IV combines the sample introduction method developed in Chapter III and 

the mathematics developed in Chapter II to explore the bounds of isotopic measurements 

using current technology. We selected methionine as an analyte, because it is a good model 

compound: it has C, H, N, O, & S, the most common elements for which we would like to 

recover isotopic information, and it forms many fragments with well-constrained 

geometries, which is useful for computing its site-specific structure. We are able to observe 

146 different isotopic properties of methionine, including double and triple-substitutions. 

Moreover, we were able to associate these measurements with certain locations in the 

molecule. An important takeaway from this experiment is that measurements of multiple 

substitutions in organic compounds must move beyond easier-to-understand 

ƛƴǘŜǊǇǊŜǘŀǘƛƻƴǎ όŜΦƎΦΣ άǘƘŜ ŜƴǊƛŎƘƳŜƴǘ ƻŦ ǘƘŜ 13C13C isotopologue with 13C at the methyl and 

ŎŀǊōƻȄȅƭ Ǉƻǎƛǘƛƻƴǎέύ ǘƻ ǎǘŀǘŜƳŜƴǘǎ ǘƘŀǘ ŀǊŜ ƳƻǊŜ ŎƭƻǎŜƭȅ ǘƛŜŘ ǘƻ ŜȄǇŜǊƛƳŜƴǘ όŜΦƎΦΣ άǘƘŜ 

enrichment of the 13C13C isotopologues which contribute to the fragment with cardinal 

Ƴŀǎǎ смέύΦ ²Ŝ ŀƭǎƻ ŎƻƳƳŜƴǘ ƻƴ ǘƘŜ theoretical limits of this technology based on the 

abundances of rare isotopologues.  

Chapters V and VI shift the focus from method development to application. Chapter 

V develops a comparatively simple isotopic measurement of just two properties: the 2H and 

13C content of methylphosphonic acid (CH5O3P). Methylphosphonic acid is the hydrolysis 

product of key precursors used to synthesize sarin, including methylphosphonic difluoride 

(CH3POF2) and methylphosphonic dichloride (CH3POCl2). Methylphosphonic difluoride has 

been used to make sarin on the battlefield within the past decade. Both 2H and 13C contain 

valuable forensic evidence for these compounds and have been measured individually; our 

Orbitrap-IRMS method explores them more rapidly and using less sample. While more 
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routine than our other analyses, this chapter helps demonstrate the validity of Orbitrap-

IRMS to applied science targets.  

Chapter VI presents another application: the extraterrestrial, abiotic, syntheses of 

nucleobases. Many of the core compounds present in living systemsτamino acids, sugars, 

and nucleobasesτhave been found in extraterrestrial environments, and a significant 

amount of evidence suggests these were formed abiotically. However, associating a specific 

compound with a specific synthesis pathway is challenging. Isotomics is therefore a valuable 

tool for these purposes. We explored the isotope effects associated with a laboratory-scale 

abiotic synthesis of adenine, beginning from formamide and cyanide, with an eye towards 

interpreting the isotopic signatures of meteoritic purines. Adenine is a rich target for 

isotomics, forming nine distinct fragments observable via Orbitrap, but simultaneously 

reveals many of the challenges encountered with Orbitrap-IRMS methods: it is difficult to 

standardize our observations, the fragments are formed via complex pathways, and the 

core reaction occurs via multiple mechanisms. We discuss these challenges and possible 

resolutions. We then interpret our results in the context of the only previous measurement 

of the isotopic content of extraterrestrial purines. Comparing our results to currently 

proposed scenarios for meteorite organics, we suggest the most parsimonious explanation 

for these compoundsτthat they were formed from cyanideτis only plausible in a specific 

set of conditions, where the nucleobases were highly degraded prior to observation. We 

suggest some alternative mechanisms for the observations and make predictions of the 

isotopic content of 11 purine nucleobases under these scenarios.  
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C h a p t e r  2  

A MATHEMATICAL FRAMEWORK FOR ISOTOMICS 

Csernica, T., and Eiler, J. M. (2023) High-dimensional isotomics, part 1: A mathematical 

framework for isotomics. Chem. Geol. 617, 121235. doi: 

10.1016/j.chemgeo.2022.121235 

 

 

Abstract 

Molecules can exist in a variety of isotopic forms, called isotopologues, with varying 

numbers of isotopic substitutions at symmetrically nonequivalent atomic positions. The 

concentrations of these isotopologues ƛƴ ŀ ǎŀƳǇƭŜΣ ǊŜŦŜǊǊŜŘ ǘƻ ƘŜǊŜ ŀǎ ǘƘŜ ǎŀƳǇƭŜΩǎ 

isotomeΣ ŜƴŎƻŘŜǎ ƛƴŦƻǊƳŀǘƛƻƴ ŀōƻǳǘ ǘƘŀǘ ǎŀƳǇƭŜΩǎ ǇƘȅǎƛŎŀƭ ŀƴŘ ŎƘŜƳƛŎŀƭ ƘƛǎǘƻǊȅΦ ²ƘƛƭŜ 

much of this information remains inaccessible due to experimental challenges, recent 

ŀŘǾŀƴŎŜǎ ƘŀǾŜ ŜƴŀōƭŜŘ ǘƘŜ ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ Ƴŀƴȅ ƴŜǿ ŎƻƴǎǘǊŀƛƴǘǎ ƻƴ ŀ ǎŀƳǇƭŜΩǎ isotome. 

These constraints, which may be obtained from several different technologies, currently 

consist of ratios of subsets of the isotome and in almost all cases fail to directly observe 

most isotopologues.  Thus, it is challenging to relate the set of all measured constraints to 

the abundances of all possible isotopologues. We here develop a mathematical framework 

for understanding how varƛƻǳǎ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ŀ ǎŀƳǇƭŜΩǎ isotome relate to one another. 

We first show a method for tracking isotopologues through complicated experimental 

designs, to rigorously and precisely state what subsets of the isotome are being measured. 

We then propose the generalization of the so-ŎŀƭƭŜŘ ΨŎƭǳƳǇŜŘΩ ƛǎƻǘƻǇŜ Ǌŀǘƛƻǎ ǘƻ ŀ ƴŜǿ Ǌŀǘƛƻ 

ǘȅǇŜΣ ǘƘŜ ά¦έ ǾŀƭǳŜΣ ǿƘƛŎƘ ƎƛǾŜǎ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ŀƴȅ ǎŜǘ ƻŦ isotopologues relative to 

the unsubstituted isotopologue; this is a more appropriate way to report many 

isotopologue measurements. The U value can be used to compare and combine clumped, 

molecular-average, and site-specific measures of isotopic content; we demonstrate that for 

molecules with near-stochastic distributions of isotopes (and thus for many cases of 

interest), the molecular-average or site-specific U values are approximately equal to the 

corresponding molecular-average or site-specific isotope ratio. The U values therefore 
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provide a convenient framework for comparing and manipulating many different types of 

observations. To demonstrate our work in practice, we apply it to a MS/MS experiment in 

which a subset of isotopologues with a given cardinal mass is selected, subjected to 

collisional fragmentation, and then observed in an Orbitrap mass spectrometer. This 

ŘŜǎƛƎƴΣ ǿƘƛŎƘ ƛǎ ƴƻǿ ǇǊŀŎǘƛŎŀƭΣ ƻŦŦŜǊǎ Ƴŀƴȅ ŎƻƴǎǘǊŀƛƴǘǎ ƻƴ ŀ ǎŀƳǇƭŜΩǎ isotome that are 

conceptually difficult to relate to concentrations of individual isotopologues. We analyze a 

simulated MS/MS experiment offering over 100 constraints on a methionine isotome (we 

plan to present our experimental results from this experiment in a companion publication). 

Our framework enables us to report conventional data products, such as overall molecular 

‏  values, as well as measurements of various singly and multiply-substituted (including 

triply-substituted) isotopologues, demonstrating the efficacy and generalizability of our 

mathematical methods.   

 

2.1. Introduction 

Molecules can have a variety of isotopic structures due to varying numbers and 

locations of isotopic substitutions. These structures, called isotopologues, have subtly 

different physical and chemical properties caused by their different isotopic substitutions. 

Physical and chemical processes thus affect isotopologues in subtly different ways, leading 

to changes in the relative abundance of the isotopologues of a sample (Eiler, 2013). The 

ǊŜƭŀǘƛǾŜ ŀōǳƴŘŀƴŎŜǎ ƻŦ ŀ ŎƻƳǇƻǳƴŘΩǎ isotopologues therefore encode its physical and 

chemical history. 

Conventional studies of isotopic diversity observe variation along a few 

compositional dimensions, such as the total ὅ  or ὔ  content of a molecule. However, 

much more information is present. For example, consider a small organic molecule like 

methionine (C5H11NO2S; Figure 2.1); it contains five elements with possible isotopic 

substitutions; two of these, C and H, may contain substitutions at symmetrically 

nonequivalent positions; furthermore, combinations of any set of these positions may have 

ǎǳōǎǘƛǘǳǘƛƻƴǎ ǎƛƳǳƭǘŀƴŜƻǳǎƭȅ όάŎƭǳƳǇŜŘέ isotopologues). Collectively, there are some 

hundreds of thousands (depending on which atoms we choose to treat as indistinguishable; 
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this may differ depending on the experiment of interest; see below for a detailed 

discussion) of isotopologues of methionine; their concentrations constitute the isotome of 

a methionine sample.  

 

Figure 2.1: Some isotopologues of methionine. Substitutions are shown with bolded atoms. Note that O and 
S can have multiple rare substitutions, so images with these can represent more than one isotopologue. Left 
column, top: a single substitution at the carboxyl carbon; bottom: a single substitution at the gamma carbon. 
Center, top: an adjacent C-O clump at the carboxyl site; bottom: a nonadjacent C-O clump at the gamma 
carbon and one oxygen. Right, top: A triple substitution with adjacent N-D clumping and a sulfur substitution; 
bottom: a triple substitution at the amine, alpha, and beta carbons. These six illustrated isotopologues, and 
many more, are represented in the methionine isotome.   

 
The information present in an isotome is valuable but can be difficult to measure 

and understand. Many isotopologues have low concentrations; for example, doubly- 13C 

substituted isotopologues in methionine, one of the more common variants, occur at a rate 

of about 1 in 1000 (Each carbon position has approximately a 1% chance of being 

substituted; two carbons simultaneously have substitutions about 0.01 % of the time; as 

there are 10 nonequivalent arrangements, about 0.1% of methionine isotopologues are 

doubly-13C substituted). Moreover, physical and chemical processes which select for or 

against certain isotopologues are often subtle, leading to enrichments or depletions at level 

ƻŦ ǇŀǊǘǎ ǇŜǊ ǘƘƻǳǎŀƴŘ όǇŜǊ ƳƛƭΣ ά҉έύΣ ǊŜƭŀǘƛǾŜΤ ǘƘǳǎΣ ŜŦŦŜŎǘƛǾŜƭȅ ƳŜŀǎǳǊƛƴƎ ŀƴ isotome 

requires distinguishing small variations in the concentrations of already rare species. When 

they can be made, measurements of these variations have widespread applications. For 
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example, observations of multiply substituted isotopologues have constrained 

paleoclimate temperatures, vertebrate body temperatures, atmospheric budgets of CO2 

and O2, the nitrogen cycle, and biological cycling of oxygen and methane (Wang et al., 2004; 

Yeung et al., 2009, 2015, 2017; Eagle et al., 2010; Eiler, 2011; Douglas et al., 2017) (among 

other applications). Similarly, position-specific effects in isotopes have been observed in the 

biological formation of amino acids, glucose and lipids, abiotic organic reactions responsible 

for formation of extraterrestrial organics, and the sources and sinks of petroleum 

hydrocarbons (Abelson and Hoering, 1961; DeNiro and Epstein, 1977; Singleton and 

Thomas, 1995; Singleton et al., 1999; Singleton and Szymanski, 1999; Gonzalez-James et al., 

2010; Gilbert et al., 2011; Cesar et al., 2019; Chimiak et al., 2021). Progress in this area has 

been driven, and limited, by experimental advancesτphysical processes affecting clumped 

isotopologues of CO2, for example, were predicted by Harold Urey in 1947 but not 

measured until the mid-2000s (Urey, 1947; Eiler and Schauble, 2004). 

A number of techniques developed in the past two decades have improved our 

ŀōƛƭƛǘȅ ǘƻ ǎǘǳŘȅ ŀ ǎŀƳǇƭŜΩǎ isotome; these include site-specific NMR, gas-source isotope 

ratio mass spectrometry (IRMS), OrbitrapTM mass spectrometry (OrbitrapTM MS), and 

optical spectroscopy (Eiler et al., 2013, 2017; Chaintreau et al., 2013; Prokhorov et al., 

2019). It can be challenging to compare and integrate the data from different experimental 

designs, as they may sample different (often subtly different) populations of isotopologues 

to make similar measurements. For example, a site-specific NMR measurement determines 

the 13C/12C ratio of carbon at a specific position (Caytan et al., 2007), while a site-specific 

MS experiment determines the ratio between the singly-substituted isotopologue with a 

13C at that position and the unsubstituted isotopologue τ for reasons explained below, 

these similar-sounding observations are subtly but importantly different as constraints on 

the proportions of isotopologues and thus the overall structure of the isotome. 

We can illustrate these difficulties with a hypothetical (but currently possible) 

tandem mass spectrometry (MS/MS) technique, which selects and fragments a subset of 

isotopologues with a cardinal mass N units greater greater than the monoisotopic mass. 

Following the IUPAC recommendations, the monoisotopic mass is calculated using the 
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masses of the most abundant isotope of each element, and is therefore the mass of the 

unsubstituted isotopologue (Murray et al., 2013)Φ ²Ŝ Ŏŀƭƭ ǘƘƛǎ ǘŜŎƘƴƛǉǳŜ ŀƴ άaҌb 

ŜȄǇŜǊƛƳŜƴǘέ ŦƻǊ άƳƻƴƻƛǎƻǘƻǇƛŎ Ƴŀǎǎ Ҍ bΦέ As our analysis focuses on small volatile and 

organic molecules where the most abundant isotopes are the lowest mass isotopes and 

the monoisotopic peak is the most abundant peak, we find this notation clear; for molecules 

incorporating elements with rare isotopes lighter than the most abundant isotope or where 

ǘƘŜ ƳƻƴƻƛǎƻǘƻǇƛŎ ǇŜŀƪ ƛǎ ƭƻǿ ƛƴ ŀōǳƴŘŀƴŎŜΣ ǿŜ ǎǳƎƎŜǎǘ ǘƘŜ ƳƻǊŜ ǇǊŜŎƛǎŜ άaлҌbέ ƻǊ άaл-

bέ ōŜ ŜƳǇƭƻȅŜŘΦ ²Ŝ ŜƳǇƘŀǎƛȊŜ ǘƘŀǘ ǿŜ ŎƻƴǎƛŘŜǊ άaҌbέ ǘƻ ƛƴŎƭǳŘŜ all isotopologues with 

qualifying cardinal masses, following previous usage (Brownawell and San Filippo, 1982; 

Sleno, 2012; Neubauer et al., 2018). 

For example, consider an experiment where we introduce an N2O sample, mass 

select isotopologues weighing one cardinal mass unit greater than the unsubstituted 

isotopologue, 14N2
16h όƛΦŜΦΣ ǘƘŜ άaҌмέ ƛǎƻǘƻǇƻƭƻƎǳŜǎύΣ ǎǳōƧŜŎǘ ǘƘŜƳ ǘƻ Ŏƻƭƭƛǎƛƻƴŀƭ 

fragmentation such that they lose the outer nitrogen (N-N-O) to form NO+ ions, and observe 

the resulting mass spectrum (Figure 2.2) (in actual N2O fragmentation, a scrambling effect 

may cause NO+  ǘƻ ǎŀƳǇƭŜ Ғ мл҈ ƻŦ ƻǳǘŜǊ ƴƛǘǊƻƎŜƴΤ ǿŜ ƻƳƛǘ ǘƘƛǎ ŦƻǊ ƻǳǊ ŜȄŀƳǇƭŜύ (Ostrom 

and Ostrom, 2012; Toyoda et al., 2017). In this case, we can observe three ion beams, 

14N17O+, 15N16O+, and 14N16O+, produced by fragmentation of the 14N14N17O, 14N15N16O, and 

15N14N16O isotopologues, respectively. Observations of the relative intensities of these 

fragments constrain the relative abundances of those isotopologues. However, these 

constraints do not directly map onto traditional measurements that give 15N/14N,17O/16O, 

or 18O/16O ratios across the entire sample or more specialized measurements which give 

isotopologue ratios for singly-substituted 15N isotopologues, e.g.,    

   
  or 

   

   
ȟ with 15N at the outer or inner position (Toyoda et al., 2017). Underlying the 

experimental challenges involved in measuring isotomes, then, is a theoretical issueτhow 

are we to understand the ways in which various experimental designs sample isotomes, 

how can we combine information from different experiments, and how should this 
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information be presented? To do so, we must have a detailed, general understanding of the 

composition space of isotomes (or isotomics).  

 

Figure 2.2: A hypothetical mass selection/fragmentation experiment applied to N2O. The original set of 
isotopologues is shown on the left. After mass selection, only those weighing 1 cardinal mass unit greater than 
the common monoisotopic form remain; they are then fragmented and observed, resulting in the mass 
spectrum on the right (not to scale). For larger molecules with more fragments, it is difficult to determine how 
the resulting mass spectrum relates to the original isotopologue population.   
 

Several aspects of a similar but subtly different problemτthe prediction of isotopic 

distributions arising from various mass spectrometry experiments as an aid to molecular 

identificationτhave been studied in detail and reviewed previously (Valkenborg et al., 

2012; Rockwood and Palmblad, 2020). These studies include both isotopic distributions of 

a whole molecule and MS/MS experiments like that in Figure 2.2. Assuming the natural 

abundances are constant for atoms of the same element, whole molecule isotopic 

ŘƛǎǘǊƛōǳǘƛƻƴǎ Ŏŀƴ ōŜ ŎƻƳǇǳǘŜŘ ŜȄŀŎǘƭȅ ǳǎƛƴƎ ŀ ΨǇƻƭȅƴƻƳƛŀƭ ŜȄǇŀƴǎƛƻƴ ƳŜǘƘƻŘΣΩ where all 

combinations of isotopes are calculated and their concentrations computed as the product 

of the corresponding isotopic abundances (Brownawell and San Filippo, 1982; Yergey, 1983; 

Hsu, 1984). As molecular size increases, the computational complexity required increases 

combinatorially, and these exact methods cannot be applied (e.g., for proteins with masses 

of several kilodaltons); subsequent work in this community has therefore focused on the 

rapid calculation of isotopic distribution for molecules on the order of 10s to 100s of 

kilodaltons. Effective solutions include the constructƛƻƴ ƻŦ ΨǎǳǇŜǊŀǘƻƳǎΣΩ i.e., a combination 
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of many instances of the same element with a precalculated isotopic distribution (Kubinyi, 

1991), as well as the description of the polynomial expansion in terms amenable to fast 

Fourier transform; these generally omit calculation of the isotopic fine structure (i.e., they 

only calculate abundance of a single peak at each cardinal mass), although with some 

modification fine structure can be recovered (Rockwood, 1995; Rockwood et al., 1996; 

Rockwood and Van Orden, 1996; Fernandez-de-Cossio, 2010). More recently, Markov 

process-based methods which can recover isotopic structure for such large molecules have 

been described (Snider, 2007; Li et al., 2008). Algorithms to predict the isotopic distributions 

arising in product ions from tandem MS/MS experiments have also been developed and, 

e.g., compute the relative probabilities with which isotopically substituted product ions 

contribute to the isotopically substituted parent ion (Singleton et al., 1983; Lehmann, 1998; 

Rockwood et al., 2003; Ramaley and Herrera, 2008; Böcker et al., 2009; Dührkop et al., 

2019). Thus far, all MS/MS algorithms assume that isotopes of the same cardinal mass could 

not be distinguished and that isotopic abundance is the same across all positions (although 

generalizations of these algorithms may relax these rules). This prior work on the study of 

isotopic distributions is instructive; however, as these methods do not explicitly track 

isotopologues, are not concerned with natural abundance position-specific or clumped 

isotope effects, and do not provide a way to compare different types of isotopic analysis 

experiments (e.g., MS experiments with NMR or optical spectroscopy), our applications 

require a more general framework. 

¢ƻ ǘƘƛǎ ŜƴŘΣ ǿŜ ŘŜǾŜƭƻǇ ŀ ŦǊŀƳŜǿƻǊƪ ŦƻǊ ǘǊŜŀǘƛƴƎ ŀ ǎŀƳǇƭŜΩǎ isotome and 

understanding the constraints different experiments offer, outlined in Figure 2.3. Our 

strategy is to explicitly track all isotopologues of a molecule through an experiment and 

understand the observed data in terms of isotopologues, and then to simplify this 

understanding to give a practical statement of how the data relate to the molecular 

isotome. We begin in section 2.1 by suggesting a way to divide a molecule into sites, 

conceive of isotopologues in terms of these sites, and calculate the set of all isotopologues 

for a molecule using an adaption of the polynomial expansion method. In section 2.2, we 

develop several operations one may apply to this set of all isotopologues to track 
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isotopologues through various experimental designs. In section 2.3, we discuss how to 

report data from these experiments, and suggest that a generalization of the nomenclature 

previously used to describe clumped isotope ratios is broadly applicable and effective for 

comparison between different measurements. We then apply our framework to some 

experimental designs. In section 2.4, we analyze both fragmentation and M+N experiments 

using our methods, and in section 2.5 we perform a detailed analysis of experimental issues 

raised by the M+N experiment. To demonstrate our methods in practice, we apply them to 

a M+N measurement of methionine which offers over a hundred constraints on 

ƳŜǘƘƛƻƴƛƴŜΩǎ isotome, using them to reconstruct site-specific and clumped isotope 

composition. A planned companion paper will present experimental results from this 

measurement; we find that the modeling developed here is essential to interpreting 

experimental results. Finally, we use an accessible N2O mixing model to emphasize that the 

direct measurements of an M+N experiment may be useful even without reconstruction of 

the proportions of isotopologues in the analyzed compound. Our work gives both a general 

framework that can be applied to many experimental designs and a specific algorithm for 

understanding M+N experiments. Throughout, we develop new nomenclature; terms of 

interest are listed in our glossary (glossary terms are bolded in the text).  
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Figure 2.3: An outline of the methods and applications described in this article. We first define our 
mathematical methods for calculating isotopologues (2.2.1), tracking them through experiment (2.22.2), and 
reporting observations of their abundances (2.2.3). We then apply this framework to several experimental 
designs, including a fragmentation experiment (2.2.4) and a M+N experiment (2.2.4), as well as to analyze 
specific experimental issues raised by the M+N experiment (2.2.5).  

 
       Some terms and components in this figure are introduced in following sections of the 

text. Each M+N experiment begins by defining a system and analyzing observations of an 

ŀǊōƛǘǊŀǊȅ ƴǳƳōŜǊ ƻŦ ŦǊŀƎƳŜƴǘǎ όǿƘŜǊŜ ǘƘŜ Ŧǳƭƭ ƳƻƭŜŎǳƭŜ ƛǎ ŦƻǊƳŀƭƭȅ ŎƻƴǎƛŘŜǊŜŘ ŀ ΨŦǊŀgment,Ω 
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albeit one that loses no sites). The observations are reported as M+N relative abundances 

í for each isotope i in that fragment. These results can be reported directly or combined 

with a UM+N value to reconstruct site-specific or clumped U values. The UM+N value can either 

be calculated from an isotope-specific U value and the combined M+N relative abundance 

of all atoms of that element or observed directly.  

 

2.2. Materials & Methods  

2.2.1 A Mathematical Foundation for Tracking Isotopologues 

To understand how mass spectrometric analytical technologies manipulate and 

observe the isotopologues of a molecule, it is helpful to track these isotopologues through 

an experiment. We immediately reach a conceptual hurdleτwhat should we consider an 

isotopologue? One possible definition is the IUPAC standard, which defines isotopologue 

ŀǎΥ άŀ ƳƻƭŜŎǳƭŀǊ Ŝƴǘƛǘȅ ǘƘŀǘ ŘƛŦŦŜǊǎ ƻƴƭȅ ƛƴ ƛǎƻǘƻǇƛŎ ŎƻƳǇƻǎƛǘƛƻƴ όƴǳƳōŜǊ ƻŦ ƛǎƻǘƻǇƛŎ 

ǎǳōǎǘƛǘǳǘƛƻƴǎύέ (McNaught et al., 1997). In some circumstances, e.g., fragmentation 

experiments, we may wish to distinguish between isotopic substitutions at symmetrically 

distinct atomic positions, i.e., ά!ƴ isotopologue is a version of a molecule with a specific set 

of isotopic substitutions at each symmetrically unique atomic positionέ όǘƘŜ ǘŜǊƳ 

isotopocule has been suggested for this purpose; see the note in the appendix) (Coplen, 

2011). For example, 15N14N16O and 14N15N16O are two different isotopologues of N2O as the 

two nitrogen positions at which an 15N substitution occurs are structurally nonequivalent; 

in contrast, 12C17O16O and 12C16O17O are the same isotopologue of CO2 as the oxygen 

positions are symmetrically equivalent. However, this definition adds unnecessary 

complexity when we cannot analytically distinguish symmetrically non-equivalent 

substitutions, e.g., a mass spectrometric observation of N2O without fragmentation. The 

proper definition to use, then, depends on the specifics of the experiment in question.  

Motivated by these concerns, we adopt an alternative definition. First, we define 

ǘƘŜ ǘŜǊƳ άsiteέ ǘƻ ǊŜŦŜǊ ǘƻ ŀƴȅ ǎǳōǎŜǘ ƻŦ ŀǘƻƳǎ ƻŦ ǘƘŜ ǎŀƳŜ ŜƭŜƳŜƴǘ ǿƛǘƘƛƴ ŀ ƳƻƭŜŎǳƭŜΦ CƻǊ 

example, for N2O, we may use a single nitrogen site to refer to both nitrogen atoms or we 

may use two nitrogen sites, each referring to one atom. In both cases, we have a single site 
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for the oxygen atom. We then define an isotopologue ŀǎ άŀ ǾŜǊǎƛƻƴ ƻŦ ŀ ƳƻƭŜŎǳƭŜ ǿƛǘƘ ŀ 

specific set of isotopic substitutions at each site,έ ƴƻǘƛƴƎ ǘƘŀǘ ǘƘŜ isotopologues of a 

molecule will differ if its sites are defined differently. We choose this definition for its 

flexibility: we may define sites ǎǳŎƘ ǘƘŀǘ ǿŜ ǊŜŎƻǾŜǊ ǘƘŜ άǎȅƳƳŜǘǊƛŎŀƭƭȅ ŜǉǳƛǾŀƭŜƴŎŜέ 

definition of isotopologue (i.e., each site by our nomenclature would correspond to a 

symmetrically unique atomic position), or to distinguish only those atoms which we 

distinguish in a mass spectrometry experiment (i.e., such that isotopologues are versions 

of a molecule that can be operationally distinguished, given the limitations of a certain 

analytical technology), or for some other purpose. We continue to use the word 

isotopologue throughout; we trust the reader will appreciate how our definition will take 

on different specific meanings (based on how analytically distinguishable isotopologues 

map onto the family of symmetrically equivalent isotopologues) depending on how we 

define the sites of a molecule. Finally, a note on site naming: we will label sites with the 

element and an arbitrary subscript, appropriate to the problem of interest; for example, N1, 

Nouter, Namine, or Nnitro+amine are all acceptable site labels; the only important criterion is that 

the labels clearly distinguish different sites (though some labels may require effort to define 

clearly).  

With isotopologue defined as such, we proceed to calculate the isotopologues of a 

molecule (and optionally their abundances; see section 2.2.5) using an adapted version of 

the polynomial expansion method (Brownawell and San Filippo, 1982; Yergey, 1983; Hsu, 

1984). While this technique is computationally expensive, it is sufficient for molecules of 

the size we treat here; we discuss computational complexity in more detail in the 

discussion.  

First, for each chemical element, we define a set of element isotopes, ╔●, where x 

indicates the chemical element. For example, for N we write Ὁ ὔȟὔ  and for O we 

write Ὁ ὕȟὕ ȟὕ . In general, we only include the most common stable isotopes 

of an element in Ὁ.  We could relax this restrictionτfor example, if we wanted to include 

the short-lived isotope of oxygen, ὕ , we would write Ὁ ὕȟὕ ȟὕ ȟὕ . To 

simplify notation and to facilitate the matrix operations we develop below, we use a 
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ǎƘƻǊǘƘŀƴŘΥ ²Ŝ ǿǊƛǘŜ άлέ ŦƻǊ ǘƘŜ abundant isotope, or isotope of an element with the 

largest natural abundance (e.g., ὔ  or ὕ ); for rare isotopes, we write the integer giving 

the cardinal mass difference between the rare isotope and the abundant isotope. For 

example, Ὁ ὕȟὕ ȟὕ  becomes Ὁ πȟρȟς. In some cases, e.g., Fe with 

isotopes 54Fe, 56Fe, 57Fe, and 58Fe, Ὁ may include negative numbers; 56Fe is the abundant 

isotope, and Ὁ ςȟπȟρȟς.   

Now, for site k, we define the set of site isotopes ╢▓ to give the possible 

combinations of isotopes at that site (recalling that a site may include one or more atomic 

positions in a molecule of interest). For sites with only one atom ╢▓ is equivalent to the set 

of element isotopes ╔● for the corresponding chemical element. An example of this 

instance is N2O defined with three sites (which we label Nouter, Ninner, and O1), we have: 

Ὓ πȟρ ςȢρ 

Ὓ πȟρ ςȢς 

Ὓ πȟρȟςȢ ςȢσ 

Multiatomic sites are more complicated; we begin by examining a site with two 

atoms. Suppose we define the multi-atomic site ὔ  for N2O; in this case, our set 

of element isotopes is Ὁ ὔȟὔ . We can compute the possible combinations of 

isotopes at this site via a binomial expansion: 

ὔ ὔ ὔ ὔ ςz ὔ ὔ ὔ ὔ Ȣ ςȢτ 

There are three terms, corresponding to the number of distinguishable substitutions at site 

ὔ Ȣ The coefficient of each term gives the number of ways to construct that 

substitution; i.e., for ὔ ὔ , the coefficient is 2, as this substitution may occur with 

ὔ ὔ  and ὔ ὔ  or vice versa. We define an ordered set of site isotopes 

as the set of these terms, and an associated ordered set of site multinomial coefficients 

♠▓ to track their coefficients: 

Ὓ ὔ ὔ ȟὔ ὔ ȟὔ ὔ ςȢυ 

  ρȟςȟρȢ ςȢφ 

We conceptually separate these sets, but they are closely related, and should always be 

thought of as associated with each other. By convention, we order by writing the lowest 



 

 

18 

cardinal mass substitutions first, and then increase by cardinal mass. Any order is 

acceptable, as long it is maintained between Ὓ and   . In shorthand, our set of site 

isotopes is: 

Ὓ  πȟπȟ   πȟρȟ   ρȟρ Ȣ ςȢχ 

We can generalize this procedure for other multi-atomic sites, finding Ὓ via a multinomial 

expansion of Ὁ. We write Ὁ ὼȟὼȟȣὼ ȟ where the ὼ correspond to individual 

isotopes. For a site with m atoms, our expansion is: 

ὼ ὼ Ễ ὼ
ά

ὰȟὰȟȣὰ ὼȢ

 

Ễ

ςȢψ 

Here, ὰ corresponds to the number of instances of isotope ὼ,  Б ὼ gives the content 

of the isotopic substitutions at the site, and  

ά
ὰȟὰȟȣὰ

άȦ

ὰȦὰȦ ȟȣȟὰȦ
ςȢω 

is a multinomial coefficient giving the number of ways to make that substitution. For 

example, for a hydrogen site with 6 hydrogens (perhaps for a measurement of ethane, 

where each H atomic position is analytically indistinguishable and so operationally 

equivalent), we have Ὁ Ὄ ȟὌ 
 ὌȟὈ 
 , (writing H, D so we may omit the 

superscript) and: 

Ὄ 
 Ὀ 

 φ
ὰ ȟὰ

 Ὄ 
 ᶻὈ 

 

 

 

Ὄ φz Ὄ 
 Ὀ ρυzὌ 

 Ὀ ςπzὌ 
 Ὀ ρυzὌ 

 Ὀ φz Ὄ 
 Ὀ Ὀ 

 ȢςȢρπ 

The number of terms in this expansion, corresponding to the number of distinguishable 

isotopic substitutions at the site, is 

  
ὲ ά ρ
ά

   
ὲ ά ρȦ

άȦὲ ρȦ
Ȣ ςȢρρ 

The set Ὓ is the set of these terms, dropping the coefficients, while    contains the 

coefficients. In this case,  

Ὓ Ὄȟ   ὌὈȟ   ὌὈȟ   ὌὈȟ   ὌὈȟ   ὌὈȟ   Ὀ ςȢρς 

  ρȟ         φȟ         ρυȟ         ςπȟ         ρυȟ         φȟ         ρȢ ςȢρσ 
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We now have the tools to calculate the set of all isotopologues, denoted A. We 

compute A by taking the cartesian product of all sets ╢▓, i.e., by taking all combinations of 

one element from each set. Returning to our example case of N2O defined with 3 sites, and 

using ṧ to denote cartesian product, we have:    

 

Each column refers to a specific site k; we track these labels along with the set A. The 

ordering of these columns is arbitrary and may be chosen according to application (We 

suggest the following convention for ordering: sites with elements other than hydrogen 

first, in order of increasing atomic weight, followed by hydrogen sites). Here, A gives the 

identity of each isotopologue; it says nothing about how many ways an isotopologue can 

be constructed. We additionally define an identity number, giving the number of 

equivalent ways to construct an isotopologue. We may compute this by multiplying across 

the multinomial coefficients associated with the isotopic substitutions at each site, i.e., the 

cartesian product of   . For single-atomic sites, the multinomial coefficients are all 1, and 

thus the identity numbers are all 1. If we instead defined a single site for N2O that includes 

both nitrogen atoms: 
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The sum of the identity numbers is 12, the same as the number of isotopologues we 

calculated with single atomic sites; even if we define the sites differently, we are referring 

to the same underlying set of isotopologues. We track these identity numbers along with 

our set of isotopologues.  

 

2.2.2 Tracking Isotopologues Through Mass Spectrometry Experiments 

Next, we develop some operations we can perform on sets of isotopologues to 

track isotopologues through mass spectrometry experiments. We expect that other 

experimental designs can use the same nomenclature and develop operations specific to 

their methodology.  

 

2.2.2.1 Matrix Operations: Cardinal Mass Difference and Isotopic Substitutions 

We define the unsubstituted isotopologue as the isotopologue containing the 

abundant isotope at every site, (i.e., πȟπȟȣȟπ). Then, we can compute the cardinal mass 

ŘƛŦŦŜǊŜƴŎŜ ɲCM between any isotopologue and the unsubstituted isotopologue by summing 

across cardinal mass differences of each site in its shorthand representation. We can 

likewise find the isotopic substitutions present in each isotopologue by looking up the 

chemical element and corresponding substitution for any nonzero entry of the vector. As 

an example, we return to our representation of N2O with three sites; the first column gives 

the cardinal mass difference of each isotopologue relative to the unsubstituted 

isotopologue, and the second gives the isotopic substitutions present in that isotopologue. 
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2.2.2.2 Matrix Operations: Mass Selection 

The mass selection operation allows us to select a subset of isotopologues based 

on cardinal mass. To perform a mass selection, we select only the isotopologues with the 

mass difference(s) of interest. For example, if we mass select the population having a mass 

ŘƛŦŦŜǊŜƴŎŜ ƻŦ м όΨǘƘŜ aҌм ǇƻǇǳƭŀǘƛƻƴΩύΣ ǿŜ ƎŜǘΥ 

 

2.2.2.3 Matrix Operations: Addition of New Atoms 

As molecules are manipulated through mass spectrometry experiments, they may 

gain additional atoms. For example, in electrospray ionization (ESI) experiments it is 

common for molecules to gain adducts, such as hydrogen, sodium, potassium, or 
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ammonium (Kruve and Kaupmees, 2017; Zhang et al., 2019). Alternatively, reactions may 

occur during gas-phase collisional dissociation which add new atoms to the compound (Van 

Stipdonk et al., 2003; Bubas et al., 2021). Importantly, the stage of the experiment at which 

adduct formation occurs will influence the resulting population of isotopologues. For 

example, consider a (hypothetical) experiment where the M+1 population of N2O is 

ǎŜƭŜŎǘŜŘ όŀǎ ŀōƻǾŜύ ŀƴŘ Ŏƻƭƭƛǎƛƻƴŀƭƭȅ ŦǊŀƎƳŜƴǘŜŘ όŀƴ ΨaҌм ŜȄǇŜǊƛƳŜƴǘΩΤ ǎŜŜ ōŜƭƻǿύ ǘƻ ȅƛŜƭŘ 

the NO+ fragment ion. Imagine we then observe NOH+, a version of the expected fragment 

ion but with addition of a hydrogen adduct atom. If we gain the hydrogen prior to mass 

selection, we would select only 14N14N16OH and observe 14N16OH; if we gain the hydrogen 

following mass selection, we would select 15N14N16O, 14N15N16O, and 14N14N17O and observe 

both the hydrogen and deuterium adduct for each. To deal with these different processes, 

we must be able to add atoms to our set at any step of the process.   

To implement an addition of atoms, we define new sites and take the cartesian 

product of these sites with the current set of isotopologues. For example, take the case 

where hydrogen is gained prior to fragmentation: we write Hadduct for the new site, which 

has a single hydrogen, and we have Ὓ  πȟρ and   ρ. We mass select 

N2O as above; then compute the cartesian product as follows:  

 

We track the identity numbers and multinomial coefficients as before.   

 

2.2.2.4 Matrix Operations: Loss of Atoms (Fragmentation) 

Molecules may also lose atoms during mass spectrometry experiments, for example 

due to fragmentation during the ionization process or collision-induced dissociation. We 

define a loss of atoms as a single event where a molecule loses some subset of sites; as this 
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will generally be due to fragmentation, we call this a fragmentation operation, but note it 

describes a more general process. For each fragmentation, we specify that each site must 

be wholly retained or wholly lost. For example, we would not permit fragmentation where 

one hydrogen of a methyl H site containing three hydrogens is lost. In this scenario, we 

choose to split those hydrogens into two sites (e.g., Hretained and Hlost) rather than treating 

them as a single site where 1/3 of the atoms in the site are lost. We find this choice 

simplifies our analysis, because it means each isotopologue pre-loss corresponds to a single 

isotopologue (and a single observed ion beam) post-loss. If we treated the methyl group as 

a single site, the isotopologue with a D substitution could either retain or lose the 

deuterium substitution upon fragmentation, contributing to two separate isotopologues 

and observed ion beams. This scheme allows us to track any exotic fragmentations; when 

combined with the addition of atoms operation, it also allows us to model exchanges (a 

loss followed by a gain) which occur during experiments.  

To model this process, we write a fragmentation vector (or loss vector) █╒╜ where 

ǘƘŜ ǎǳōǎŎǊƛǇǘ ά/aέ ƎƛǾŜǎ ǘƘŜ ŎŀǊŘƛƴŀƭ Ƴŀǎǎ ƻŦ ǘƘŜ ǳƴǎǳōǎǘƛǘǳǘŜŘ ŦǊŀƎƳŜƴǘ όƛŦ ǘƘŜǊŜ ŀǊŜ 

fragments with distinct stoichiometries at the same mass, the subscript can be expanded 

as necessary). The entries of █╒╜ ŀǊŜ ǘƘŜƴ ŜƛǘƘŜǊ άм,έ ƛƴŘƛŎŀǘƛƴƎ ŀ site ǘƘŀǘ ƛǎ ƪŜǇǘΣ ƻǊ άȄ,έ 

indicating a site that is lost (we were tempted to use 1 and 0; in our shorthand, 0 also refers 

to the most abundant isotope of an element, and we found this re-use of notation 

confusing. We also considered using multiple letters (e.g., x, y) but found these harder to 

scan visually). For example, if we fragment N2O to lose the oxygen atom, the fragmentation 

vector is  

█ ȟȟ●Ȣ ςȢρτ 

Note the fragmentation vector depends on our definition of site; if we defined N2O to have 

a combined Ninner+outer site, we would have █ ȟ●Ȣ  

To fragment a set of isotopologues A, we take the element-wise product (denoted 

)ʐ of a fragmentation vector and the isotopologue vectors of A, specifying that any site 

ƳǳƭǘƛǇƭƛŜŘ ōȅ άȄέ ǊŜǘǳǊƴǎ άȄ.έ CƻǊ ŜȄŀƳǇƭŜΥ 
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One conceptual difficulty remains: the same fragment may be formed via multiple 

pathways. For example, consider a case where N2O fragments to form NO, and the 

observed NO corresponds to some combination of NinnerO1 and NouterO1 (Toyoda et al., 

2017). In this case, we compute each fragmentation separately, defining a unique 

fragmentation vector for each physical process. Thus, we can see which isotopologues 

contribute to the observation via what pathway.  

 

2.2.2.5 Quantification of Masses and Abundances 

After tracking individual isotopologues, we can quantify exact masses and 

approximate abundances to predict the mass spectrum we will obtain for various 

experiments. The exact mass calculation is straightforward; we compute the mass of the 

unsubstituted isotopologue based on the isotopes present, then compute the masses of 

other isotopologues based on the mass differences of their rare isotopes relative to the 

most abundant isotopes of the corresponding elements. Abundances are more difficult as 

these will vary from sample to sample; indeed, observing small differences in abundance is 

the entire point of our approach! We also note that if one is interested in predicting 

abundances without tracking isotopologues, alternative algorithms which scale more 

readily should be employed (Rockwood et al., 2003). With this qualification, our approach 

can be used to quantify abundances, either approximately to obtain a rough prediction of 

a spectrum or more precisely to understand small variations in abundance. We deal with 
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the latter below; for the approximate approach, we note that variations in isotope and 

isotopologue abundances will often be small (e.g., < 10 %); we can therefore take plausible 

natural abundances for each isotope (e.g., 1% for 13C) and compute approximate 

abundances for each isotopologue as the product of these. 

 

2.2.2.6 A Worked Example for Methanol 

By applying our operations, we can track of isotopologues through various 

experimental designs. To demonstrate this process, consider an experiment where we 

mass select the M+3 population (i.e., species having a cardinal mass difference of 3 

relative to the unsubstituted isotopologue) of methanol, then fragment to lose the -OH 

ƎǊƻǳǇ όŀ άaҌоέ ŜȄǇŜǊƛƳŜƴǘύΦ ²Ŝ ŦƛǊǎǘ ǎǇƭƛǘ ƳŜǘƘŀƴƻƭ ƛƴǘƻ п sites, which we label and order 

Cmethyl, Oalcohol, Hmethyl, and Halcohol, and then calculate A (Figure 2.4; the Hmethyl site contains 

three atoms whereas all other sites contain one atom each). Then, we define the 

fragmentation vector, Ὢ ρȟὼȟρȟὼ. Next, we mass select the M+3 population and 

fragment that selected population. The resulting ion beams and their masses in a mass 

spectrum are shown in Figure 2.5. 



 

 

26 

 1 

Figure 2.4: The Matrix operations for a M+3 fragmentation experiment of methanol. On the left, we enumerate all isotopologues of methanol and calculate 2 
ɲCMΦ Lƴ ǘƘŜ ŎŜƴǘŜǊΣ ǿŜ Ƴŀǎǎ ǎŜƭŜŎǘ ƻƴƭȅ ǘƘƻǎŜ ǿƛǘƘ ɲCM = 3. On the right, we fragment to lose the -OH hydroxyl group. The final substitutions observed for each 3 
mass selected isotopologue are shown. 4 
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Figure 2.5: The M+3 fragmentation experiment applied to methanol. Top: Our definition of the sites of 
methanol and a depiction of its fragmentation. Bottom: The isotopologues and corresponding ion beams of 
methanol after an M+3 experiment where the -OH group is lost. There are seven observable fragments 
resulting from the 11 isotopologues from the parent population. By applying our basic operations in sequence, 
we can determine which isotopologues contribute to which ion beams for various experimental sequences. 
 

2.2.3. Reporting Isotopologue Measurements and the U Value 

With an understanding of how the ion beams of a mass spectrometry (MS) 

experiment sample isotopologues, we next discuss how to report these measurements.  

While our focus is on MS experiments, the methods we outline are applicable to data 

generated by other types of experiments. We begin by surveying some current methods of 

reporting isotopic content.  

 

2.3.1 Molecular-Average Isotope Concentrations and Ratios 

²ƘŜƴ ǊŜǇƻǊǘƛƴƎ ƛƴŦƻǊƳŀǘƛƻƴ ŀōƻǳǘ ŀ ǎŀƳǇƭŜΩǎ isotome, there are two related but 

distinct properties of fundamental interest: isotopologue concentrations, which give the 
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mole fraction of an individual isotopologue relative to all instances of the molecule, and 

isotope concentrations, which give the mole fraction of an isotope of a given element 

relative to all atoms of that element in a molecule. Because individual concentrations are 

difficult to measure, ratios of isotopologue or isotope concentrations are typically reported 

rather than concentrations themselves. These ratios are typically normalized to known or 

assumed ratios of reference materials so that the subtle differences among natural 

materials are more readily expressed. 

We first examine the molecular-average isotope ratio, the most used reporting 

method. We write isotope concentrations using brackets, e.g., the concentration of 15N in 

N2O is written [15N]. An isotope concentration is a complicated data product of 

isotopologue concentrations (also written in brackets; note the concentrations are given 

relative to atoms of an element for isotopes and instances of a molecule for isotopologues). 

For N2O: 

ὔ

ρππ ρπρ ρπς πρπ πρρ πρςςz ρρπςz ρρρςz ρρς

ς
ȢςȢρυ

 

The molecular-average isotope ratio compares these isotope concentrations for a 

molecule of interest, and is written as: 

Ὑ
ÉÓÏÔÏÐÅ É

ÒÅÆÅÒÅÎÃÅ ÉÓÏÔÏÐÅ Ê
Ȣ ςȢρφ 

Typically, i corresponds to a rare isotope (i.e., 15N) and j corresponds to the abundant 

isotope (i.e., 14N). We can write these ratios in terms of isotopologue concentrations: 

Ὑ
ὔ 
ὔ   

ρππ ρπρ ρπς πρπ πρρ πρςςz ρρπςz ρρρςz ρρς

ρππ ρπρ ρπς πρπ πρρ πρςςz πππςz ππρςz ππς
ȢςȢρχ

 

The choice to report ratios of isotope concentration rather than ratios of isotopologue 

concentration is a result of the experimental techniques used for these measurements. 

They are often measured by chemically transforming, e.g., combusting, a sample into one 

of a small set of easily analyzable molecules, such as N2 or CO2, then measuring that 

molecule with an isotope-ratio mass spectrometer. These techniques transform 
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complicated distributions of A into simple forms where isotope concentrations can be 

directly measured. Because of the widespread use of molecular-average isotope ratios, 

methods for reporting isotopologue concentrations must be conversant with molecule-

average isotope ratios.  

 

2.3.2 Clumped-Isotope (Isotopologue) Ratios 

A recently developed method for reporting ratios of isotopologue concentrations is 

the clumped-isotope ratio, written (Eiler and Schauble, 2004; Eiler, 2013): 

2
ÉÓÏÔÏÐÏÌÏÇÕÅÓ É

ÒÅÆÅÒÅÎÃÅ ÉÓÏÔÏÐÏÌÏÇÕÅ
Ȣ ςȢρψ 

The numerator can be a specific isotopologue (the original intent being that it is always a 

multiply substituted isotopologue), several isotopologues containing the same rare 

isotope(s), or two or more isotopologues of the same cardinal mass but possibly differing 

in the number and identity of rare isotopes, while the denominator is often (but not 

required to be) the unsubstituted isotopologue. One example of this nomenclature applied 

to N2O is a measurement of 14N15N18O and 15N14N18O, written in shorthand as: 

Ὑ
πρς ρπς

πππ
Ȣ ςȢρω 

Another example is the ratio reporting the proportion of all isotopologues of N2O with 

cardinal mass M+3: 

Ὑ
πρς ρπς ρρρ

πππ
Ȣ ςȢςπ 

 

2.3.3 Site-specific Isotope Ratios 

A third useful reporting method is the site-specific isotope ratio. This takes a ratio 

of site-specific isotope concentrations, which give the mole fraction of an isotope of 

interest, relative to all atoms of a given element, at some subset of sites; for example, for 

the Nouter site of N2O: 

ὔ ρππ ρπρ ρπς ρρπ ρρρ ρρςȢ ςȢςρ 
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The site-specific ratio is analogous to the molecular-average isotope ratio and written Ὑ , 

where k gives the site(s), i gives the isotope of interest, and j gives a reference isotope: 

Ὑ
ÉÓÏÔÏÐÅ É

ÒÅÆÅÒÅÎÃÅ ÉÓÏÔÏÐÅ Ê
Ȣ ςȢςς 

For example, the site-specific isotope ratio for the Nouter site of N2O: 

Ὑ
ὔ 
ὔ   

ρππ ρπρ ρπς ρρπ ρρρ ρρς

πππ ππρ ππς πρπ πρρ πρς
Ȣ ςȢςσ 

 

нΦоΦп ! bŜǿ wŜǇƻǊǘƛƴƎ aŜǘƘƻŘΥ ¢ƘŜ ά¦έ ǾŀƭǳŜ 

While each of the methods discussed above is useful for certain types of 

measurements, they typically do not apply to the observed spectra of mass spectrometric 

experiments that consider isotopic forms of fragment ions; furthermore, merging or 

translating between measurement types can be challenging, as isotopologue and isotope 

ratios use fundamentally different reference frames.  

aƻǘƛǾŀǘŜŘ ōȅ ǘƘŜǎŜ ŎƻƴŎŜǊƴǎΣ ǿŜ ŘŜŦƛƴŜ ǘƘŜ ά¦έ ǾŀƭǳŜ ŦƻǊ ǊŜǇƻǊǘƛƴƎ ƳŜŀǎǳǊŜƳŜƴǘǎΦ 

¢ƘŜ ά¦έ ǾŀƭǳŜ ƛǎ ŀ Ǌŀǘƛƻ ǿƘŜǊŜ ǘƘŜ ƴǳƳŜǊŀǘƻǊ ƛǎ ǘƘŜ ǎǳƳ ƻŦ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ ŀƴȅ ǎŜǘ ƻŦ 

isotopologues and the denominator is the concentration of the unsubstituted 

isotopologue. ¢ƘŜ ƭŜǘǘŜǊ ά¦έ ǎǘŀƴŘǎ ŦƻǊ άǳƴǎǳōǎǘƛǘǳǘŜŘέ ŀƴŘ ŎƭŜŀǊƭȅ ŘƛŦŦŜǊŜƴǘƛŀǘŜǎ ǘƘƛǎ Ǌŀǘƛƻ 

from others. We write: 

5 
ÉÓÏÔÏÐÏÌÏÇÕÅÓ Ë

5ÎÓÕÂÓÔÉÔÕÔÅÄ )ÓÏÔÏÐÏÌÏÇÕÅ
Ȣ ςȢςτ 

Our definition has several advantages relative to previous reporting methods. Its numerator 

is more general than the clumped-isotope ratio, allowing us to define U values for singly-

substituted isotopologues (and sums of those). The denominator is fixed, simplifying 

comparison across different measurements. The U value has a clear relation to the 

clumped-isotope ratio. And as we will see, it has a clear relation to the site-specific isotope 

ratio and can be used to interpret fragmentation experiments (it could also apply to data 

generated by optical spectroscopy).  

We further define categories of U values of particular interest. We first define an 

isotope-specific U value, where the numerator equals the sums of the concentrations of 
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the singly-substituted isotopologues for a given isotopic substitution. For example, in N2O, 

we have: 

Ὗ
ρππ πρπ

πππ
Ȣ ςȢςυ 

The isotope-specific U value is useful from an experimental perspective because it can be 

measured directly, requires observation of only two ion beams, and is easy to interpret 

and use. We also define a site-specific U value, where the numerator equals the sums of 

the concentrations of the singly-substituted isotopologues at given site(s). For example, 

we may write the Nouter site of N2O as: 

Ὗ Ὗ
ρππ

πππ
Ȣ ςȢςφ 

We can define a site-specific U value for a multi-atomic site like Nouter+inner: 

Ὗ Ὗ ȟ
 πȟρ π 

πππ
Ȣ ςȢςχ 

One note that deserves comment:  ratios of U values may be used to represent the ratio of 

any combination of isotopologues in a sample; for example, in N2O: 

ρρπ

ρππ

ρρπ

ρππ
ᶻ
πππ

πππ

Ὗ

Ὗ
Ȣ ςȢςψ 

This observation may be useful when making measurements which do not measure the 

unsubstituted isotopologue directly. Finally, we may refer to an isotopologue-specific or 

clumped U value, where the numerator is a single isotopologue or clumped isotopologue.  

 

2.2.3.5 Connecting the U Value to the other isotope ratios; the Stochastic Assumption 

We may relate U values to site-specific and molecular average isotope ratios. We 

begin by comparing the site-specific U value and the site-specific isotope ratio. Suppose 

we know the site-specific isotope concentration across every site of a molecule. We may 

write these concentrations ὼ , where ὼ gives the i-th site of the molecule. Now, assume 

these isotopes are randomly distributed across all isotopologues; we call this the 

stochastic assumption (or stochastic distribution). Then, we can compute the 
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concentration of any isotopologue, a, as the product of the site-specific isotope 

concentrations ὼ : 

╪ ὼ 

▪

░

Ȣ ςȢςω 

For example, for the isotopologue [102] of N2O: 

ρπς ὔ ὔ ὕ Ȣ ςȢσπ 

Under the stochastic assumption, the site-specific isotope ratio of a single-atom site is 

equivalent to the site-specific U Value. For example, for N2O, we can expand Ὗ  to 

yield:  

Ὗ
ρππ

πππ

ὔ ὔ ὕ

ὔ ὔ ὕ

ὔ

ὔ
Ὑ ςȢσρ 

demonstrating Ὗ  and Ὑ  are equal. This holds in the general case, as the singly-

substituted isotopologue and the unsubstituted isotopologue differ only at the site of 

interest. We write: 

                                                        Ὑ Ὗ ÓÉÎÇÌÅ ÁÔÏÍ ÓÉÔÅȢςȢσς 

Which is exact under the stochastic assumption. As we diverge from the stochastic 

assumption, Ὑ ÁÎÄ Ὗ  values will diverge; however, for clumped isotope anomalies in 

small molecules with amplitudes typical of natural samples, this divergence will be small. 

For a range of 13C, 15N, 17O, & D-containing clumped isotopologues, we find clumped isotope 

ŀƴƻƳŀƭƛŜǎ ƻŦ Ϥмлл ҉ όƳŜŀǎǳǊŜŘ ŀǎ ŘŜǇŀǊǘǳǊŜǎ ŦǊƻƳ ǘƘŜ ǎǘƻŎƘŀǎǘƛŎ ŎƭǳƳǇŜŘ ƛǎƻǘƻǇŜ Ǌŀǘƛƻύ 

ƭŜŀŘ ǘƻ ŘƛǾŜǊƎŜƴŎŜǎ ōŜǘǿŜŜƴ w ŀƴŘ ¦ ǾŀƭǳŜǎ ƻŦ ғҐ м ҉ ŦƻǊ ǘƘŜ sites which are rare-isotope 

substituted in the clumped isotope species in question, and much smaller for other sites. 

We are often justified in treating these ratios as identical. We direct the interested reader 

to our Appendix for a more detailed discussion of the limits of this approximation. 

We can generalize this result to multi-atomic sites in the following way. Suppose we 

now treat ὔ  as a multi-atomic site of N2O. Although we are assuming Nouter and 

Ninner are experimentally indistinguishable, we can still define site-specific ratios Ὑ  

and Ὑ , which exist but are not measurable. The site-specific ratio Ὑ  may 

be approximated as the average of these, that is:  
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Ὑ
Ὑ Ὑ

ς
Ȣ ςȢσσ 

 

The errors induced by this approximation will be small in most circumstances; for 

example, if ‏ ȟ υπ and ‏ ȟ υπ, then ‏ ȟ

 πȢππω ϸ (see Nomenclature ŦƻǊ ŀ ŘŜŦƛƴƛǘƛƻƴ ƻŦ ʵ ǾŀƭǳŜǎύΦ ¢Ƙƛǎ ŀǇǇǊƻȄƛƳŀǘƛƻƴ ƛǎ ŜȄŀŎǘ 

when the site-specific isotope ratios are equal, Ὑ Ὑ ; we also comment that 

violations of this assumption are the origin of combinatorial isotope effects (Yeung, 2016). 

Under the stochastic assumption, we may replace the R values with U values, and 

conclude: 

Ὑ
Ὗ Ὗ

ς

Ὗ

ς
Ȣ ςȢστ 

We see the site-specific isotope ratio approximates the site-specific U value 

normalized by the number of atoms in the site of interest. A similar argument holds in the 

general case: consider a site with n atoms and let j index across these atoms. The site-

specific isotope ratio is approximated via:  

Ὑ
В Ὑ

ὲ
ςȢσυ 

where Ὑ  is the site-specific isotope ratio and the Ὑ give the isotope ratios at each atom, 

j, within the site. As the isotope ratio for each atom is approximated by the U value for 

each atom, we may write:  

В Ὑ

ὲ

В Ὗ

ὲ

Ὗ

ὲ
ςȢσφ 

where the approximation is exact under the stochastic assumption. We therefore 

conclude 

Ὑ
Ὗ

ὲ
άόὰὸὭὥὸέάὭὧ ίὭὸὩȢςȢσχ 

The approximation is exact when the stochastic assumption holds and the isotope ratio 

at each atom within the site is identical. Our multi-atomic formula can be applied to the 

molecular-average isotope ratio by defining site k to include all n atoms of a particular 

element: 
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Ὑ
Ὗ

ὲ
άέὰὩὧόὰὥὶ ὥὺὩὶὥὫὩȢςȢσψ 

 

2.2.4. Calculating U Values From Mass Spectrometry Experiments 

We next show how to relate U values to various MS experiments. U values are 

natural to use for MS experiments without fragmentation which observe many isotopic 

peaks simultaneously. Because isotopic peaks are observed based on mass and because 

the unsubstituted isotopologue has a unique mass, U values for the isotopologues 

corresponding to any observed ion beam may be computed by taking a ratio with the ion 

beam corresponding to the unsubstituted isotopologue. For example, if we looked at the 

methanol spectrum (without fragmentation), we could compute the isotope-specific U 

values for 13C, D, 17O, & 18O based on the intensity ratios of the relevant molecular ions; 

we could also compute U values for any clumped species we observed (experimentally, 

we may have to account for fractionation of different isotopologues via standardization; 

we discuss this further below). Moreover, U values are useful for experiments involving 

fragmentation of all isotopologues of a molecule (the entire isotome) and especially for 

experiments with mass selection and fragmentation (M+N experiments). In these cases, 

the appeal lies in the ease of calculation of U values from various measurements; because 

all U values have the same structure, it is simple to convert between, e.g., isotope-specific 

U values and site-specific U values for a given isotope, as well as between more 

unconventional data products and U values. We will now examine some specific cases of 

interest.  

 

2.2.4.1 Fragmentation and Observation 

For fragmentation experiments where the entire isotome is fragmented and 

observed (Eiler et al., 2017; Cesar et al., 2019; Chimiak et al., 2021), the observed peaks 

give neither U values nor traditional isotope ratios, but closely approximate both.  

Suppose, for example, we wanted to measure Ὗ  by fragmenting N2O to lose Nouter 

and observing the 15N and unsubstituted ion beams. Tracking fragmentation, our set is: 
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Measuring the ratio of the observed ὔ  peak to the observed unsubstituted peak of the 

NO fragment yields: 

‌

‌

πρπ ρρπ

πππ ρππ
ςȢσω 

where we write ‌ to give the observed abundance of the ion beam with substitution x 

(in a real experiment, this equality will be approximate due to fractionation). Under the 

stochastic assumption, we have 

πρπ

πππ

ρρπ

ρππ
Ȣ ςȢτπ 

Using the fact that 

ὥ

ὦ

ὧ

Ὠ
   ᵼ    

ὥ ὧ

ὦ Ὠ

ὥ

ὦ
ςȢτρ 

we see 

πρπ ρρπ

πππ ρππ

πρπ

πππ
Ὗ Ὑ Ȣ ςȢτς 

Thus, the measurement closely approximates the U value of interest.   

If multiple atoms contribute to the numerator (via different sites or a single multi-

atomic site), a similar argument holds. For example, if we instead fragmented and lost the 

O1 site, then measured the 15N and unsubstituted ion beams to compute Ὗ , 

then we have: 
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‌

‌

ρππ ρπρ ρπς πρπ πρρ πρς

πππ ππρ ππς
ςȢτσ 

which we rewrite as 

ρππ ρπρ ρπς

πππ ππρ ππς
  
πρπ πρρ πρς

πππ ππρ ππς
Ὗ Ὗ Ὗ

ςz Ὑ ςȢττ

 

following the same logic employed above; as before, we approximate the U value of 

interest. In this case, the first equality is approximate as it depends on the stochastic 

assumption, while the third is approximate both because Ὑ  and Ὑ  may differ 

and due to the stochastic assumption (see eq 2.33). For the interested reader, a general 

version of this argument is presented in Chapter 3.  

 

2.нΦпΦн aŀǎǎ {ŜƭŜŎǘƛƻƴΣ CǊŀƎƳŜƴǘŀǘƛƻƴ ŀƴŘ hōǎŜǊǾŀǘƛƻƴ όάaҌb 9ȄǇŜǊƛƳŜƴǘέύ 

bŜȄǘΣ ǿŜ ŘƛǎŎǳǎǎ ǘƘŜ άaҌbέ ŜȄǇŜǊƛƳŜƴǘΣ ǿƘŜǊŜ ǎƻƳŜ ǎǳōǎŜǘ ƻŦ ŀƴ isotome, with 

cardinal mass difference N relative to the unsubstituted isotopologue, is mass selected, 

fragmented, and observed via a MS/MS experiment (Neubauer et al., 2018). For example, 

suppose we performed a M+1 measurement with N2O where we fragment to lose the N1 

site. Following the nomenclature and ordering established above, we define Ὢ

ὼȟρȟρΣ ǿƘŜǊŜ άолέ ƎƛǾŜǎ ǘƘŜ ŎŀǊŘƛƴŀƭ Ƴŀǎǎ ƻŦ ǘƘŜ ǳƴǎǳōǎǘƛǘǳǘŜŘ bh ƛƻƴΦ Using the 

operations discussed above: 

 

We observe three ion beams. We may calculate the M+1 relative abundances within the 

fragment ion population, ” ȟ  (or M+N relative abundance, for other experiments; 30 

is the cardinal mass of the fragment) by taking the intensity of each ion beam z relative 

to the sum of the intensities of all ion beams of this fragment.  
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” ȟ

ᾀ

ᾀ ᾀ ᾀ
ςȢτυ 

” ȟ

ᾀ

ᾀ ᾀ ᾀ
ςȢτφ 

” ȟ

ᾀ

ᾀ ᾀ ᾀ
ςȢτχ 

We interpret these abundances as corresponding to isotopologue concentrations, noting 

again that when instrument fractionation occurs, this relationship will be approximate: 

” ȟ

ππρ

ππρ πρπ ρππ
ςȢτψ 

” ȟ

πρπ

ππρ πρπ ρππ
ςȢτω 

” ȟ

ρππ

ππρ πρπ ρππ
Ȣ ςȢυπ 

bŜȄǘΣ ǿŜ ŘŜŦƛƴŜ ŀ άὟ  valueΣέ a U value where the numerator gives the sum of the 

concentrations of all M+1 substituted isotopologues όŀƴŘ ƭƛƪŜǿƛǎŜ ŦƻǊ aҌнΣ aҌоΣ Χ aҌbύΥ 

Ὗ
ρππ πρπ ππρ

πππ
ςȢυρ 

and thereby calculate site-specific U values: 

” ȟ Ὗz Ὗ ςȢυς 

” ȟ Ὗz Ὗ ςȢυσ 

” ȟ Ὗz Ὗ Ȣ ςȢυτ 

The Ὗ  value is a mathematical trick which allows us to relate unconventional 

measurements to site-specific U values (and thus site-specific isotope ratios). Note, 

however, the implicationτthe M+N relative abundance measurements we make in a 

M+N experiment are directly proportional, and with the same proportionality constant, 

to the U values for the associated isotopologues (and approximately proportional to the 

corresponding site-specific isotope ratios, cf. eq 2.37). By manipulating U values, we can 

therefore understand the M+N measurement in terms of physically meaningful and 

widely understood isotope ratios.  

To proceed, we must determine the Ὗ  value. We suggest two ways to do so. 

First, we could measure Ὗ  directly by performing an experiment which observes all 
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M+N peaks simultaneously with the unsubstituted peak, taking their ratio; e.g., for N2O, 

Ὗ Ὗ Ὗ . Second, we could measure some other Ὗ value (i.e., isotope-

specific) and use it in conjunction with M+N relative abundance measurements to 

calculate Ὗ Ȣ For example, suppose we independently measured Ὗ . Suppose also 

we know ”
 

, the M+N relative abundance of the 15N substituted 

isotopologues within the M+1 population (here, we omit the cardinal mass subscript as 

we are talking about the unfragmented population of isotopologues). Then, using the fact 

that 

” Ὗz
ρππ πρπ

ρππ πρπ ππρ
ᶻ
ρππ πρπ ππρ

πππ
ρππ πρπ

πππ
Ὗ Ȣ ςȢυυ

 

We find 

Ὗ
Ὗ

”
 Ȣ ςȢυφ 

For the experiment outlined above, ”
 
 is the sum  ” ȟ ” ȟ , so we can use 

this approach. In general, calculating Ὗ  in this way requires that we can calculate ”  

and Ὗ  for some isotope x. In some cases, this may be possible using one of the 

fragments, e.g., fragment 30 here; in other cases, this can be done by observing Ὗ  via 

direct measurement, then measuring the M+N spectrum of the compound without 

fragmentation, giving ” .   

Some implications of this strategy deserve further comment. First, we emphasize 

that Ὗ  values do not depend on the fragment studied; for molecules with many 

fragments of interest, one may use the same Ὗ  value for every fragment. This 

(perhaps counterintuitive) fact is a function of the M+N experimental design, which 

causes every fragment to sample the same set of isotopologues. We show this process in 

more detail in the following section. Second, a point of interest for M+1 and M+2 mass 

selections: as noted above, isotope-specific U values are closely approximated by 

molecular average isotope ratios. Many molecular average isotope ratios (13C or 15N for 

M+1, 18O or 34S for M+2) can be measured at high precision. We can therefore use these 
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measurements to approximate Ὗ  or Ὗ  and apply this information to a M+N 

experiment. For example, with the N2O measurement outlined above, our Ὗ  

measurement may be an approximation based on a measurement of Ὑ .  

For a more involved example, suppose we perform an M+1 experiment on 

methanol, fragmenting to lose the -OH (as before). Following mass selection (the reader 

can verify), our set of isotopologues is: 

 

Fragmentation results in 3 observed ion beams; for each, we may report M+1 relative 

abundances. Now, suppose that we have observed Ὑ  of methanol via some other 

mechanism; in this case, we may approximate Ὑ  Ὗ . From our measurement of 

the 13C ion beam, we know ” Ȣ Therefore, we may calculate: 

Ὗ
Ὗ

”
 Ȣ ςȢυχ 

We may then apply Ὗ  to our other M+1 measurements:  

” ȟ Ὗz
πȟπȟπȟπȟρȟπ

πȟπȟπȟπȟπȟπ
Ὗ ςȢυψ 

” ȟ Ὗz
πȟρȟπȟπȟπȟπ  πȟπȟπȟπȟπȟρ

πȟπȟπȟπȟπȟπ
Ὗ Ὗ Ȣ ςȢυω 

Commenting again that if we observed another fragment (e.g. COH+), we could apply the 

same Ὗ  value to these results. In eq (58), we have used a Ὑ  measurement in 

combination with a M+1 experiment to constrain the site-specific isotope content of 

deuterium. That we can do so is a key benefit of the M+N experiment; we may rely on 

high-precision measurements of well-known properties to constrain more exotic ones. In 

eq (59), we constrain a sum of two U values; this represents actual knowledge about the 

isotopic structure of a molecule but is not interpretable in terms of commonly used 

isotope ratios. In some cases, we will have to interpret these constraints directly. In 

others, we may be able to use additional information to tease apart these constraints. For 

example, if we observed Ὗ  directly, we could calculate Ὗ  from eq (59). We 
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next discuss a common way to make (and combine) multiple information sources, via 

observation of multiple fragments of the same molecule.  

 

2.2.4.3 Multiple Observations of a M+N Experiment 

When making a M+N experiment with many fragments, we can combine 

information from multiple measurements using a linear system of equations to gain more 

in-depth knowledge about the isotome.  For example, suppose we perform an M+1 mass 

selection/fragmentation experiment on N2O and observe Ὢ ὼȟρȟρ and Ὢ ρȟρȟὼ 

as fragments. As before, the ordering is Nouter, Ninner, O1, and the fragments are NO and 

N2, respectively; the subscripts give the associated unsubstituted cardinal masses.  

We begin by writing a vector ╘▄●▬◄ for the M+N relative abundances of the 

isotopologues observed during the measurement; in this case, they are the M+1 

substituted isotopologues: 

╘▄●▬◄

ρππ

πρπ

ππρ

 ςȢφπ 

where the subscript M+1 denotes a M+1 relative abundance, e.g.,  

ρππ
ρππ

ρππ πρπ ππρ
Ȣ ςȢφρ 

Now, for each fragment, we have some set of M+N relative abundance measurements. We may 

write these as a vector ⱬ╒╜, where CM gives the cardinal mass of the unsubstituted fragment: 

ⱬ

”

”

”

                            ⱬ
”

”
ςȢφς 

Finally, for each fragment, we may define a composition matrix ╒╒╜ taking relative 

abundances ╘▄●▬◄ to the observed values in ⱬ╒╜ (i.e., ╒╒╜╘▄●▬◄ⱬ╒╜ . For example:  

╒
ρ π π
π ρ π
π π ρ

                   ╒
π π ρ
ρ ρ π

ςȢφσ 
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For the Ὢ  fragment, we have:  

ρ π π
π ρ π
π π ρ

ρππ

πρπ

ππρ

”

”

”

ςȢφτ 

Which is the same system of equations given in eqs 48-50, above.  

To combine information from multiple fragments, we concatenate the composition 

matrices and measurement vectors. As isotopologue concentrations are reported relative 

to the M+N population, we know their concentrations sum to 1 and may add a row to satisfy 

this principle of closure. Our final system of equations is: 

ụ
Ụ
Ụ
Ụ
Ụ
ợ
ρ ρ ρ
ρ π π
π ρ π
π π ρ
π π ρ
ρ ρ πỨ

ủ
ủ
ủ
ủ
Ủ
ρππ

πρπ

ππρ

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ
ρ

”

”

”

”

” Ứ
ủ
ủ
ủ
ủ
ủ
Ủ

Ȣ ςȢφυ 

We can solve this matrix inversion problem through a variety of computational methods, 

e.g., a least-squared inversion algorithm or via Gauss-Jordan elimination. This will yield the 

M+1 relative abundances of any isotopologues we can constrain; we may compute the 

associated U values by using the Ὗ  as discussed above. Finally, we note a conceptual 

pointτthe special case where we observe the full molecule may be formally treated as a 

άŦǊŀƎƳŜƴǘΣέ i.e., █  Ґ ώмΣ мΣ Χ Σ мϐΣ ŀƴŘ ǿŜ Ƴŀȅ ŎƻƳōƛƴŜ ǘƘƛǎ ƻōǎŜǊǾŀǘƛƻƴ ǿƛǘƘ 

observations of fragments as shown.   

 

2.2.5. Experimental Issues Raised by the M+N Experiment 

Thus far, our mathematically rigorous framework for M+N experiments has been 

developed using hypothetical examples and ignoring experimental issues; we next 

demonstrate how one might appl this framework to a real experiment to acquire detailed 

knowledge of ŀ ƳƻƭŜŎǳƭŜΩǎ isotome. To do so, we take methionine as a test molecule, as 

it has previously been studied by M+N measurements and because it has several 

fragments and many elements present (Neubauer et al., 2018). We begin by broadly 

outlining the experimental issues one encounters in making this measurement and 
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suggesting methods for dealing with these; in the appendix, we examine these issues in 

greater detail. We then present a simulated dataset for M+1 through M+4 measurements 

of methionine, giving over 100 constraints on its isotopic composition, and demonstrate 

what information can be gleaned from these observations. This exercise is guided by the 

ŀǳǘƘƻǊǎΩ ŜȄǇŜǊƛƳŜƴǘŀƭ ƻōǎŜǊǾŀǘƛƻƴǎ ƻŦ ƳŜǘƘƛƻƴƛƴŜΤ ƛƴ ŀ ǇƭŀƴƴŜŘ ŎƻƳǇŀƴƛƻƴ ǇŀǇŜǊΣ ǿŜ 

will apply this algorithm to experimental methionine data. The source code for our 

implementation of the algorithm and the simulated methionine datasets is available as a 

github repository; our code is generalizable to other M+N experiments and includes a 

tutorial for setting up new measurements (see Research Data, below). 

To guide our discussion of experimental issues, we will examine a M+1 experiment 

for methionine where we observe the fragment at cardinal mass 61 (ὅὛὌ  (Figure 2.6). 

This ion beam has four isotopic peaks: Unsubstituted, 33S, 13C, and D. We would like to 

report measurements of these ion beams using the nomenclature developed above for 

M+1 relative abundances, e.g., 

” ȟ

ᾀ

ᾀ ᾀ ᾀ ᾀ
Ȣ ςȢφφ 

We identify three main experimental issuesτfractionation of observed ion beams, 

unobserved ion beams, and unresolved ion beams.  
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Figure 2.6: Some of the experimental issues encountered when making M+N measurements. A: Due to 
peculiarities of each instrument, the observed abundance for each ion beam will differ from its actual 
abundance. To deal with this, correction factors may be determined by measuring a standard; the sample 
composition may then be reported relative to that standard. B: In some cases, certain peaks may not be 
observed due to insufficient abundance. However, calculation of relative abundances assumes the 
denominator includes abundance of all peaks. Some correction factor must be applied to account for this 
difference. C: A spectrum with sufficient resolution to observe each peak. D: The same spectrum at lower 
resolution; in this case the 13C and D peaks are unresolved. It is not obvious how the abundances of these 
peaks combine; it could be a simple linear addition, or something more complex. We report this ion beam 
as belonging to the most abundant substitution (13C) and correct for the contribution from D as part of our 
correction for instrument fraction. If the heights of unresolved beams are similar or the sample and 
standard differ substantially, more involved correction schemes may be necessary.     

 

First, we consider fractionation. Measurements of ion beam intensities in a mass 

spectrometer will generally not reflect the true abundances of relevant molecular isotopic 

species but may increase or decrease due to preferential production, transmission and/or 

ŘŜǘŜŎǘƛƻƴ ƻŦ ǎƻƳŜ ƛƻƴ ōŜŀƳǎ ǊŜƭŀǘƛǾŜ ǘƻ ƻǘƘŜǊǎ όǎƻƳŜǘƛƳŜǎ ŎŀƭƭŜŘ ΨƛƴǎǘǊǳƳŜƴǘŀƭ Ƴŀǎǎ 

fractionationΣΩ though we refer here to any phenomenon that might bias relative ion 

beam intensities; Figure 2.6, A). For this reason, isotope ratio experiments compare 

measurements of a sample to measurements of a standard with known or assumed 

isotopic composition observed on the same instrument under the same conditions and 
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using the same methods, usually directly before and/or after a sample measurement. 

Standardizing in this manner for M+N experiments is difficult due to the premise that the 

standard has a known isotopic composition. In a M+N experiment, the M+N relative 

abundance of an ion beam (e.g., 13C) depends on the abundance of all other substitutions 

(33S, D, 15N, etc.) as well as (for fragment ions) their distribution across non-equivalent 

sites; this kind of detailed knowledge of a standard will generally not be available. 

Nevertheless, we find we can effectively standardize by (1) hypothesizing the standard 

composition assuming plausible abundances for isotopic substitutions at every site; (2) 

calculating a spectrum for the standard in the absence of fractionation; (3) comparing this 

spectrum with the observed abundances to calculate fractionation factors for each ion 

beam of the standard; and (4) applying these fractionation factors to the sample. While 

this method uses a hypothesized standard composition which will often be wrong, we 

find it is sufficient to report accurate comparisons of U values between sample and 

standard  and the data products downstream of these (site-specific and clumped delta 

values, such as ‏  for carbon sites); if specific U values of the standard are known in a 

separate reference frame (e.g., ‏  of a specific carbon site), we can report the 

calculated values of the sample in the same reference frame.  

The interested reader is directed to the appendix for a detailed analysis.  

Second, we address experimental difficulties caused by unobserved ion beams. 

Reporting results using the nomenclature developed above for M+N relative abundances 

assumes that we observe every ion beam of a particular fragment (else we cannot 

calculate the denominator of the ”CM  value); however, certain ion beams may be 

sufficiently rare that they cannot be observed (Figure 2.6, B). For example, in the 61 ion 

beam of methionine, we may be unable to observe the D ion beam due to low abundance; 

rather than relative abundances, we can only calculate results of the form: 

ᾀ

ᾀ ᾀ ᾀ
ȟ ςȢφχ 

i.e., the actual result multiplied by  

ᾀ ᾀ ᾀ ᾀ

ᾀ ᾀ ᾀ
Ȣ ςȢφψ 
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To change these results into M+N relative abundance we apply a correction factor, which 

will be equal to (assuming fractionation has been corrected for): 

ᾀ ᾀ ᾀ

ᾀ ᾀ ᾀ ᾀ
Ȣ ςȢφω 

Generally, we will not know this correction factor, but we can approximate it. We may do 

so by using a forward model of the isotopic abundance, using experimental constraints 

from other observations, or by combining the two to iteratively update our forward 

model. These methods are discussed in detail in the appendix.  

Third, we address the issue of unresolved peaks. Often, two peaks will be close 

enough in mass that they cannot be distinguished by our mass spectrometer; rather than 

observing either peak individually, we observe them in combination (Figure 2.6, C & D). 

This issue is perhaps the most difficult to address; the best correction depends on some 

knowledge of which ion beams combine and how they combine, which will necessarily 

differ from instrument to instrument and possibly from sample to sample. We suggest 

the following general correction, which we expect to fail in certain scenarios, but believe 

will be broadly applicable to many experiments: we assign observed peaks to the most 

abundant ion beam observed near that mass and treat changes in height caused by 

unresolved ion beams as instrumental fractionation, folding our correction of it into our 

calculation of the fractionation factors. This method assumes that (1) unresolved beams 

combine in the same way across sample and standard (which we think is plausible and 

allows us to proceed without knowing precisely how this occurs); (2) that the relative 

abundances of the less abundant peaks are broadly similar across sample and standard 

(e.g., if a 13C and D ion beam are unresolved, the D content of sample and standard are 

assumed to be similar); and (3) that the less abundant peaks are small in magnitude 

relative to the larger ones (meaning changes in their abundance from sample to standard 

will have a small effect on the observation). The key benefit of our approach is the ease 

of application to many new targetsτwe do not have to assume anything about which 

peaks are unresolved, how they combine with each other, or what the isotopic abundance 

of any species is. If one had more detailed knowledge of the system in question, one could 

suggest better correction schemes. For example, consider the 17O correction performed 
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for CO2 carbon isotope measurements (Brand et al., 2010). In this scenario, the 13C and 

17O ion beam are unresolved; however, because they are assumed to combine additively, 

e.g., ᾀ  Ǫ ᾀ ᾀ , and because the 17O content can be closely approximated 

via measurement of 18O, a reasonable approximation of the 17O signal can be subtracted 

out of the 13C beam. We suspect these sorts of correction schemes will be applicable to 

M+N measurements in the future, for specific cases where similarly useful constraints can 

be assumed. At present, because our algorithm must correct for many unresolved beams 

simultaneously (~100s, across all M+N experiments for the methionine dataset) and 

because not all of the experimental details are known for the method we are using to 

execute the actual measurement (OrbitrapTM-MS; e.g., do unresolved ion beams combine 

additively?), we leave these more detailed corrections for future work. A more detailed 

discussion of this topic is presented in the appendix.  

 

2.3. Results 

To demonstrate the amount of information one may extract, the accuracy and 

precision of the reconstructed isotopic structure, and the effects of the experimental 

issues outlined above, we simulated methionine datasets under a range of conditions and 

applied our methods to these data. We simulated M+1, M+2, M+3, and M+4 experiments 

for a sample and standard, measuring fragments at cardinal mass 56, 61, 102, 104, and 

133, in addition to the full molecule (Figure 2.7). We additionally computed U values for 

Ὗ , Ὗ , Ὗ , and Ὗ , which we use to calculate Ὗ  values. Our choice of 

which measurements to simulate are guided by experiment; these fragments have well-

studied fragmentation pathways, meaning the sites they sample are well known, and they 

ƘŀǾŜ ǇǊŜǾƛƻǳǎƭȅ ōŜŜƴ ǳǎŜŘ ǘƻ ŎƻƴǎǘǊŀƛƴ ƳŜǘƘƛƻƴƛƴŜΩǎ ƛǎƻǘƻǇƛŎ ǎǘǊǳŎǘǳǊŜ (Neubauer et al., 

2018; Zhang et al., 2019). Moreover, we have successfully made observations for each 

M+N experiment we examine, and plan to present these results in a companion paper.  

To evaluate the experimental issues discussed above, we generated simulated 

datasets modeling these issues. We present six datasets, each including the full suite of 

M+N measurements (Table 2.мύΦ ¢ƘŜǎŜ ƛƴŎƭǳŘŜ мύ ŀƴ άƛŘŜŀƭέ ŘŀǘŀǎŜǘ ǿƛǘƘ ŀƭƭ ǇŜŀƪǎ 
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ƻōǎŜǊǾŜŘ ǇǊŜŎƛǎŜƭȅ ŀƴŘ ŀŎŎǳǊŀŎȅΤ нύ ǘƘŜ ǎŀƳŜ ǿƛǘƘ ƳŜŀǎǳǊŜƳŜƴǘ ŜǊǊƻǊǎ ƻŦ м ҉ ƻƴ ŀƭƭ aҌb 

ƻōǎŜǊǾŀǘƛƻƴǎ ŀƴŘ лΦм ҉ ŦƻǊ ǘƘŜ Ὗ values; including these measurement errors, we then 

evaluated 3,4,5) each experimental issue (instrument fractionation, low abundance 

peaks, unresolved peaks) individually and then 6) evaluated all issues in combination. The 

sample and standard compositions used throughout are shown in Table 2; clumped 

species were computed following the stochastic assumption (Table 2.2).  

We modeled the experimental issues as follows. For instrument fractionation, we 

assumed each ion beam fractionated identically for the sample and standard, multiplying 

its intensity by a factor randomly chosen from ﬞ ρȟπȢπυ. For low abundance peaks, we 

assumed any peak with a M+N relative abundance of < 1% within the family of peaks 

associated with an individual fragment was not observed. For unresolved peaks, we 

assumed our experimental resolution was 120,000 at every mass; peaks with insufficient 

mass separation to be distinguished at this resolution were combined linearly in our 

observed spectrum.  

Table 2.1: Description of Simulated Datasets 

Synthetic 

Dataset 

Standard 

Composition 

Known? 

Instrument 

Fractionation 

Occurs? 

Omit Low 

Abundance 

Peaks? 

Unresolved 

Peaks? 

Experimental 

Error? 

1) Perfect 

Measurement 
Yes No No No No 

2) 

Experimental 

Error 

Yes No No No Yes 

3) Instrument 

Fractionation 

Test 

No Yes No No Yes 

4) Low 

Abundance 

Test 

Yes No Yes No Yes 

5) Unresolved 

Test 
Yes No No Yes Yes 

6) All Issues 

Combined 
No Yes Yes Yes Yes 

 

 



 

 

48 

Table 2.2: Simulated Methionine Structure 

Site # Atoms ἡἢἎ
  ἡἙἜ

  

Cmethyl 1 -30 -45 

Cgamma 1 -30 -35 

Calphabeta 2 -30 -30 

Ccarboxyl 1 -30 -25 

Ocarboxyl (17/18) 2 0/0 -13/-25 

Ssulfur 
(33/34/36) 

1 0/0/0 2.5/4.854367/9.223391  

Namine 1 0 10 

Hmethyl 3 0 -250 

Hgamma 2 0 -100 

Halphabeta 3 0 0 

Hamine 2 0 100 

Hhydroxyl 1 0 250 

Hprotonated 1 0 0 

 

The scope of this M+N measurement strategy can be seen via the dataset with all 

experimental issues, which is most representative of a real dataset. This synthetic 

ƳŜŀǎǳǊŜƳŜƴǘ ƎƛǾŜǎ ŀ ǘƻǘŀƭ ƻŦ мтл ŎƻƴǎǘǊŀƛƴǘǎ ƻƴ ƻǳǊ ǎŀƳǇƭŜΩǎ isotome; 4 full molecule U 

values as well as 24 M+1, 35 M+2, 48 M+3, and 58 M+4 observations. Some of these 

constrain the same property; for example, observations of the abundance of 15N in the 

56, 102, 104, and full fragments of the M+1 experiment all give ” , the M+1 relative 

abundance of 15N. By counting only unique observations of new properties, we have 17 

M+1, 29 M+2, 44 M+3, and 50 M+4 constraints; combined with the full molecule U values, 

this gives us 144 unique observations. These constraints are visualized in Figure 2.7, C, 

which shows which ion beams were observed and indicates those which were not 

observed due to low abundance or poor resolution. An isotopic substitution is only 

included in Figure 2.7, C if at least one ion beam with that isotopic substitution is observed 

for that M+N experiment; certain isotopic substitutions may not be included (e.g., ὈὈὈ 

in the M+3 experiment). This illustrative example demonstrates how much information is 

available for a single molecule and how an M+N measurement strategy can yield high-

ŘƛƳŜƴǎƛƻƴŀƭ ƛƴŦƻǊƳŀǘƛƻƴ ŀōƻǳǘ ŀ ǎŀƳǇƭŜΩǎ isotome.  
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Figure 2.7: The observations for our simulated experiment. A: The methionine molecule and our 
definition of the sites of methionine. Sulfur, nitrogen, and oxygen each have a single site for all atoms of 
those elements. Carbon and hydrogen sites are defined according to the labels. There is also a hydrogen 
άǇǊƻǘƻƴŀǘŜŘέ ǎƛǘŜΣ ŦƻǊ ǘƘŜ ǇǊƻǘƻƴ ǇƛŎƪŜŘ ǳǇ ƛƴ ŀƴ ŜƭŜŎǘǊƻǎǇǊŀȅ ƛƻƴƛȊŀǘƛƻƴ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊȅ ŜȄǇŜǊƛƳŜƴǘΣ 
the experimental technique used in measurements for the companion paper. B: The subgeometries 
sampled by the fragments of methionine. Reprinted from Neubauer et al. 2018; used with permission. C: 
Observed isotopic peaks for each fragment of each M+N experiment. Purple boxes give observed peaks. 
Light purple boxes give substitutions that exist in the fragment but are unobserved due to insufficient 
resolution and/or abundance. Hatched boxes give substitutions which do not exist in those fragments. 

 

We next evaluated the effect of experimental issues on our methodology. In 

Figure 2.8, we show computed results after processing each simulated dataset.  We first 
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show a representative result for the simplest data product we can provide, the directly 

observed sample/standard comparison of ”  values. We here show results for the 61 

fragment; there are no data for deuterium when low abundance is taken into account. 

These data show which errors are present in the raw data themselves; for many reported 

isotopologue-specific U values, the errors will be larger due to the convolution of errors 

from multiple observations used to constrain that isotopologue. Next, we show the site-

specific and clumped isotopologue ratios we constrain; in all cases, these results are 

given after applying our correctionǎ ŦƻǊ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ƛǎǎǳŜǎ ǇǊŜǎŜƴǘ όŀ άǘƘŜƻǊŜǘƛŎŀƭΣέ 

άƛǘŜǊŀǘŜŘέ ŎƻǊǊŜŎǘƛƻƴ ǇǊƻŎŜǎǎ ǿƛǘƘ b Ґ рл ŀƴŘ ˋҐл ŦƻǊ aҌмΣ ŀƴŘ ŀ άǘƘŜƻǊŜǘƛŎŀƭέ ŎƻǊǊŜŎǘƛƻƴ 

ǇǊƻŎŜǎǎ ǿƛǘƘ b Ґ м ŀƴŘ ˋ Ґ лΦллм ŦƻǊ ǘƘŜ ǊŜƳŀƛƴƛƴƎ aҌbΤ ǎŜŜ !ǇǇŜƴŘƛȄ ŦƻǊ ŘŜǘŀƛƭǎύΦ ²Ŝ 

only show values that are constrained in all simulations; in certain cases, e.g., the 

simulation with no experimental problems, we constrain other clumped isotopologues 

as well. For the isotopologues we present, the sample/standard comparisons (‏  are 

reported as the ratio between U values for the relevant isotopologues, e.g., 

‏ ὅ ρπππz
 
ρȢ In cases where the U value of the standard is 

known, these could be given relative to widely used isotope standards (VPDB for carbon, 

AIR for nitrogen, VSMOW for oxygen and hydrogen, etc.) As the standard is not known in 

all cases, we give results only relative to the standard (i.e., by definition, the standard 

represents 0 on the delta scale for that property, and only relative differences between 

samples, each measured vs. that standard, could be said to have interpretable 

significance).  

 

2.4. Discussion 

2.4.1. Recovered Constraints from M+N Experiment 

Our results for the synthetic M+N experiment on methionine (Figure 2.8) show 

how our recovered values change with different experimental issues. First, we examine 

the directly observed ”  values. For the 61 ion beam, accounting for instrument 

fractionation causes no noticeable increase in error. There are no unresolved peaks for 
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this measurement, so that issue does not affect these results. The loss of the deuterium 

beam when low abundance peaks are accounted for does decrease our accuracyτin this 

ŎŀǎŜΣ ōȅ ŘŜŎǊŜŀǎƛƴƎ ǘƘŜ ƻōǎŜǊǾŜŘ Ǌŀǘƛƻ ōȅ Ғ мˋ ŦƻǊ ŀƭƭ ƻǘƘŜǊ ƻōǎŜǊǾŜŘ ǎǳōǎǘƛǘǳǘƛƻƴǎΦ This is 

due to differences in the M+1 relative abundance of deuterium between sample and 

standard; in the sample it accounts for ~0.9%, while in the standard it is ~1.1%, with the 

lower value for the sample coming primarily from its lesser content of deuterium at the 

sites (Hmethyl and Hgamma) sampled in this fragment. Our observed M+1 relative 

abundances in the case of the sample are multiplied by a factor 
Ȣ

 , while for the 

standard by 
Ȣ

 όŎΦŦΦ Ŝǉ όсуύΣ ǎǳōǎǘƛǘǳǘƛƴƎ ˊ ŦƻǊ z ŀƴŘ ƴƻǘƛƴƎ ǘƘŜ ǎǳƳ ƻŦ ǘƘŜ ˊ Ŝǉǳŀƭǎ 

1). The larger factor for the standard shifts the observed M+1 relative abundances for the 

standard closer to those for the sample, causing the size of the difference to decrease (we 

correct for this effect when computing site-specific values, but not for this raw data 

product). As this error is a mathematical consequence of unobserved peaks, it will be 

consistent and replicable across the same experimental design. Therefore, while we 

caution against interpreting these values directly as accurate comparisons of M+N relative 

abundance ratios, they will still be useful for high dimensional chemical forensics. Finally, 

we note that for fragments where unresolved peaks are an issue, they present both the 

same issue (the M+N relative abundance of unresolved peaks is not observed) and an 

additional one (when unresolved peaks combine, if the height of the minor, unobserved, 

peak differs notably between sample and standard, this will be measured as a change in 

the height of the major, observed peak). Our interpretation is similar; without correcting 

for these effects, these results should not be interpreted as accurate M+N relative 

abundance ratios; however, they remain useful for distinguishing different samples of the 

same compound and may be applicable for determining fingerprints of different physical 

or chemical processes.   

Next, we turn to the site-specific values. For most sites, experimental issues do 

not noticeably affect our results; our corrections effectively deal with these problems. 

Notable exceptions are 1) the Ocarboxyl site, which is poorly constrained in the case of 

unresolved peaks; this is unsurprising, as 17O cannot be directly observed for any fragment 
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at a resolution of 120,000, so that Ocarboxyl is not constrained by any measurement, but 

only by closure, in this scenario; and 2) the Hmethyl siteΣ ǿƘŜǊŜ ǘƘŜ ǊŜǎǳƭǘ ƛǎ ƭƻǿ ōȅ Ғол ҉ 

due to instrument fractionation. In no case do the deviations observed for low abundance 

peaks in the ”  values result in a missed site-specific result, although there is an 

increase in error for Hgamma due to this effect. The results for the clumped isotopologues, 

which are basically analogous; the 17O34S result becomes poorly constrained when 

resolution is considered, for the same reason as the Ocarboxyl site. Overall, we find our 

correction scheme is robust for most experimental issues for most sites. The issues that 

do occur appear idiosyncratic to the problem of interestτwe suggest that future 

experimental work include this sort of theoretical analysis to examine which experimental 

issues create problems for that system.  

The recovered error bars for each constraint convolve errors from several 

ŘƛŦŦŜǊŜƴǘ ǎƻǳǊŎŜǎΤ ǘƘƛǎ ƛƴŎƭǳŘŜǎ мύ ŜȄǇŜǊƛƳŜƴǘŀƭ ŜǊǊƻǊ ƻƴ ǘƘŜ ˊM+N value for both sample 

ŀƴŘ ǎǘŀƴŘŀǊŘΤ нύ ŜǊǊƻǊǎ ƛƴƘŜǊŜƴǘ ǘƻ ƻǳǊ ŎƻǊǊŜŎǘƛƻƴ ǇǊƻŎŜǎǎ ŦƻǊ ǘƘŜ ˊM+N values for each 

ŜȄǇŜǊƛƳŜƴǘŀƭ ƛǎǎǳŜΤ оύ ŜǊǊƻǊǎ ŦǊƻƳ ŜŀŎƘ ˊM+N value used to calculate the composition of a 

single isotopologue; and 4) errors on the UM+N value used to compute site-specific or 

clumped ¦ ǾŀƭǳŜǎΦ !ǎ ƴƻǘŜŘΣ ǘƘŜ ŜǊǊƻǊǎ ƛƴ ƻǳǊ ǎƛƳǳƭŀǘƛƻƴ ŦǊƻƳ όмύ ŀǊŜ м҉ ŦƻǊ ōƻǘƘ ǎŀƳple 

ŀƴŘ ǎǘŀƴŘŀǊŘΣ ƘŜƴŎŜ ǘƘŜƛǊ Ǌŀǘƛƻ Ƙŀǎ ŀƴ ŜǊǊƻǊ ƻŦ мΦпм ҉ όЍς. From Figure 2.8, we find 

errors induced by (2), at least for the 61 fragment, to be minor. (3) accounts for much of 

error in our final values, and depends on the site; for example, for carbon, some error 

bars (Calphabeta) are close to those for the direct measurements, while others (Cgamma) are 

ƴƻǘŀōƭȅ ƭŀǊƎŜǊΦ ¢ƘŜ ŜǊǊƻǊ ŦǊƻƳ όпύ ƛǎ ƳƛƴƻǊ ƛƴ ƻǳǊ ǊŜǎǳƭǘǎΣ ŀǎ ǿŜ ŀǎǎŜǊǘŜŘ ŀƴ ŜǊǊƻǊ ƻŦ лΦм ҉ 

for each UM+N value. Increases in the error of the UM+N value used will cause proportionally 

larger errors in the reported results; for example, if the error of the UM+3 ǾŀƭǳŜ ǿŜǊŜ о҉Σ 

we would expecǘ ŀƴ ƛƴŎǊŜŀǎŜ ƻŦ Ғо ҉ ƛƴ ǘƘŜ ŜǊǊƻǊ ƻŦ ǘƘŜ 34S13Ccarboxyl result. 
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 1 

Figure 2.8: Several data products from the M+N experiment on methionine evaluated with a range of experimental issues. Top Left: A representative sample of 2 
the raw data product, a sample/standard comparison of the M+N relative abundances for the different isotopes of the 61 ion beam in the M+1 experiment. We 3 
find instrument fractionation causes no notable increase in error, while there are no unresolved peaks that would cause an effect. The loss of the deuterium 4 
ƛƻƴ ōŜŀƳ ǎƘƛŦǘǎ ǘƘŜ ƻǘƘŜǊ ǊŜǎǳƭǘǎ Řƻǿƴ ōȅ Ғ мˋΣ ŘǳŜ ǘƻ ǘƘŜ ŘƛŦŦƛŎǳƭǘȅ ƻŦ ŜǎǘƛƳŀǘƛƴƎ ǘƘŜ ǊƛƎƘǘ ŎƻǊǊŜŎǘƛƻƴ ŦŀŎǘƻǊ όǎŜŜ ǘƘŜ !ǇǇŜndix for a detailed discussion). Right: 5 
The sample standard comparisons of site-specific and clumped U values. In general, our treatment of experimental issues is robust and we recover accurate 6 
values despite these problems. Exceptions are the Ocarboxyl and 17O34S results, which become poorly constrained at our simulated resolution of 120,000 because 7 
the associated ion beams are not directly observed, and the isotopologues must be computed via closure. We also see deviations for Hmethyl due to instrument 8 
fractionation.9 
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2.4.2. Using Directly Measured Constraints: Application to Mixing 

In some cases, the involved process of reconstructing isotopologue 

concentrations may be unnecessary, and the directly observed data from a M+N 

experiment may be used; an example case is the mixing of two isotopically distinct 

reservoirs of the same compound. Mixing of two reservoirs will cause subtle deviations 

from the stochastic distribution in the mixed product, and these deviations can be seen 

directly in an M+N experiment. To show this, we examine hypothetical measurements of 

mixed N2O samples (Table 2.3). As endmembers, we take tropospheric N2O and soil-

derived N2hΤ ǘƘŜ ƭŀǘǘŜǊΩǎ ŎƻƳǇƻǎƛǘƛƻƴ ǾŀǊƛŜǎ ōŀǎŜŘ ƻƴ ƭƻŎŀƭ ŎƻƴŘƛǘƛƻƴǎΣ ǎƻ ǿŜ ǎŜƭŜŎǘ ƻƴŜ 

possible composition which differs significantly from the troposphere, that of N2O from 

Amazon rainforest soil examined by Pérez et Al. (Pérez et al., 2006; Toyoda et al., 2013). 

We compute three separate mixed populations (Table 2.3) with varying amounts of each 

endmember. Deviations from the stochastic distribution for each isotopologue in the 

mixed population are shown in Figure 2.9, left. Here, ‏  ρπππ 
╪╜╘╧

╪╢╣╞╒╗
ρ 

where [a] gives the concentration of an isotopologue of interest. The tropospheric 

endmember is enriched at each site relative to the soil population, so in the mixture, 

concentrations of isotopologues with two or more heavy substitutions are increased 

relative to the stochastic distribution. (If this is nonobvious, imagine mixing two 

stochastically distributed N2 endmembers, where one has [15N] = 0, and the other has 

[15N] = 2x. The mixed product has [15N] = x. If this were distributed stochastically, 

ὔ ὔ ὼȢ However, in the mixture, ὔ ὔ ὔ ὔ 

 ὔ ὔ π ςὼ ςὼȢ Hence, the mixture is enriched in the 

clumped isotopologue). The size of this increase is a function of the amount of enrichment 

at each individual site and hence largest for the doubly-15N substituted isotopologues. 

These deviations may be measured in an M+N experiment; in Figure 2.9, right, we show 

the increases in M+N relative abundances which would be observed by a sample/standard 

comparison of the mixture (sample) versus N2O with the same site-specific 
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concentrations and the stochastic distribution (standard); note the effects could be 

observed with a different standard. The magnitudes of the effect are smallerτin some 

cases substantially smallerτthan the relative changes in concentrations themselves. One 

example of this is the 15N18O isotopologue, where the increase in concentration of the 

15N18O substituted isotopologuesΣ ϤлΦр ҉Σ ƛǎ ƴƻǘ ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ aҌо ŜȄǇŜǊƛƳŜƴǘΦ ²Ŝ 

attribute this to the large absolute abundance of the 15N18O isotopologue in that 

experiment, >99.9%, which suppresses changes in the relative abundance of this 

isotopologue. There is some dependence on mixing ratio, with a 50/50 ratio causing the 

largest deviations. The changes are apparent for multiple isotopologues across a range of 

mixing ratios, and this type of measurement may be useful in confirming the existence of 

and constraining the amount of mixing in a sample.  

We do not intend this example to be a definitive discussion of this topicτindeed, 

we anticipate that M+N experiments can show deviations between samples and the 

stochastic distribution for that sample for all sorts of reasons, including diffusion, mixing, 

photochemistry, reaction history, and more. The peculiarities of how each process will 

affect the isotome, and how that will be observed via this measurement strategy, must 

ōŜ ŘŜǾŜƭƻǇŜŘ ŦƻǊ ŜŀŎƘ ƻŦ ǘƘŜǎŜ ŎŀǎŜǎΦ IƻǿŜǾŜǊΣ ǿŜ ōŜƭƛŜǾŜ ǘƘƛǎ ŜȄŀƳǇƭŜ ǎƘƻǿǎ ŀ ΨǘƛǇ-of-

the-icebergΣΩ hinting at new possibilitiesτand recall that for some samples, we may have 

an order of magnitude more measurements than we show for N2O. Consider, for example, 

the mixing of an amino acid highly enriched at a certain carbon position with another with 

moderate or no enrichment at a single carbon, as might happen in extraterrestrial 

environments (Chimiak et al., 2021)τthe M+N experiment may show that mixing 

occurred, constrain the proportions of mixing, and determine the content of the 

endmembers. More work must be done to investigate the applicability and limitations of 

this method.   
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Table 2.3: Mixing of N2O Endmembers 

Site-specific 

Compositioni 

Tropospheric 

N2O (Toyoda 

et al., 2013) 

An Amazon 

Rainforest 

Soil N2O 

(Pérez et 

al., 2006) 

25 % soil,  

75% 

troposphere 

50 % soil, 

50% 

troposphere 

75 % soil,  

25% 

troposphere 

‏  -11.76 -72.7 -27.0 -42.2 -57.5 

‏  25.14 -54.4 5.3 -14.6 -34.5 

‏  44.28 14.7 36.9 29.5 22.1 

i: ‏  was set by mass scaling with 18O assuming a mass exponent of 0.52.  

 

Figure 2.9: Comparison between N2O isotomes with the same site-specific concentrations; MIX comes from 
mixing of tropospheric and soil derived N2O, while STOCH follows the stochastic assumption. Left: Delta values 

for the change in concentration of each isotopologue; ɿ  ρπππ 
ἩἙἓἦ

ἩἡἢἛἍἒ
ρ where [a] gives the 

concentration of the isotopologue. Right: Comparisons in M+N relative abundance space for three 
experiments: M+1, M+2, and M+3. M+N relative abundance space is defined above, eq (45-47). Changes are 
largest for those observations associated with isotopologues with large changes, e.g., 15N15N, and smaller for 
substitutions that contribute more of the M+N relative abundance for an experiment (e.g., 15N18O, which is 
>99.9% of the signal for a M+3 experiment). 
 

2.4.3 Computational Speed 

An unavoidable problem with studies of molecular isotomes is the rapid increase in 

the number of isotopologues of a molecule as molecular size increases; this has made the 
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polynomial expansion method for spectrum prediction, which we adapt, intractable for, 

e.g., proteins. To demonstrate typical complexities for different molecular sizes, consider 

that methionine, with sites defined as we do, has 663,552 isotopologues; a small protein, 

insulin, has somewhere between 1.44 x 1012 and 3.8 x 10252 isotopologues, depending on 

how we define the sites. Our treatment is feasible for molecules the size of methionineτ

computing all isotopologues takes on the order of 30 seconds on a personal computerτ

but fails for larger molecules. At this point, we note another benefit of the M+N approachτ

as we mass select a small subset of the isotopologues, we need only compute and store 

information about that population. Computing the M+1 population for methionine (13 

isotopologues) is essentially instant, while the M+1 population of insulin has at most 789 

isotopologuesτand likely fewer given that many atomic positions will be indistinguishable 

and can be treated as the same siteτso this style of experiment may be applicable even to 

such targets. At the same time, for many applications, we may use the directly measured 

ŎƻƳǇƻǎƛǘƛƻƴ ǎǇŀŎŜΣ ǘƘŜ ˊM+N values, rather than computing isotopologue-specific 

concentrations, further simplifying the problem. We expect computational complexity to 

be an ongoing but often tractable concern.  

 

2.5. Conclusions 

There are two main ideas presented in this work: first, a generalized framework for 

treating measurements of molecular isotomes, which is applicable to a broad range of 

experiments; second, a specific treatment of the M+N experiment, which will enable 

further measurements of this type. Our framework for tracking isotopologues is applicable 

to a wide variety of experiments on small molecules and we expect will provide a unified 

way to understand diverse measurements. With respect to the M+N measurements, the 

most practicable insight is that the M+1 algorithm can immediately be applied to many 

small molecules; it is conceptually straightforward (and computationally easy) and deals 

with no more than a few dozen isotopologues, while the algorithm is general and can be 

used for many different targets on many different instruments. We expect this sort of 
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experimental design to become more widespread in the near future. Beyond this, the 

results from our M+2, M+3, and M+4 experiments suggest a diverse range of measurable 

properties. The isotope effects caused by mixing are a clear target, and other processes, 

such as diffusion or photochemical destruction, will have signature effects on molecular 

isotomes. Sorting out how these processes affect measured values requires a rigorous 

understanding of what isotopologues are being measured and how; we hope that the 

mathematics developed here will be useful in analyzing future work.   
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Supplementary Material for Chapter 2 
 
S2.1. άLǎƻǘƻǇƻƭƻƎǳŜέ Ǿǎ άLǎƻǘƻǇƻŎǳƭŜέ ŀƴŘ ƻǳǊ 5ŜŦƛƴƛǘƛƻƴ ƻŦ {ƛǘŜ 

wŜŎŜƴǘ ŘŜŦƛƴƛǘƛƻƴǎ ŦƻǊ ŘŜǎŎǊƛōƛƴƎ ƛǎƻǘƻǇƛŎ ŎƻƴǘŜƴǘ ŘƛǎǘƛƴƎǳƛǎƘ ōŜǘǿŜŜƴ άƛǎƻǘƻǇƻƭƻƎǳŜέ ŀƴŘ 

άƛǎƻǘƻǇƻŎǳƭŜέ ŀǎΥ  

1) Isotopologue: Molecular species that differ only in isotopic composition (number 

of isotopic substitutions) and relative molecular mass, e.g., C35Cl4, C35Cl337Cl, 

C35Cl237Cl2. 

2) Isotopocule: Molecular species that only differ in either the number or positions 

of isotopic substitutions. 

Both definitions are from (Coplen, 2011). Our definition of site and our definition of 

isotopologue put us in between these definitions. If we define a single site for each 

element, we recover the above definition of isotopologue, while if we define a different site 

for every position, we recover the above definition of isotopocule.  

S2.2. Deviations from the Stochastic Assumption Cause Small Differences Between Site-

specific U and R values 

We here show empirically that typical clumps at natural abundance do not cause 

significant deviations between site-specific U values and isotope ratios.  

CƛǊǎǘΣ ŀ ǿƻǊŘ ŀōƻǳǘ Ƙƻǿ ƛƴǘǊƻŘǳŎƛƴƎ ƳǳƭǘƛǇƭȅ ǎǳōǎǘƛǘǳǘŜŘΣ ƻǊ ΨŎƭǳƳǇŜŘΩ 

isotopologues affects these values. When we introduce an anomalous enrichment, 

relative to the stochastic proportion, of a doubly substituted clumped isotopologue 

(containing two rare substitutions) and keep site-specific concentrations identical, we 

change the concentrations of four isotopologues: 1) The clumped isotopologue; 2/3) 

Both related singly-substituted isotopologues; and 4) The unsubstituted isotopologue. 

For a clumped anomaly of size x, we increase the concentration of (1) by x, decrease (2) 

and (3) by x, to keep site-specific concentrations the same, and then increase (4) by x, to 

maintain closure. For example, for N2O: 
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ρρπ ρρπ ὼ ὛςȢρ 

ρππ ρππ ὼ ὛςȢς 

πρπ πρπ ὼ ὛςȢσ 

πππ πππ ὼȢ ὛςȢτ 

 

This transformation does not change any isotope ratios. For example, consider 

Ὑ  for N2O, given by:  

Ὑ
ὔ 
ὔ 

ρππ ρπρ ρπς ρρπ ρρρ ρρς

πππ ππρ ππς πρπ πρρ πρς
Ȣ ὛςȢυ 

Here, the changes in the [110] and [100] terms in the numerator cancel, and likewise 

for [010] and [000] denominator; this is a consequence of us keeping the site-specific 

concentrations identical.  

However, the clumped anomaly does change U values; the size of this change 

depends on stochastic concentrations of both the isotopologue of interest and the 

unsubstituted isotopologue as well as the size of the clumped anomaly.  

It is hard to draw general conclusions, as the degree to which a clumped anomaly 

causes site-specific U values and isotope ratios to deviate from the stochastic assumption 

will be case specific. To empirically test some examples and illustrate the general 

concepts, we calculated U and R values for N2O, methionine, and ethane, with various 

clumped anomalies present. For each clumped anomaly, we calculated the site-specific 

U values and site-specific isotope ratios for every atomic site, reporting our results as a 

per mil difference between U and R values, i.e.,  

 

ɝ
5 
2

ρ ρzπππȢ ὛςȢφ 
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For our synthetic datasets, we assumed site-specific concentrations 

ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ŀ ʵ ǾŀƭǳŜ ƻŦ άлέ ǊŜƭŀǘƛǾŜ ǘƻ ŀ ƎƛǾŜƴ ǊŜŦŜǊŜƴŎŜ ŦƻǊ ŜŀŎƘ ŜƭŜƳŜƴǘ ό±t5. ŦƻǊ 

carbon, AIR for nitrogen, CDT for sulfur, VSMOW for oxygen and hydrogen).  Our results 

are depicted in Figure S2.1: 

 

 

Figure S2.1: Top: The ɝȾ  values of individual sites within N2h ŀƴŘ aŜǘƘƛƻƴƛƴŜ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ɲi value 

of a clumped anomaly between two atoms. Plots were made by creating synthetic datasets for both 
molecules, introducing the clump of interest, and tracking the resulting site-specific U values and isotope 
ratiosΦ CƻǊ ƴŀǘǳǊŀƭ ŀōǳƴŘŀƴŎŜ ŎƭǳƳǇǎ ǿƛǘƘ ɲi ғ мл ҉Σ ǘƘŜ U values and isotope ratios for sites involved in 
ǘƘŜ ŎƭǳƳǇ ŘƛŦŦŜǊ ōȅ ҒлΦм ǇŜǊ Ƴƛƭ ƻǊ ƭŜǎǎΦ CƻǊ ƳǳŎƘ ƭŀǊƎŜǊ ŎƭǳƳǇŜŘ ƛǎƻǘƻǇŜ ŀƴƻƳŀƭƛŜǎΣ ƛΦŜΦ, 100-мллл ҉Σ ǿŜ 
observe deviations in ɝȾ  of 1-мл ҉Φ Sites without rare isotope substitution in the clumped isotopologue 

have very small differences between U and R values even for massive very large clumped isotope anomalies. 
Bottom: The ɝȾ  for ethane with various clumps as well as an anticlump. The largest errors are caused by 

a 13CD clumped anomaly, ŀƴŘ ŀǊŜ Ϥм ҉ ŦƻǊ ǘƘŜ ƘȅŘǊƻƎŜƴ site ŦƻǊ ŜǾŜǊȅ млл ҉ ŦƻǊ ǘƘŜ clumped anomaly. 
Our results indicate we are justified in assuming site-specific U values and isotope ratios are equal for all 
commonly expected cases without extraordinary enrichments in clumped isotope species.  
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These calculations demonstrate some key points about how breaking the 

stochastic assumption affects ɝȾ  values. First, for these small molecules and for natural 

ŎƭǳƳǇŜŘ ƛǎƻǘƻǇŜ ŀƴƻƳŀƭƛŜǎ ƻŦ ғ мл ҉Σ ǘƘŜ ŘŜǾƛŀǘƛƻƴ ōŜǘǿŜŜƴ site-specific U and R values 

ƛǎ ǎƳŀƭƭΣ ƻƴ ǘƘŜ ƻǊŘŜǊ ƻŦ лΦм ҉ ƻǊ ƭŜǎǎΦ {ŜŎƻƴŘΣ ǘƘŜ ƳŀƎƴƛǘǳŘŜ ƻŦ ǘƘŜ ῳȾ  value depends 

on the concentration of the singly-substituted isotopologue of interest; in methionine, 

the magnitude of the ῳȾ  values for 17O substitutions is greater than that of 15N 

substitutions, due to the lesser abundance of 17O. Third, the magnitude of the ῳȾ  value 

depends on the absolute size x of the clumped isotope anomaly. For example, in 

methionine, comparing the nitrogen site of the NO clump and NC clump, we see a larger 

ῳȾ  ŦƻǊ ǘƘŜ ǎŀƳŜ ŎƭǳƳǇŜŘ ɲi value for the NC clump. This difference exists because the 

same relative clumped anomaly corresponds to a greater absolute clumped anomaly for 

NC than for NO, due to the greater natural abundance of 13C15N compared to 15N17O. 

Fourth, we see an identical ῳȾ  value for all sites not involved in the clump. This error 

results from the change in concentration of the unsubstituted isotopologue. Suppose, 

for example, that one looks at the Ὗ  value of N2O. We have: 

 

Ὗ Ὑ
ππρ

πππ
Ȣ ὛςȢχ 

 

¦ǎƛƴƎ ǘƘŜ ǎǳōǎŎǊƛǇǘ άǎǘƻŎƘέ ǘƻ ƛƴŘƛŎŀǘŜ ŀ ǾŀƭǳŜ ŎŀƭŎǳƭŀǘŜŘ ǳƴŘŜǊ ǘƘŜ stochastic 

assumption. We introduce a clump of size x between N1 and N2: 

Ὗ
ππρ

πππ ὼ
Ȣ ὛςȢψ 

If we take the ratio: 

Ὗ

Ὑ

ππρ
πππ ὼ

ππρ
πππ

ππρ πππ

ππρ ᶻ πππ ὼ

πππ

πππ ὼ
ὛςȢω 
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and then compute ɝȾ : 

ɝ
πππ

πππ ὼ
ρ ρzπππȟ ὛςȢρπ 

we see ɝȾ  depends only on [000] and the size of x, regardless of which site we are 

looking at. This holds for any site not involved in the clump. We therefore conclude that 

the ɝȾ  value is identical for any singly-substituted isotopologue with a substitution at 

a site which does not participate in the clumped isotope anomaly. While our results 

suggest we are generally justified in operating under this assumption, there may be some 

cases where we wish to break it; we give an example of how to modify our algorithm in 

such an instance, below.  

 

S2.3 A General Solution for Fragmentation Experiments Without Mass Selection 

In section 2.4.1, we analyzed an experiment where all isotopologues of N2O are 

fragmented and observed. Here, we generalize this argument to any molecule, as follows. 

Suppose a molecule has ὲ distinct chemical elements, ὼȟὼȟȣȟὼ Ȣ For each chemical 

element, we may define up to two sites, ╢●ȟ■▫▼◄ and ╢●ȟ►▄◄╪░▪▄▀ (for fully retained or lost 

elements we need only one). We can order the sites  

 

Ὓ ȟ ȟȣȟὛ ȟ ȟὛ ȟ ȟȣȟὛ ȟ ὛςȢρρ 

and write a fragmentation vector 

Ὢ ρȟȣȟρȟὼȟȣȟὼȢ ὛςȢρς 

For example, in the specific case of ὔὕ molecule fragmented to lose Nouter, we would 

write: 

Ὓ ȟὛ ȟὛ ὛςȢρσ 

and  

Ὢ ρȟρȟὼȢ ὛςȢρτ 
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Now, suppose that site Ὓȟ  has ά  atoms. The unsubstituted ion beam is 

formed by all isotopologues of the form 

πỄπȟỄ πỄπ Ễ ᾀȟỄᾀȟ Ễ ᾀȟỄᾀȟ  where ᾀȟ indicates the isotope 

at the ὮὸὬ atom of site Ὓȟ . We write ὤ for the set containing all sets of substitutions 

 ᾀȟỄᾀȟ Ễ ᾀȟỄᾀȟ  Ȣ If we define ὒὛ  to give the number of possible 

substitutions for site Ὓ, then there are ὔ Б ὒὛȟ  elements of set ὤ. For 

example, in N2O (with the sites defined here), the unsubstituted ion beam is formed by 

[000] and [001] and N = 2.  

Now, consider an observed ion beam with rare isotope substitutions, and suppose 

that site Ὓȟ  has Ὧ atoms. By similar logic, all isotopologues contributing to this 

ion beam have the form 

ώȟỄώȟ ȟỄ ώȟỄώȟ  Ễ ᾀȟỄᾀȟ Ễ ᾀȟỄᾀȟ , where ώȟ indicates 

the isotope at the ὮὸὬ atom of site Ὓȟ , and there are ὔ isotopologues of this 

form. For N2O, for example, the 14N18O ion beam is formed by [020] and [021], and again, 

N = 2.  Note that, by our definition of Ὓȟ ,  ώȟỄώȟ ȟỄ ώȟỄώȟ  is the 

same for all isotopologues in this ion beam.  

Suppose we then measure the ratio between an ion beam and the unsubstituted 

ion beam. Our ratio is 

 

В ώȟỄώȟ ȟỄ ώȟỄώȟ  Ễ ᾀȟỄᾀȟ Ễ ᾀȟỄᾀȟ
  

В πỄπȟỄ πỄπ Ễ ᾀȟỄᾀȟ Ễ ᾀȟỄᾀȟ
 

Ȣ ὛςȢρυ 

As numerator and denominator are summed across the same set ὤ, each has N terms. 

We can write N pairs where ᾀȟ are fixed between numerator and denominator, i.e., of 

the form: 

ώȟỄώȟ ȟỄ ώȟỄώȟ  Ễ ᾀȟỄᾀȟ Ễ ᾀȟỄᾀȟ

πỄπȟỄ πỄπ Ễ ᾀȟỄᾀȟ Ễ ᾀȟỄᾀȟ
Ȣ ὛςȢρφ 
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The ratio of each pair of terms is equal under the stochastic assumption. Using 

Á

Â

Ã

Ä
   ᵼ    

Á Ã

Â Ä

Á

Â
ȟ ὛςȢρχ 

the ratio in eq (S21) is equal to  

ώȟỄώȟ ȟỄ ώȟỄώȟ  Ễ πỄπỄ πỄπ

πỄπȟỄ πỄπ Ễ πỄπỄ πỄπ
Ὗ ὛςȢρψ 

where ὣ gives the substitutions ώȟỄώȟ ȟỄ ώȟỄώȟ . If Ὗ  has an isotope 

ratio (it would not, for example, if Y = 15N17O), then we may approximate this using eq (4). 

For example, for 14N18O: 

πςπ πςρ

πππ ππρ

πςπ

πππ
Ὗ Ὑ Ȣ ὛςȢρω 

Therefore, we conclude that in fragmentation measurements, we can measure 

the ratio between a substituted and the unsubstituted ion beam and interpret the result 

as a site-specific U value or a scalar multiple (for multiatomic sites) of the site-specific 

isotope ratio for the site.  

 

S2.4 A Detailed Analysis of M+N Experimental Issues 

Here, we discuss the effects of experimental issues on the M+N algorithm in more 

detail. We divide our discussion into two sections: first, we discuss our treatment of 

experimental issues, standardization, and propagation of error. Then, we present the 

results of several different correction schemes and show how these affect our reported 

methionine structure.  

We begin with a general description of our standardization process, hoping to 

provide an intuitive understanding. We start with two sets of measurements: the M+N 

relative abundances of the standard, ” ȟ ȟ , and of the sample, 

” ȟ ȟ ȟ for each observed substitution i. Because we will not in general observe 

ŀƭƭ ƛƻƴ ōŜŀƳǎΣ ǘƘŜǎŜ ƻōǎŜǊǾŀǘƛƻƴǎ ŀǊŜ άŀŘƧǳǎǘŜŘέ M+N relative abundances, i.e., a M+N 

relative abundance where the denominator does not include all substitutions.  To 
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determine instrument fractionation, we calculate an approximation of what the standard 

should have looked like, assuming some standard composition, and use this to calculate 

a correction factor Ὧ for each substitution: 

Ὧ” ȟ ȟ ” ȟ Ȣ ὛςȢςπ 

We next apply these to the sample observations, e.g.,  

Ὧ” ȟ ȟ ” ȟ Ȣ ὛςȢςρ 

Doing so results in a problem which is most clearly illustrated in the special case when we 

have observed all substitutions. In this case, we know the sum of the ” ȟ  across 

all isotopes we observe should equal 1, by definition (if we did not observe all 

substitutions, as ” ȟ  is not observed for some isotope i, the sum across the 

isotopes we did observe is <1; note ” ȟ  ƛǎ ƴƻǘ ŀƴ ΨŀŘƧǳǎǘŜŘΩ M+N relative 

abundance). However, the correction factors do not include knowledge of this constraint; 

hence after applying the correction factors, the sum of the ” ȟ  may subtly 

ŘƛŦŦŜǊ ŦǊƻƳ мΦ ²Ŝ ǘƘǳǎ ǊŜƴƻǊƳŀƭƛȊŜΣ ǎǳŎƘ ǘƘŀǘ ǘƘŜ ǎǳƳ ƛǎ м όǘƘƛǎ ƛǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ŀ ά² 

correctionΣέ as W is the name of a variable we use when rigorously investigating this 

correction, below):   

Ὧ” ȟ ȟ

ВὯ” ȟ ȟ

” ȟ

В” ȟ

” ȟ ȟ ὛςȢςς 

and observe:  

” ȟ ȟ ρ ὛςȢςσ 

If we do not observe all ion beams, we know the sum of the ” ȟ  equals 

some constant <1, equal to the sum of the M+N relative abundances of the ion beams 

ǿŜ ŘƛŘ ƻōǎŜǊǾŜΦ ²Ŝ Ŏŀƭƭ ǘƘƛǎ Ŏƻƴǎǘŀƴǘ hΣ ŦƻǊ ǘƘŜ άhōǎŜǊǾŜŘ ŀōǳƴŘŀƴŎŜ ŎƻƴǎǘŀƴǘέΤ ŦƻǊ 

example, for the 61 ion beam of methionine in the M+1 experiment, if we do not observe 

the D ion beam: 
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ὕ ᾀ ᾀ ᾀ ρ ᾀȢ ὛςȢςτ 

In this case, we renormalize and scale to the constant O: 

” ȟ ȟ ὕᶻ
Ὧ” ȟ ȟ

ВὯ” ȟ ȟ

Ȣ ὛςȢςυ 

We may approximate O by various methods, detailed below. In the case that we do not 

have a clear approximation, we may instead omit this correction, and proceed using eq 

S2.21.  

To make this example more concrete, consider the 61 ion beam of methionine and 

suppose that the ion beams have the following (unrealistic) abundances: D = 0.02, 33S = 

0.1, 13C = 0.5, Unsub = 0.38. Suppose that we observe all ion beams, calculate 

fractionation factors, and standardize via eq S2.21. We end up with four ” ȟ  

values. We know a priori that the sum of these must equal 1; hence, we normalize using 

S2.22 such that their sum is 1. In a second case, suppose we do not observe the D ion 

beam. After using S2.21, we end up with three ” ȟ  values. Assuming 

knowledge (or prediction) of ᾀ, we know that their sum equals 0.98; hence we set O = 

0.98 and apply S2.25 to correct for their abundances.  

This process may be clear conceptually, but it is useful to get a more detailed 

understanding of the issues involved. In particular, one will find that, in the absence of 

unresolved ion beams, this correction process is exact; it gives precisely the right answer, 

” ȟ ȟ ” Ȣ This fact may be surprising (it was for the authors) 

and so we investigated the correction scheme in more detail. Readers who are not 

interested in the intricacies of this process may safely skip the following discussion. 

To rigorously investigate how experimental issues affect our observations, we take 

a step a back, and begin by defining a relation between the observed and the actual M+N 

relative abundance values. For substitution i, we may write: 

” ȟ ῲ” ὛςȢςφ 
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where ῲ is a function. Ultimately, we would like to know how to calculate ”  given 

” ȟ , i.e., to invert ῲ. We anticipate that ῲ will be a function of time, as effects 

like instrument fractionation which influence ῲ will vary with time. Thus, our solution to 

this problem must use standardization in some way; we must periodically observe 

standards of known composition to evaluate the current state of ῲ.  

A solution to this problem is to treat ῲ as a proportionality constant, e.g., 

ῲ” ”  for some constant kiΣ ǘƘŜƴ ǳǎŜ άŦƻǊǿŀǊŘ ƳƻŘŜƭέ ǎǘŀƴŘŀǊŘƛȊŀǘƛƻƴ 

to compute ki. For example, we would hypothesize the isotopic composition of our 

standard, use it to compute ” ȟ  ” ȟ ȟ and use this to calculate:  

Ὧ
” ȟ

” ȟ ȟ

” ȟ

” ȟ ȟ

Ȣ ὛςȢςχ 

Our accurate recovery of the ki term depends on the quality of our approximation for the 

standard. We may apply ki to the sample observation: 

Ὧ” ȟ ȟ ” ȟ Ȣ ὛςȢςψ 

Computing our target, ” ȟ , the actual M+N relative abundance of the sample. 

¢Ƙƛǎ ƳŜǘƘƻŘ ƛǎ ōǳǘ ƻƴŜ ŎƘƻƛŎŜ ƻŦ ǘƘŜ ŦǳƴŎǘƛƻƴ ɱΣ ŀƴŘ ŦƻƭŘǎ Ƴŀƴȅ ŘƛŦŦŜǊŜƴǘ 

experimental issues into the constant, Ὧ. It turns out that applying ki in this way will be 

subtly wrong, due to the specific experimental effects on sample and standard. To show 

this, we will analyze how different experimental issues affect ” , then return to 

equation (S2.28) to include these effects. A note to the reader: the following section is 

complicated, introducing new terminology that may be difficult to grasp without a worked 

example. We provide a worked example problem in Table S2.1, below, and further 

examples in a companion spreadsheet. We suggest that the reader refer to that table, 

start with the actual concentrations of the substitutions, and perform the calculations to 

follow the logic of the following section.  
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We begin by writing expressions for these quantities in terms of isotope 

abundances. Writing ᾀ for the actual concentration of substitution i within a given 

fragment, we have: 

”
ᾀ

Вᾀ
Ȣ ὛςȢςω 

Here, j indexes across all substitutions in the fragment; for example, in a fragment 

(like the 61 fragment of methionine) with Ὓ ȟ ὅ , Ὀ and Ὗὲίόὦ ion beams, Ὦ ɴ

Ὓ ȟὈȟὅ ȟὟὲίόὦȢ Of course, if some peaks are lost, the sum should be taken only 

across the observed substitutions. For example, if we do not observe D, we should write: 

Ὦ ɴ Ὓ ȟὅ ȟὟὲίόὦΦ !ŎŎƻǳƴǘƛƴƎ ŦƻǊ ǘƘƛǎ ƛǎǎǳŜ ƎƛǾŜǎ ǳǎ ǿƘŀǘ ǿŜ Ŏŀƭƭ άŀŘƧǳǎǘŜŘέ M+N 

relative abundance, i.e.,  

” ȟ

ᾀ

В ᾀᶰ

ὛςȢσπ 

and likewise for our actual observations, which have the form:  

” ȟ

ᾀ

В ᾀᶰ

ὛςȢσρ 

where we write Ὦɴ έὦί to note the sum is taken only across those ion beams which we 

observe. Next, we will show how the ᾀ  in our observations relate to the ᾀ  

values.  We first account for experimental fractionation. Here, we choose to model all 

fractionation as proportionalτi.e., we can compute the fractionated abundance by 

multiplying ᾀ  by a fractionation factor:  

ᾀ Ὂ  ᾀ ὛςȢσς 

where Ὂ
 

 
 is the fractionation factor for substitution i relating the actual and observed 

absolute abundances. 

Next, we examine the presence of unresolved peaks. First, consider the case 

where two peaks combine; we choose to treat the combined peak as belonging solely to 

the more abundant isotope (e.g., an unresolved peak combining 13C & 17O is assigned to 

be a 13C peak). We may write:  
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ᾀ Ὂ ᾀ ‍Ὂ ᾀ ὛςȢσσ 

where i refers to the first peak, j the second, and ‍  is a constant that accounts for how 

the intensities of the peaks combine. For example, in an instrument where they combine 

linearly, ‍ ρ; in an instrument where the j substitution does not add any intensity to 

the combined ion beam, ‍ π. We can generalize by taking a sum over all other 

substitutions:   

ᾀ ᾀ Ὂ ‍ᾀὊ Ȣ ὛςȢστ 

Note that this sum is taken across ALL peaks, not just the observed ones, as 

unobserved peaks may contribute to observed ones.  

LŦ ǘƘŜ ʲij terms and abundances of other substitutions can be well-constrained via 

some method (for example, for a 17O correction to a 13C ion beam, we may determine 

ᾀ  from observations of 18h ŀƴŘ ŀǎǎŜǊǘ ǘƘŀǘ ʲ13C17O = 1), then we can correct out the 

additional abundance. As noted in the paper, we here do not address this scenario. 

LƴǎǘŜŀŘΣ ǿŜ ǘǊŜŀǘ ǘƘŜ Ƴŀƴȅ ŎŀǎŜǎ ƛƴ ǿƘƛŎƘ ǘƘŜ ʲij will be unknown and may be difficult to 

determine; our treatment has the advantage of being broadly applicable and requiring 

minimal user input, but may be less accurate than other methods. To do so, we 

approximate eq S2.35 in the following way:  

ᾀ ᾀ Ὂ ‍ᾀὊ ᾀ Ὂ Ȣ ὛςȢσυ 

replacing the concentrations and fractionation factors for all unresolved ion beams with 

a single fractionation factor, Ὂ ȟ accounting for all their contributions. As noted in the 

main paper, this approximation will fail when the В ‍ᾀὊ  term differs notably 

between sample and standard (presumably from differences in the concentrations ᾀ) 

and when В ‍ᾀὊ  is large relative to ᾀ Ὂ Ȣ 

With an expression for ᾀ  in hand, we may use this approximation to 

calculate observed M+N relative abundances (cf. eq S2.31): 
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” ȟ

ᾀ

В ᾀᶰ

ᾀ Ὂ 

В ᾀ Ὂᶰ

Ȣ ὛςȢσφ 

Obtaining an expression that relates our experimental observation (” ȟ ) 

to the actual concentrations (ᾀ .  

Returning now to eq (S2.27), we may expand the expression for Ὧ to put it in 

terms of absolute abundances and fractionation factors.   

Ὧ
”

” ȟ

ᾀ

Вᾀ

ᾀ Ὂ 
В ᾀ Ὂ ᶰ

ρ

Ὂ 
ᶻ
В ᾀ Ὂ ᶰ

Вᾀ
ὛςȢσχ 

 

Recall from eq (S2.27), that ki can also be predicted via forward model 

standardization: 

Ὧ 
”

” ȟ

Ȣ ὛςȢσψ 

Note that ”  is not ƛƴ άŀŘƧǳǎǘŜŘέ M+N relative abundance space, i.e., we 

sum across all isotopic peaks, rather than just the observed ones. We may use S2.38 to 

calculate Ὧ values for the standard, then apply them to the sample, hoping to yield 

” ȟ Ȣ Expanding with (S2.36) (observed for the sample) and (S2.37) (calculated 

using the standard) we have: 

 

Ὧ” ȟ ȟ  

ρ

Ὂ ȟ

ᶻ
В ᾀ ȟ Ὂ ȟᶰ

Вᾀ ȟ

ᶻ
ᾀ ȟ Ὂz ȟ

В ᾀ ȟ Ὂ ȟᶰ

Ȣ ὛςȢσω 

An expanded version of our proportional correction from S2.21. We see that S2.39 

is not equal to ” ȟ  ȟ

В
ȟ

, but differs by multiple factors related to 
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sample and standard composition; simply applying a proportional correction factor 

misses these! We therefore suggest additional corrections to account for these factors.  

To assist in analyzing these factors, we begin by multiplying S2.39 by a factor 

(equal to 1):  

Вᾀ ȟ

Вᾀ ȟ

ὛςȢτπ 

yielding (upon rearrangement) 

Ὧ” ȟ ȟ  

ᾀ ȟ

Вᾀ ȟ

ᶻ
Ὂ ȟ

Ὂ ȟ

ᶻ
Вᾀ ȟ

Вᾀ ȟ

ᶻ
 В ᾀ ȟ Ὂ ȟᶰ

В ᾀ ȟ Ὂ ȟᶰ

ὛςȢτρ 

which we may write:  

Ὧ” ȟ ȟ  

” ȟ ᶻ
Ὂ ȟ

Ὂ ȟ

ᶻ
Вᾀ ȟ

В ᾀ ȟ Ὂ ȟᶰ

ᶻ
 В ᾀ ȟ Ὂ ȟᶰ

Вᾀ ȟ

ȢὛςȢτς 

That is, our desired result of ” ȟ  offset by three terms. We interpret these terms 

ŀǎ ŦƻƭƭƻǿǎΦ ¢ƘŜ ŦƛǊǎǘ ƛǎ ŀ άŦǊŀŎǘƛƻƴŀǘƛƻƴ ŦŀŎǘƻǊέ ǘŜǊƳΣ ŘŜŀƭƛƴƎ ǿƛǘƘ ŘƛŦŦŜǊŜƴŎŜǎ ōŜǘǿŜŜƴ 

unresolved fractionation factors for sample and standard: 

 ꞈ

Ὂ ȟ

Ὂ ȟ

Ȣ ὛςȢτσ 

Recall that we folded the correction of unresolved peaks into the fractionation factors 

όǘƘŜ ǎǳōǎŎǊƛǇǘ άǳƴǊŜǎέύτhence, this term captures both drift in instrument fractionation 

as well as subtle differences in the concentration of unresolved ion beams (for example, 

if 13C and 17O are unresolved, and 17h ŘƛŦŦŜǊǎ ōȅ мл ҉ ōŜǘǿŜŜƴ ǎŀƳǇƭŜ ŀƴŘ ǎǘŀƴŘŀǊŘύΦ  

The second two are closely related terms for sample and standard. These give the 

ratio (or its inverse), which we label w:  
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ύ
Вᾀ

В ᾀ Ὂ ᶰ

ὛςȢττ 

and can be thought of as answeringτhow much ion intensity would have been observed 

in a perfect measurement relative to how much was actually observed, given 

experimental issues? As an example, suppose we could have observed ion beams with 

abundances of 2,8, and 10, but the ion beam at intensity 2 is not observed by out 

experiment. Assume also no fractionation occurs. For this experiment, the associated 

term is ρȢρρρȣ . Putting it all together, we may write S2.42 as:  

Ὧ” ȟ ȟ ” ȟ ᶻꞈ  ύz ᶻ
ρ

ύ
Ȣ ὛςȢτυ 

To deal with these factors in forward model standardization, we propose the 

following solution. First, we calculate Ὧ using S2.38 (i.e., via a forward model), and use it 

to compute ” ȟ ᶻꞈ  ύz ᶻ . Next, we will assume that ꞈ  ρ; we do not 

deal with this factor at present. That leaves us with  

Ὧ” ȟ ȟ ” ȟ ύz ᶻ
ρ

ύ
Ȣ ὛςȢτφ 

Now, we may take the term: 

ὡ ύ ᶻ
ρ

ύ

Вᾀ ȟ

В ᾀ ȟ Ὂ ȟᶰ

ᶻ
 В ᾀ ȟ Ὂ ȟᶰ

Вᾀ ȟ

ὛςȢτχ

 

 

and note that, although the individual terms are complicated, W itself is a constant. Thus, 

we have 

Ὧ” ȟ ȟ ” ȟ ὡz ὛςȢτψ 

and may calculate ” ȟ ὡz for all observed ion beams. Next, note a fact about the 

sum of the ” ȟ  for the substitutions we observe. We may write:  
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” ȟ

ᶰ

В ὥ ȟᶰ

Вὥ ȟ

ὕ ὛςȢτω 

ǳǎƛƴƎ άhέ ǘƻ ŘŜƴƻǘŜ ǘƘƛǎ ŀǎ ǘƘŜ άƻōǎŜǊǾŜŘ ŀōǳƴŘŀƴŎŜ ǘŜǊƳΦέ This term gives the ratio of 

the abundances of the actual ion beams we do observe relative to the abundances of all 

ion beams we could have observed for the sample. For example, for the 61 ion beam of 

methionine in the M+1 experiment, if we fail to observe deuterium, this factor is: 

 

ὕ ȟ

ᾀ ᾀ ᾀ

ᾀ ᾀ ᾀ ᾀ
Ȣ ὛςȢυπ 

Now, using the fact that W is a constant, we have:  

 

ὡ ”z ȟ ὡ ” ȟ

ᶰ

ὡ ὕz

ᶰ

Ȣ ὛςȢυρ 

This result allows us to correct for the W constant, in the following way, beginning 

with ” ȟ ȟ  values. First, assume that O is known (it often will not be, but there 

are useful ways of approximating it; we will deal with this shortly). Next, we apply the 

correction factors ki for each substitution i that we observe, obtaining ὡ ”z ȟ  

for each. And from (eq S2.51), we see that we can remove the W term by normalizing the 

sum В ὡ ”z ȟᶰ  and scaling such that it equals O; the values after this 

process will be the ” ȟ  values we are interested in. Note that when  ꞈ ρ and O 

is known (most simply if O = 1 because all ion beams are observed), this correction is 

exact! ²Ŝ ŜƳǇƭƻȅ ǘƘƛǎ άƴƻǊƳŀƭƛȊŜ ŀƴŘ ǎŎŀƭŜέ ǎǘǊŀǘŜƎȅ ŦƻǊ ǘƘŜ ǊŜǎǳƭǘǎ ǇǊŜǎŜƴǘŜŘ ƛƴ ǘƘŜ 

paper.  

Because this process is difficult to grasp without an example, we include a sample 

calculation for the 61 ion beam of methionine, below (Table S2.1); we recommend the 

reader work through it and verify the calculations. We also include a more detailed 

spreadsheet which examines these ion beams under a range of conditions (perfect 

measurement; D not observed; D unresolved from 13C; and D unresolved from 13C and 33S 
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lost). Improvements in precision offered by this correction scheme are sometimes, but 

not always, minor, e.g., ϤлΦм ҉ ƘŜǊŜΤ ƛƴ ǎƻƳŜ ŎŀǎŜǎΣ ǎǳŎƘ ŀ ŎƻǊǊŜŎǘƛƻƴ Ŏŀƴ ōŜ ƻƳƛǘǘŜŘ όōǳǘ 

see below; for the data shown in the paper, correction is necessary for the most accurate 

measurement). The limiting factor tends to be how well the O value can be approximated 

for the sample. We next move to discuss this process.  

Table S2.1: Sample Calculation for Fractionationa 

STANDARD 

 Unsub D 13C 33S Sum 

◑╪╬◄◊╪■ȟ▼◄▀
░  0.034182 0.000562 0.00705 0.019216 0.06101 

ⱬ╪╬◄◊╪■ȟ▼◄▀
░  0.560276 0.009209 0.11555 0.314965 1 

╕╪╫▼ 
░  1.026667 0.985457 0.974324 1.099131 -- 

◑█►╪╬◄░▫▪╪◄▄▀ȟ▼◄▀
░  0.035094 0.000554 0.006869 0.021121 0.063637 

ⱬ█►╪╬◄░▫▪╪◄▄▀ȟ▼◄▀
░  0.551469 0.0087 0.107935 0.331895 1 

▓░ 1.01597 1.058457 1.07055 0.948988 -- 

SAMPLE 

 Unsub D 13C 33S Sum 

◑╪╬◄◊╪■ȟ▼□▬
░  0.034043 0.000694 0.007031 0.019414 0.061182 

ⱬ╪╬◄◊╪■ȟ▼□▬
░  0.556417 0.011336 0.114927 0.31732 1 

◑█►╪╬◄░▫▪╪◄▄▀ȟ▼□▬
░  0.034951 0.000683 0.006851 0.021339 0.063824 

ⱬ█►╪╬◄░▫▪╪◄▄▀ȟ▼□▬
░  0.54761 0.010709 0.107341 0.33434 1 

╦
ⱬz╢□▬ȟ╬╪■╬◊■╪◄▄▀
░  

0.556356 0.011335 0.114914 0.317285 0.999889 

ⱬ╢□▬ȟ╬╪■╬◊■╪◄▄▀
░  0.556417 0.011336 0.114927 0.31732 1 

a: Sample calculations for the forward model standardization of the 61 ion beam of methionine. The 
fractionation factors were randomly drawn from a normal distribution with mu = 1 and sigma = 0.05. Our 

target values for the sample are the row ἩἫἼἽἩἴȟἻἵἸ
ἱ ; our result after correction is the row ἡἵἸȟἫἩἴἫἽἴἩἼἭἬ

ἱ Ȣ 

²ƛǘƘƻǳǘ ŎƻǊǊŜŎǘƛƴƎ ƻǳǘ ǘƘŜ ά²έ ŦŀŎǘƻǊΣ ǿŜ ƻōǘŀƛƴ ἥᶻ ἡἵἸȟἫἩἴἫἽἴἩἼἭἬ
ἱ . Using the correction gives us 

ἡἵἸȟἫἩἴἫἽἴἩἼἭἬ
ἱ ȟ ǘƘŜ ŎƻǊǊŜŎǘ ǾŀƭǳŜǎΦ CƻǊ ǘƘƛǎ ŜȄŀƳǇƭŜΣ h Ґ мΦ ²Ŝ ŜȄŀƳƛƴŜ ŎŀǎŜǎ ǿƘŜǊŜ h ґ м ƛƴ ǘƘŜ ŎƻƳǇŀƴƛƻƴ 

spreadsheet.  
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There is no way to directly measure the O factor; it must be calculated somehow. 

We now discuss several ways to do so; as we will see, the method one chooses can have 

a profound effect on the accuracy and precision of the final reported values. Moreover, 

the method to calculate the O value is the main choice that users will make in how to 

process their data; having a good understanding of when and why to use various methods 

is necessary to make a good choice for a particular measurement. Our discussion here 

should be thought of as a point of departure for future work, which may improve on our 

suggested methods.  

We begin by discussing two basic strategies one may use to compute the O factor; 

ƻƴŜ ǊŜƭȅƛƴƎ ƻƴ ŀ ŦƻǊǿŀǊŘ ƳƻŘŜƭ όǘƘŜ άǘƘŜƻǊŜǘƛŎŀƭέ ŎƻǊǊŜŎǘƛƻƴύ ŀƴŘ ŀƴƻǘƘŜǊ ǳǎƛƴƎ 

ƻōǎŜǊǾŀǘƛƻƴǎ ƻŦ ƻǘƘŜǊ ƛƻƴ ōŜŀƳǎ όǘƘŜ άŜȄǇŜǊƛƳŜƴǘŀƭέ ŎƻǊǊŜŎǘƛƻƴύΦ Lƴ ǘƘŜ ŦƛǊǎǘ ŎŀǎŜΣ ǿŜ Ŏŀƴ 

specify a predicted isotopic composition and calculate the O factor based on the relative 

abundances of ion beams for that prediction. For example, with the 61 ion beam of 

methionine in the M+1 experiment, if we do not observe the deuterium beam, we may 

calculate: 

ὕ ȟ ȟ

ᾀ ȟ ᾀ ȟ ᾀ ȟ

ᾀ ȟ ᾀȟ ᾀ ȟ ᾀ ȟ
ὛςȢυς 

using a forward model of the sample FMSMP. In some cases, our predicted isotopic 

composition will be the same as the forward model of our standard (i.e., the forward 

model for sample and standard are identical); if we know independently that sample and 

standard differ, we may hypothesize a different forward model for the sample. Using this 

approach will give an O factor that is subtly wrong, but close to accurate; hence, we 

suggest a Monte Carlo approach to estimate the error induced by this approximation. For 

each fragment, we construct a normal distribution ὔὕȟ„ where the mean is the 

forward model O factor for the standard and „ is a user-specified parameter (e.g., 1 or 

н҉ ƻŦ hύΦ ²Ŝ ǘƘŜƴ ǎƻƭǾŜ ƻǳǊ ŀƭƎƻǊƛǘƘƳ b ǘƛƳŜǎ όǘȅǇƛŎŀƭƭȅ b Ґ млллύ ŘǊŀǿƛƴƎ ƴŜǿ 

correction factors for each fragment each time and report the means and standard 

deviations of the results. When combined with the Monte Carlo for experimental error 
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(see below), we pick a new factor each round of that Monte Carlo process (rather than 

running N = 1000 times for each iteration of the experimental error Monte Carlo).  

To gain an understanding of how this process works, it is useful to have a model 

system; we once again turn to the M+1 measurement of methionine. For the synthetic 

dataset we present, with low abundance cutoff of 1% and resolution of 120,000, there 

are four fragments which must be correctedτfull, 133, 102, and 61 (the first 3 do not 

observe 17O ion beams due to low resolution, while 61 does not observe D due to low 

ŀōǳƴŘŀƴŎŜύΦ ¢ƻ ŎŀƭƛōǊŀǘŜ ƻǳǊ ŀǇǇǊƻŀŎƘΣ ǿŜ ŎŀƭŎǳƭŀǘŜ ǇƭŀǳǎƛōƭŜ άŜȄǘǊŜƳŜέ ǾŀƭǳŜǎ ŦƻǊ ǘƘŜ h 

factors for these beams, in the following way. For each position of methionine, we specify 

plausible ranges of isotopic composition; we assume we know the molecular avg 13C to 

ǿƛǘƘƛƴ лΦм ҉Σ ŀƴŘ ǘƘŀǘ ƛǘ ŘƻŜǎ ƴƻǘ ǾŀǊȅ ōȅ Ǉƻǎƛǘƛƻƴ όǘƘƛǎ ŀǎǎǳƳǇǘƛƻƴ ƛǎ ǿǊƻƴƎΣ ōǳǘ ǘƘŜ 

positional distribution turns out not to matter in this case; we observe every 13C site for 

each fragment, either in the 13C or Unsub ion beams; thus, variations in position will not 

affect how much of the M+1 population we observe, and the site-specific distribution is 

irrelevant to our calculation of the O factor). For other heavy elements, we allowed a 

range of -25 to 25 vs AIR, VSMOW, or CDT; for hydrogen, we allowed a range of -250 to 

250 vs VSMOW. For each fragment, the minimum extreme O factor was computed with 

ǘƘŜ ƘƛƎƘŜǎǘ ʵ ǾŀƭǳŜ ŦƻǊ ŀƭƭ Ǉƻǎƛǘƛƻƴǎ ǿŜ Řƻ not observe (e.g., the 17O for fragment 133) and 

the lowest value for all positions we do observe; the maximum extreme was the opposite.  

The results of O factors computed for this theoretical correction and Monte Carlo 

approach are visualized in Figure S2.2, for the 61, 133, and full ion beams. We observe 

that the proper width of the distribution depends on the fragment of interest; for the 61 

ŦǊŀƎƳŜƴǘΣ ǳǎƛƴƎ ˋ Ґ м ҉ ƻŦ ǘƘŜ ŦƻǊǿŀǊŘ ƳƻŘŜƭ h ŦŀŎǘƻǊ ƎƛǾŜǎ ŀ ŘƛǎǘǊƛōǳǘƛƻƴ ǘƘŀǘ ǊŜŀŎƘŜǎ 

the bounds of the extreme values, but does not sample outside them; for the 133 and full 

ŦǊŀƎƳŜƴǘǎΣ ˋ Ґ м҉ ŜȄǘŜƴŘǎ ŦŀǊ ōŜȅƻƴŘ ǘƘŜ ŜȄǘǊŜƳŜ ǾŀƭǳŜǎΣ ŀƴŘ Ŏŀƴ ōŜ ŎƻƴǎƛŘŜǊŜŘ ƻǾŜǊƭȅ 

broad for this problem. Second, we observe that the mean of the distributions; i.e., the 

computed forward model O factors, can differ from the actual O factor (which will 

typically be unknown); this is most notable for the 61 fragment, where the majority of the 
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O factors we sample are below the actual value. In any case, knowledge of the extreme 

values is helpful in defining the proper width of the distribution. The range of extreme 

values will be tighter if we know more information about the molecule; for example, if we 

knew 15N precisely, rather than varying from -25 to 25, we could achieve tighter bounds. 

Hence, knowledge of the isotopic composition of other parts of the molecule will assist 

with this O factor computation.  

 

Figure S2.2: Histograms of the recovered / ȟ  values for three different calculation methods. The 

correct value is shown by the red solid line. Extreme values, i.e., the highest or lowest possible answer 
ōŀǎŜŘ ƻƴ ǊŜŀǎƻƴŀōƭŜ ŀǎǎǳƳǇǘƛƻƴǎ ƻŦ ǘƘŜ ǎŀƳǇƭŜΩǎ ƛǎƻǘƻǇƛŎ ŎƻƴǘŜƴǘΣ ŀǊŜ ŘŜǇƛŎǘŜŘ ǿƛǘƘ ŘƻǘǘŜŘ ǊŜŘ ƭƛƴŜǎΦ 
¢ƘŜ ōƭŀŎƪ ōŀǊǎ ǎƘƻǿ ǊŜǎǳƭǘǎ ǳǎƛƴƎ ǘƘŜ άǘƘŜƻǊŜǘƛŎŀƭέ ŎŀƭŎǳƭŀǘƛƻƴ ƳŜǘƘƻŘΣ ōŀǎŜŘ ƻƴ ŀ ŦƻǊǿŀǊŘ ƳƻŘŜƭ ƻŦ ǘƘŜ 
sample, witƘ ˋ ƻŦ м҉Τ ǘƘŜ ƻǊŀƴƎŜ ōŀǊǎ ǎƘƻǿ ǘƘŜ ǎŀƳŜΣ ǿƛǘƘ ˋ ƻŦ н҉Τ ŀƴŘ the blue bars show results using 
ǘƘŜ άŜȄǇŜǊƛƳŜƴǘŀƭέ ŎƻǊǊŜŎǘƛƻƴΣ ōŀǎŜŘ ƻƴ ƻōǎervations of the 104 fragment (discussed below). 
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!ƴ ŀƭǘŜǊƴŀǘƛǾŜ ƳŜǘƘƻŘΣ ǿƘƛŎƘ ǿŜ ǘŜǊƳ ǘƘŜ άŜȄǇŜǊƛƳŜƴǘŀƭέ ŎƻǊǊŜŎǘƛƻƴΣ ƛǎ ǘƻ ǳǎŜ 

information from a different observed fragment to constrain the O factor for a target 

fragment. We do so by taking advantage of a consequence of M+N relative abundance 

spaceτion beams from two different fragments containing the same isotopologues will 

have the same M+N relative abundance. Suppose, for example, that we do not observe 

the D ion beam for the 61 fragment, but also measure the 104 fragment of methionine, 

and observe all of its substitutions: 15N, 13C, 33S, D, and Unsub. In this case, the actual M+1 

relative abundance of 33S in the 61 ion beam will be the same as the M+1 relative 

abundance as the 33S ion beam of the 104 fragment. That is, while our observation for the 

61 ion beam was: 

” ȟ  

 ᾀ

ᾀ ᾀ ᾀ
ὛςȢυσ 

we independently know that: 

” ȟ ” ȟ ” ȟ  

 

ᾀ ȟ

ᾀ ȟ ᾀ ȟ ᾀ ȟ ᾀ ȟ ᾀ ȟ

Ȣ ὛςȢυτ
 

Therefore, we may calculate our correction factor as  

ὕ
” ȟ

” ȟ

” ȟ

” ȟ

Ȣ ὛςȢυυ 

This correction may be appropriate if we do not want to calculate a forward 

model, or if we have precisely constrained the relevant observations. When accounting 

for experimental error via a Monte Carlo approach (see below for more detail), we will 

end up with some range of computed O factors via this approach as well; these 

distributions are also plotted in Figure S2.2 (we also correct 133 and full, which do not 

observe the 17O ion beams, using the 33S beam of fragment 104). For the specific scenario 

we model, the range of values we record is broader than the extreme values but centered 

more closely to the actual value (most obviously for the 61 fragment).  
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Next, we examine the effects of different correction methods on our final reported 

isotopologue-specific U values. To do so, we computed results for our algorithm with no 

ŎƻǊǊŜŎǘƛƻƴΣ ǿƛǘƘ ǘƘŜ άǘƘŜƻǊȅέ ŎƻǊǊŜŎǘƛƻƴ ǿƛǘƘ ǾŀǊȅƛƴƎ ǾŀƭǳŜǎ ƻŦ ˋ όлΣ м҉Σ ŀƴŘ н҉ύΣ ŀƴŘ 

with the experimental correction for the relevant fragments (full, 133, 61) and the theory 

correction wƛǘƘ ˋ Ґ м҉ ŦƻǊ ǘƘŜ ƻǘƘŜǊ ŦǊŀƎƳŜƴǘ όмлнύΦ ²Ŝ ǎƘƻǿ ƻǳǊ ǊŜǎǳƭǘǎ ŦƻǊ ǘƘŜ ƘŜŀǾȅ 

isotopes of methionine in Figure S2.3. These corrections have the most profound effect 

on ὅ ȟ although the changes are qualitatively similar for all affected sites. Here, the 

άǘƘŜƻǊŜǘƛŎŀƭέ ŎƻǊǊŜŎǘƛƻƴ Ƴŀȅ ƳŀǊƎƛƴŀƭƭȅ ōǳǘ ƴƻǘ ǎǳōǎǘŀƴǘƛŀƭƭȅ ƛƳǇǊƻǾŜ ǘƘŜ ŀŎŎǳǊŀŎȅ ƻŦ ƻǳǊ 

reported values; moreover, if we sample a broad distribution, it can significantly increase 

ƻǳǊ ǊŜǇƻǊǘŜŘ ŜǊǊƻǊ ōŀǊǎΦ Lƴ ŎƻƴǘǊŀǎǘΣ ǘƘŜ άŜȄǇŜǊƛƳŜƴǘŀƭέ ŎƻǊǊŜction improves our 

accuracy, but in this case, harms our precision. We note this may not be the case in all 

systems (if we had much tighter bounds on 33S, we may not lose so much precision), and 

in some instances an experimental correction may give the best result. At this point, it 

should be clear that the choice of correction scheme may have a profound effect on our 

reported results; as neither correction scheme gives us both accurate and precise results, 

we next examine some further improvements. 
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Figure S2.3: Results of the theoretical and experimental correction schemes compared to no correction. 
9ŀŎƘ ǊŜǎǳƭǘ ǳǎŜǎ ǘƘŜ ƳŜǘƘƛƻƴƛƴŜ ŘŀǘŀǎŜǘ ǿƛǘƘ ŀƭƭ ŜȄǇŜǊƛƳŜƴǘŀƭ ƛǎǎǳŜǎ ǎƘƻǿƴ ƛƴ ǘƘŜ Ƴŀƛƴ ǇŀǇŜǊΦ ¢ƘŜ άbƻ 
ŎƻǊǊŜŎǘƛƻƴέ Řŀǘŀ Ǉƻƛƴǘǎ Řƻ ƴƻǘ ƛƴŎƭǳŘŜ ŀƴȅ ƪƴƻǿƭŜŘƎŜ ƻŦ ǘƘŜ h Ǿalues. Remaining points incorporate either 
theoretical or experimental corrections with various distributions. The experimental correction improves 
accuracy at the expense of precision; the theoretical correction improves accuracy only slightly, and may 
harm precision if the chosen distribution is too wide. The correction we choose can powerfully affect our 
recovered results and errors, but the corrections shown here could be improved.  

 

First, we look at a possible improvement to the theoretical correction scheme. The 

accuracy of this method depends on the accuracy of the forward model. We suggest an 

iterated approach to improve the accuracy of our forward model, as follows: first, we 

specify a forward model for the sample and solve using the theoretical correction, as 

before. Then, we use the resulting site-specific delta values to compute a new forward 

model for the sample. Using this new forward model, we solve as before. We repeat this 

ǇǊƻŎŜǎǎ ǎƻƳŜ ƴǳƳōŜǊ ƻŦ ƛǘŜǊŀǘƛƻƴǎ όǿŜ ƘŀǾŜ ǘǊƛŜŘ Ғрлύ ƻǊ ǳƴǘƛƭ ǘƘŜ ǇǊƻŎŜǎǎ ŎƻƴǾŜǊƎŜǎ 

(i.e., output deltas from one iteration are within some tolerance of deltas from the 

ǇǊŜǾƛƻǳǎ ƛǘŜǊŀǘƛƻƴύΦ !ǎ ōŜŦƻǊŜΣ ǿŜ Ƴŀȅ ǇŜǊŦƻǊƳ ǘƘƛǎ ǇǊƻŎŜŘǳǊŜ ǳǎƛƴƎ ǾŀǊƛƻǳǎ ǾŀƭǳŜǎ ƻŦ ˋΦ 

We show results from this simulation in Figure S2.пΣ Ǌƻǿǎ м ŀƴŘ нΣ ǳǎƛƴƎ ǾŀƭǳŜǎ ƻŦ ˋ Ґ л 
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ŀƴŘ ˋ Ґ м҉Σ ǊŜǎǇŜŎǘƛǾŜƭȅΦ CƻǊ ǘƘŜ см ŦǊŀƎƳŜƴǘ ŀƴŘ ˋ Ґ лΣ ǿŜ ǎŜŜ ŀ ǎǳōǎǘŀƴǘƛŀƭ 

improvement in the accuracy of our ὕ  value with more iterations; the other fragments 

Řƻ ƴƻǘ ŘƛŦŦŜǊ ƴƻǘƛŎŜŀōƭȅΦ ²ƘŜƴ ǳǎƛƴƎ ˋ Ґ м҉Σ ǿŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎƭȅ ǎŜŜ ŀ ǎƘƛŦǘ ƛƴ ǘƘŜ ŎŜƴǘŜǊ 

of the histogram for the 61 fragment, and no noticeable difference for the other 

fragments.  

! ǎŜŎƻƴŘ ǇƻǘŜƴǘƛŀƭ ƛƳǇǊƻǾŜƳŜƴǘ ǿŜ ŜȄǇƭƻǊŜ ƛǎ ŀƴ άŜȄǘǊŜƳŜ ǾŀƭǳŜ ŎǳǘƻŦŦΣέ using 

our calculated extreme values to inform the distribution that we sample. The idea here is 

that, as O values outside of the accepted range for a given fragment are physically 

unrealistic, we should not use these results. In our implementation, whenever we 

compute an O factor outside the allowed bounds, we set it equal to the closest bound. 

We note that this process is compatible with both theoretical and experimental 

corrections and with or without iteration. Results from this method applied to the 

ǘƘŜƻǊŜǘƛŎŀƭ ŎƻǊǊŜŎǘƛƻƴ όǿƛǘƘ ˋ Ґ м҉ύ ŀƴŘ ŜȄǇŜǊƛƳŜƴǘŀƭ ŎƻǊǊŜŎǘƛƻƴ ŀǊŜ ŀƭǎƻ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ 

S2.4; these simulations were performed with the iteration process described above. In 

ǘƘƛǎ ŎƛǊŎǳƳǎǘŀƴŎŜΣ ŀǎ Ƴƻǎǘ ƻŦ ǘƘŜ ǊŜǎǳƭǘǎ ǎŀƳǇƭŜŘ ŀǊŜ ƻǳǘǎƛŘŜ ƻŦ ǘƘŜ άŜȄǘǊŜƳŜέ ǾŀƭǳŜǎΣ ǿŜ 

find that values at the bounds themselves are highly represented. This issue is more 

pronounced for the experimental correction, likely due to the wider distribution sampled 

by this method.  



 

 

83 

 

Figure S2.4: Histograms of recovered O values for the 61, 133, and full fragments using iterated and extreme 
ǾŀƭǳŜ ŀǇǇǊƻŀŎƘŜǎΦ ¢ƻǇ wƻǿΥ ¢ƘŜ ǘƘŜƻǊŜǘƛŎŀƭ ŎƻǊǊŜŎǘƛƻƴ ǿƛǘƘ ˋ Ґ л ŀƴŘ рл ƛǘŜǊŀǘƛƻƴǎΤ ǿŜ ǎŜŜ ǎǳōǎǘŀƴǘƛŀƭ 
improvement for O61 ŀƴŘ ƴƻ ǎƛƎƴƛŦƛŎŀƴǘ ŎƘŀƴƎŜǎ ŦƻǊ ƻǘƘŜǊ ŦǊŀƎƳŜƴǘǎΦ {ŜŎƻƴŘ wƻǿΥ ¢ƘŜ ǎŀƳŜΣ ǿƛǘƘ ˋ Ґ м ҉Τ 
again we see improvement for O61 and no improvement for other fragments. Third Row: The theoretical 
correction method with an extreme value cutoff, where all values outside the computed bounds are 
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assigned to be at those bounds, and 50 iterations. Iteration does not substantially change the histograms, 
and the bounds are heavily sampled. Fourth Row: The experimental correction method with an extreme 
value cutoff and an iterated solution. Iteration did not result in noticeable changes to the histograms. The 
bounds are heavily represented due to the width of the experimental correction distributions.  
 

As before, we plot the results from this set of simulations for the heavy isotopes 

of interest, in Figure S2.5. We find the iterated correction scheme to be the best solution, 

giving accurate values and smaller error bars than we saw previously for the experimental 

ŎƻǊǊŜŎǘƛƻƴΦ ²Ŝ ŦƛƴŘ ǘƘŀǘ ƻǳǊ ǊŜǎǳƭǘǎ ŦǊƻƳ ˋ Ґ л ǘƻ ōŜ ǘƘŜ Ƴƻǎǘ ŀŎŎǳǊŀǘŜ ŀƴŘ ǇǊŜŎƛǎŜΦ 

Because the O factors sample many values over the course of an iterated solution, we 

ŎƻƴǎƛŘŜǊ ƛǘ ŀǇǇǊƻǇǊƛŀǘŜ ǘƻ ǳǎŜ ǘƘƛǎ ŎƻǊǊŜŎǘƛƻƴ ǎŎƘŜƳŜ όŀǎ ƻǇǇƻǎŜŘ ǘƻ ˋ Ґ л ŀnd no 

iteration, which we know samples only an incorrect value). These results come with a 

tradeoff in terms of computational time; solving a single M+1 solution for methionine 

ǘŀƪŜǎ Ғмл ǎŜŎƻƴŘǎΣ ǿƘƛƭŜ ǊŜŎŀƭŎǳƭŀǘƛƴƎ ǎƻ ƛǘŜǊŀǘƛƴƎ рл ǘƛƳŜǎ ƳŜŀƴǎ ƻǳǊ ŀƭƎƻǊƛǘƘm takes 

ŀǊƻǳƴŘ Ғмл ƳƛƴǳǘŜǎΦ ²ƘƛƭŜ ǘƘƛǎ ƛǎ ǇǊŀŎǘƛŎŀƭ ŦƻǊ aҌмΣ ŦƻǊ ƘƛƎƘŜǊ ƻǊŘŜǊ ƳŜǘƘƻŘǎ όŜΦƎΦΣ aҌп 

ǿƘƛŎƘ ǘŀƪŜǎ Ғн ƳƛƴǳǘŜǎύ ƻǊ ƳƻǊŜ ŎƻƳǇƭƛŎŀǘŜŘ ǎȅǎǘŜƳǎ ǘƘƛǎ Ƴŀȅ ǊŜǎǳƭǘ ƛƴ ƛƴǘǊŀŎǘŀōƭŜ 

computations. The results in the main paper are presented using this iterated correction 

ǎŎƘŜƳŜ ŦƻǊ ǘƘŜ aҌм ŘŀǘŀǎŜǘ ŀƴŘ ŀ ǘƘŜƻǊŜǘƛŎŀƭ ŎƻǊǊŜŎǘƛƻƴ ǿƛǘƘ ˋ Ґ м ҉ ŦƻǊ ǘƘŜ ǊŜƳŀƛƴƛƴƎ 

M+N datasets. We note that there are possible ways to optimize our algorithmτfor 

example, currently we solve the matrix inversion for every Monte Carlo run (e.g., 1000x) 

so performing this for 50 iterations means 50,000 matrix inversionsτand we believe it is 

possible to substantially reduce this computation time in future work. In contrast, 

applying the extreme value cutoffs gives a modest benefit and is much cheaper in terms 

of computational time; improving on this method may be useful much more complex 

problems.  

The number of variations on this correction scheme may seem overwhelming, so 

we here offer a practical guide to implementing them. When measuring a new system, 

users should begin by generating simulated sample and standard datasets with the 

experimental issues they anticipate (low abundance cutoffs, unresolved peaks, 

fractionation). They should then attempt to compute the isotopologue ratios of interest 
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ǳǎƛƴƎ мύ ƴƻ ŎƻǊǊŜŎǘƛƻƴ ǎŎƘŜƳŜΤ нύ ǘƘŜ άǘƘŜƻǊŜǘƛŎŀƭέ ŎƻǊǊŜŎǘƛƻƴ ǎŎƘŜƳŜ ǿƛǘƘ ˋ Ґ м҉Τ ŀƴŘ 

оύ ǘƘŜ ƛǘŜǊŀǘŜŘ ǘƘŜƻǊŜǘƛŎŀƭ ŎƻǊǊŜŎǘƛƻƴ ǎŎƘŜƳŜ ǿƛǘƘ ˋ Ґ л҉Τ ŀƴŘ ŎƻƳǇŀǊŜ ǘƘŜ ǊŜǎǳƭǘǎΦ ¢ƘŜȅ 

may proceed with the simplest correction scheme which gives precise and accurate 

results for their system of interest. If none of these give appropriate results, and/or 

computational time with the iterated scheme is a concern, they should then investigate 

further correction schemes.  

 

Figure S2.5: Results for the M+1 sites with iterated theoretical correction schemes and extreme value 
ŎǳǘƻŦŦǎ ŦƻǊ ōƻǘƘ ŜȄǇŜǊƛƳŜƴǘŀƭ ŀƴŘ ǘƘŜƻǊŜǘƛŎŀƭ ŎƻǊǊŜŎǘƛƻƴ ǎŎƘŜƳŜǎΦ ¢ƘŜ ƛǘŜǊŀǘŜŘ ŎƻǊǊŜŎǘƛƻƴ ǎŎƘŜƳŜ ǿƛǘƘ ˋ Ґ 
0 gives the best results, recovering the accurate values with error bars comparable to the case of no 
correction. We use this correction scheme in for the results presented in the main paper and suggest it for 
future work. The extreme value cutoff method is computationally simpler and results in marginal 
improvement, so may be considered for some applications.  
 

We conclude this section by explaining the propagation of experimental error, 

which we achieve by a Monte Carlo simulation. For each iteration, we perturb both 

sample and standard in the following way. For each fragment, for each substitution, we 

draw a value from ﬞ ‘ȟ„ ǿƘŜǊŜ ˃ ŀƴŘ ˋ ŀǊŜ ǘƘŜ ƳŜŀƴ ŀƴŘ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ƻŦ ǘƘŜ 

M+N relative abundance of that substitution; we then normalize, so the M+N relative 

abundances of all ion beams for each fragment sum to 1 (i.e., as a real observation). We 

then standardize, following the method above. If we correct using O factors, we generate 

them as part of the standardization, following either the theoretical or experimental 
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ŎƻǊǊŜŎǘƛƻƴǎΦ ²Ŝ ǎƻƭǾŜ ŦƻǊ ǎǇŜŎƛŦƛŎ ˊ ǾŀƭǳŜǎ via matrix inversion. We then compute the 

relevant Ὗ , as discussed in the paper, and report our results as ‏ values relative to 

the standard. We repeat this process N (typically N = 1000) times, and report means and 

standard deviations for each recovered value. We take these standard deviations as our 

error bars. If we are iterating to generate the O factors, we then repeat this entire process, 

starting by drawing new values from ﬞ‘ȟ„, and using the updated forward model of 

the sample to compute new O factors.  

All the individual steps have been discussed above, except for the perturbation of 

sample and standard. We have one comment to make about the normalization step: 

normalization causes the distributions we use for the Monte Carlo to subtly differ from 

those specified by the mean and standard deviation alone, as perturbations of one ion 

beam cause variations in the normalized values of others (Note that there are two 

normalization steps in the entire process; 1) the normalization here, following 

perturbation of sample and standard and 2) the normalization for the O factor correction.) 

To see this, we provide an example of a single normalization in Table S2.2, again using the 

61 ion beam of methionine; the values following normalization differ from those following 

the perturbation itself, and the normalization values are correlated.  

Table S2.2: An Example Perturbation of Experimental Error 

 Measurement Error Perturbed Normalized 

D 0.009209 9.21 x 10-6 0.009204 0.009203 

33S 0.11555 1.16 x 10-4 0.115526 0.115513 

13C 0.314965 3.15 x 10-4 0.315214 0.315179 

Unsub 0.560276 5.60 x 10-4 0.560168 0.560105 

SUM 1  1.000113 1 

 
A visualization of these effects across many iterations is shown below, in Figure 

S2.6. The histogram gives the probabilities calculated with normalization όάǇŜǊǘǳǊōŜŘ 

ŘƛǎǘǊƛōǳǘƛƻƴέύΣ ǿƘƛƭŜ ǘƘŜ ǊŜŘ ƭƛƴŜ ƎƛǾŜǎ ǘƘŜ ŘƛǎǘǊƛōǳǘƛƻƴ ǿƛǘƘƻǳǘ normalization (i.e., the 
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ǾŀƭǳŜ ƛŦ ǿŜ ǘǊŜŀǘŜŘ ǘƘŜ ˃ ŀƴŘ ˋ ŦǊƻƳ ƻǳǊ ƳŜŀǎǳǊŜƳŜƴǘǎ ŀǎ ǳƴŎƻǊǊŜƭŀǘŜŘύΦ ²Ŝ ŦƛƴŘ ǘƘŀǘ 

this process broadens the distribution for low abundance peaks (D) and narrows it for 

high abundance ones (Unsub). There may be more rigorous methods of perturbationτ

for example, defining a Dirichlet distribution for the ion beams of each fragment, or 

determining covariances directly from experimental dataτwhich we suggest as avenues 

for improvement of our algorithm.  

 

 

Figure S2.7: The sampled values for each peak of the 61 fragment of the M+1 measurement of methionine 
using our Monte Carlo method. For each iteration, we select a new value for each peak based on 
experimental error; we then normalize. Because the normalize step correlates errors from each ion beam, 
the final distribution for an ion beam may differ from its stated distribution based on mean and standard 
deviation. The histogram plots sampled values following normalize for each peak, while the line plots the 
distribution we drew from prior to normalize. We find normalize broadens the distribution of low 
abundance peaks (e.g., D) and narrows it for high abundance peaks (e.g., Unsub).  
 
 

S2.5: Additional Simulations and Modifications to the Algorithm 

In the main text, we presented the output of our algorithm applied to M+N 

experiments on methionine with several types of experimental issues. Here, we present 

some additional results with variations to our algorithm. First, we demonstrate that if the 
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only experimental issue is instrument fractionation, and the standard is known perfectly, 

forward model standardization is exact. Next, we show a different method of 

standardization, which does not rely on a forward model, and demonstrate this is inferior 

in our case to forward model standardization. Finally, we develop and show a method to 

correct for large deviations from the stochastic assumption. Source code for these tests 

is available at https://github.com/Csernica/Isotomics/tree/v1.0.0. 

 

S2ΦрΦмΥ άCƻǊǿŀǊŘ aƻŘŜƭέ {ǘŀƴŘŀǊŘƛȊŀǘƛƻƴ 

This test demonstrates that when the only experimental issue is instrument 

fractionation, forward model standardization is exact. The forgoing section provides a 

justification of this fact; we here report some representative data from this problem 

(Table S2.3). We show the recovered values for each site of the sample following 

application of our algorithm. Here, delta values are given relative to the appropriate 

reference frame (VPDB for carbon, VSMOW for oxygen, CDT for sulfur, AIR for nitrogen, 

and VSMOW for hydrogen).  

 
Table S2.3 Forward Model Standardization Methionine Structure 

Site # 
Atom

s 

ἡἢἎȟἩἫἼἽἩἴ
  ἡἙἜȟἩἫἼἽἩἴ

  ἡἷἴἽἼἱἷἶ
  

C-methyl 1 -30 -45 -45.00000 

C-gamma 1 -30 -35 -35.00000 

C-
alphabeta 

2 -30 -30 -30.00000 

C-carboxyl 1 -30 -25 -25.00000 

O-carboxyl 2 0/0 -13/-25 -13.00000/-25.00000 

S-sulfur 1 0/0/0 2.5/4.854367/9.22339
1  

2.500000/4.854369/9.22330
1 

N-amine 1 0 10 10.00000 

H-methyl 3 0 -250 -250.00000 

H-gamma 2 0 -100 -100.00000 

H-
alphabeta 

3 0 0    3.33067e-11 

https://github.com/Csernica/Isotomics/tree/v1.0.0
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H-amine 2 0 100 100.00000 

H-hydroxyl 1 0 250 250.00000 

H-
protonate

d 

1 0 0 -4.99600e-12 

 

Clumped Measurements Number ἡἢἛἍἒȟἩἫἼἽἩἴ
ἡἢἎ  ἡἢἛἍἒȟἩἫἼἽἩἴ

ἡἙἜ  ἡἢἛἍἒȟἡἷἴἽἼἱἷἶ
ἡἙἜ  

13C methyl | 13C gamma 1 0 0 0.00000 

13C carboxyl | 15 N amine 1 0 0 0.00000 

13C methyl | 13C gamma | 
33S sulfur 

1 0 0 0.00000 

18O carboxyl | 15N amine 1 0 0 0.00000 

13C methyl | 13C gamma | 
13C alphabeta | 13C 

alphabeta 

1 0 0 0.00000 

13C methyl | 17O carboxyl | 
18O carboxyl 

1 0 0 0.00000 

A representative sample of M+N solutions from the fractionation factor measurement 
 

S2.5.2: Alternative Standardization 

While the forward model standardization approach does well in many 

circumstances, in some cases it may be preferable to not have to specify any information 

about our standard. Attempting to avoid this problem, we also investigated an approach 

with no forward model. In this case, we do not apply correction factors and use ”  

directly for both sample and standard, solving the matrix as in eq 65, then apply UM+N 

values to calculate isotopologue-specific U values for both sample and standard (e.g., for 

13C-methyl, we get U13Cmethyl,SMP and U13Cmethyl,STD). Then, we report changes between 

sample and standard for each of these isotopologue-specific U values.   

Results are shown in Table S2.4. Results for the non-hydrogen sites are generally 

ǿƛǘƘƛƴ н ҉ ƻŦ ǘƘŜ ŎƻǊǊŜŎǘ ǾŀƭǳŜΣ ǿƘƛƭŜ ǘƘŜ ƘȅŘǊƻƎŜƴ sites have errors of hundreds of per 

mil. The clumped species vary in accuracy; some are accurate, while others differ by up 

ǘƻ мл ҉Φ ²Ŝ ŀǘǘǊƛōǳǘŜ ǘƘŜǎŜ ŜǊǊƻǊǎ ǘƻ ǘƘŜ ƛƴǘŜǊŘŜǇŜƴŘŜƴŎƛŜǎ ƻŦ ǘƘŜ aҌb ǎƻƭǳǘƛƻƴǎτ

fractionations in one ion beam (say 13C) affect the observed M+N relative abundances of 
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every ion beam of that fragment (D, 33S, etc.) These interdependencies make a direct 

comparison between sites difficult. We also note that the solution to our matrix inversion 

gives many negative values for M+N relative abundances, a nonphysical result (in the 

M+1 experiment, this is true for H-gamma, H-alphabeta, and H-protonated). We find 

ǘƘŜǎŜ ǊŜǎǳƭǘǎ ǘƻ ōŜ ƛƴŦŜǊƛƻǊ ǘƻ άŦƻǊǿŀǊŘ ƳƻŘŜƭέ ǎǘŀƴŘŀǊŘƛȊŀǘƛƻƴΣ ŜǾŜƴ ǿƘŜƴ ǘƘŜ standard 

composition is poorly known. 

Table S2.4 Test 5 Methionine Structure 

Site # 
Atoms 

ἡἢἎȟἺἭἩἴ
  ἡἙἜȟἺἭἩἴ

  ἡἢἎȟἺἭἩἴ
ἡἙἜ  ἡἢἎȟἶἷ ἮἷἺἿἩἺἬ ἵἷἬἭἴ

ἡἙἜ  

C-methyl 1 -30 -45 -15.46 -14.19 

C-gamma 1 -30 -35 -5.15 -6.40 

C-
alphabeta 

2 -30 -30 0 0.35 

C-carboxyl 1 -30 -25 5.15 5.83 

O-carboxyl 2 0/0 -13/-25 
[17/18] 

-13/-25 -11.37/-24.82 

S-sulfur 1 0/0/0 2.5/4.85/9.22 
[33/34/36] 

2.5/4.85/9.22 2.52/4.85/9.2233 

N-amine 1 0 10 10 9.44 

H-methyl 3 0 -250 -250 -138.42 

H-gamma 2 0 -100 -100 30.61 

H-
alphabeta 

3 0 0 0 2.77 

H-amine 2 0 100 100 29.70 

H-hydroxyl 1 0 250 250 14.05 

H-
protonated 

1 0 0 0 -9.68 

 

Clumped Measurements ♯╢╣╓ȟ►▄╪■
╢╜╟  ♯╢╣╓ȟ▪▫ █▫►◌╪►▀ □▫▀▄■

╢╜╟  

13C methyl | 13C gamma -20.54 -20.53 

13C carboxyl | 15 N amine 15.21 16.36 

13C methyl | 13C gamma | 
33S sulfur 

-18.09 -17.84 

18O carboxyl | 15N amine -15.25 -15.25 

13C methyl | 13C gamma | 
13C alphabeta | 13C 

alphabeta 

-20.54 -20.54 
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13C methyl | 17O carboxyl | 
18O carboxyl 

-52.56 -62.15 

 

S2.5.3: A Method for Dealing with Large Clumped Anomalies 

Here, we present an algorithm for dealing with large clumped isotope anomalies. 

To model this problem, we introduce large clumped isotope anomalies to several 

positions of methionine while keeping the site-specific delta values the same. As 

described in S2.2, above, this change will predominately affect the U values for sites 

involved in the clump, decreasing them for a positive clumped anomaly and increasing 

them for a clumped deficit. Our algorithm for the M+1 experiment gives us the correct 

site-specific U values; however, when we approximate these as site-specific isotope 

ratios using the stochastic assumption we introduce substantial error; these errors will 

make our understanding of the stochastic abundance of various isotopologues incorrect, 

propagating this error into M+2, M+3, or M+4 measurements (if we hope to report 

deviations from the stochastic abundances).                                                            

Before examining methionine, it will be useful to consider a simpler scenario. 

Consider an N2 molecule with site-specific concentrations of ὔ ὔ πȢρ 

and suppose we have a clumped anomaly between N1 and N2 of magnitude 0.02.  

 

Table S2.5: Nonstochastic N2 Computations  

Isotopologue Stochastic Actual Calculated via 
Stochastic 
Assumption 

[00] 0.81 0.83  

[01] 0.09 0.07  

[10] 0.09 0.07  

[11] 0.01 0.03  

╤╝ ╤╝  лΦмммммΧ 0.084337 0.084337 
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╡╝ ╡╝  лΦмммммΧ лΦмммммΧ 0.084337 

╤╝ ╝ 0.012345 0.0361445 0.0060493 

◕ ╝ ╝ 0 3462.293 5072.46060 

Measured quantities in bold.  
 

Suppose we first measure site-specific U values via an M+1 experiment and 

approximate the site-specific isotope ratios as equal to the site-specific U values, i.e., 

ά/ŀƭŎǳƭŀǘŜŘ Ǿƛŀ ǎǘƻŎƘŀǎǘƛŎ ŀǎǎǳƳǇǘƛƻƴΦέ We then observe Ὗ . When we compute the 

ῳ  value, we see it is >5000 per mil, indicating a large clump. Our use of the 

stochastic assumption should therefore be reexamined.  

To address this issue, note that, to add a clump of size x (in concentration space) 

between the two nitrogen sites, while keeping site-specific isotope concentrations 

identical, we perform: 

 

ππ ππ ὼ ὛςȢυφ 

πρ πρ ὼ ὛςȢυχ 

ρπ ρπ ὼ ὛςȢυψ 

ρρ ρρ ὼȢ ὛςȢυω 

 

Using this fact, we may solve for an unknown clump x iteratively. First, we 

approximate the site-specific isotope ratios using the site-specific U values, for example 

Ὑ πȢπψτσσχ. Then, we compute the stochastic population, i.e., 

ππ ȟπρ ȟρπ ȟ and ρρ . We use these to calculate clumped U values, 

i.e., Ὗ Ȣ Observing that our calculated value for Ὗ  differs from our 

measured one, we calculate the size of the anomaly x by solving 

 

Ὗ
ρρ ὼ

ππ ὼ
ὛςȢφπ 
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for x. We then use this information to correct our early approximation for the site-specific 

isotope ratio:  

 

Ὑ Ὗ
ρπ

ππ

ρπ

ππ
ᶻ
ππ

ππ

ὼ

ππ

ρπ ὼ

ππ
Ȣ ὛςȢφρ

 

 

Our new site-specific ratios are still wrong because our original site-specific isotope 

ratios were only approximations. However, by iterating this process, we obtain 

successively more accurate estimates for the site-specific ratios, allowing us to find the 

size of the clump.  

One further tangent: in practice, rather than using eq (S2.60), we may calculate x 

via  

 

Ὗ Ὗ ᶻππ
ρρ

ππ

ρρ

ππ
ᶻππ

 ρρ ρρ ὼȢ ὛςȢφς

 

 

This approximation is reasonable when ππ  and ππ  are similar and 

is easier to implement computationally. We use this approximation for our methionine 

solution and find the results are sufficiently accurate.  

With this algorithm in hand, we proceed to analyze a computed methionine 

ǎŀƳǇƭŜ ǿƛǘƘ ǎŜǾŜǊŀƭ ƭŀǊƎŜ ŎƭǳƳǇǎΣ ǿƛǘƘ ɲ ǾŀƭǳŜǎ ƻŦ нрл ҉ ŦƻǊ ǘƘŜ ƳŜǘƘȅƭκƎŀƳƳŀ ŎŀǊōƻƴǎΣ 

τнрл ҉ ŦƻǊ ǘƘŜ ŀƳƛƴŜ ƴƛǘǊƻƎŜƴ ŀƴŘ ƘȅŘǊƻƎŜƴΣ ŀƴŘ млл ҉ ŦƻǊ ǘƘŜ ǎǳƭŦǳǊ ŀƴŘ ƎŀƳƳŀ 

hydrogen  (Table S2.6). Our initial solution, i.e., assuming no clumped anomalies were 

present, misses the site-specific delta values for the methyl and gamma sites by Ғ2.6 per 

mil and other sites ōȅ ғм ҉Φ ²Ŝ ŀƭǎƻ ƻǾŜǊŜǎǘƛƳŀǘŜ ǘƘŜ ǎƛȊŜ ƻŦ ǘƘŜ methyl-gamma clump 

by about 6 per mil.  
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Our results are improved by several iterations of our algorithm; our final estimates 

for site-specific delta values ŀǊŜ ŀƭƳƻǎǘ ŀƭƭ ǿƛǘƘƛƴ лΦло ҉Σ ǿƘƛƭŜ ǘƘŜ ŎƭǳƳǇŜŘ ŘŜƭǘŀǎ ŀǊŜ 

ǿƛǘƘƛƴ лΦм ҉Φ ²Ŝ ƴƻǘŜ ǘƘŀǘ ƻǳǊ ǎƻƭǳǘƛƻƴ ŘƻŜǎ ƴƻǘ ƛƴŎƭǳŘŜ ŀ ŎƻǊǊŜŎǘƛƻƴ ŦƻǊ ǘƘŜ ǎǳƭŦǳǊ-

gamma H clumpτas this isotopologue is not constrained by our solution, we cannot 

include it in our algorithm. The most difficult case for our algorithm to address will be 

ǎŎŜƴŀǊƛƻǎ ǿƛǘƘ ƭŀǊƎŜ ŎƭǳƳǇǎ όҔ нр ҉ύ ǿƘƛŎƘ Ŏŀƴƴƻǘ ōŜ ŎƻƴǎǘǊŀƛƴŜŘ ŀƴŘ ǘƘŜǊŜŦƻǊŜ Ŏŀƴƴƻǘ 

be corrected for. Systems like S8, which contain many atoms with relatively common rare 

isotopes deserve extra caution in this regard. As it is difficult to make strict rules 

governing all cases, we suggest users with these sorts of systems generate computational 

datasets with a range of plausible clumps and observe the errors they introduce.  

Table S2.6 Large clumps in Methionine  

Site # 
Atoms 

ἡἙἜ
  ἡἷἴἽἼἱἷἶ ἱἶἱἼἱἩἴ

  ἡἷἴἽἼἱἷἶ  ἱἼἭἺἩἼἱἷἶἻ
  

C-methyl 1 -45 -47.617023 -44.973813 

C-gamma 1 -35 -37.617313 -34.973528 

C-alphabeta 2 -30 -30.028177 -29.972368 

C-carboxyl 1 -25 -25.028322 -24.972225 

O-carboxyl 2 -13/-25 -13.028671/-
25.028322 

-12.971883/-
25.028322 

S-sulfur 1 2.5/4.8543
67/9.2233

91  

2.456822/4.82
5180/9.22330

1 

2.514500/4.82518
0/9.193985 

N-amine 1 10 10.013919 9.985502 

H-methyl 3 -250 -250.021786 -249.978635 

H-gamma 2 -100 -100.738728 -100.686987 

H-alphabeta 3 0 -0.029048 0.028487 

H-amine 2 100 100.988837 100.031218 

H-hydroxyl 1 250 249.963690 250.035609 

H-
protonated 

1 0 -0.029048 0.028487 

Clumps Type ἱ   
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C-methyl/C-
gamma 

#Ⱦ #   250 256.843698 249.931436 

N-amine/H-
amine 

. Ⱦ( -250 -250.683996 -250.010519 

S-sulfur/H-
gamma 

3 Ⱦ( 100 Not solved for Not solved for 
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C h a p t e r  3  

ACCURACY AND PRECISION OF ESI-ORBITRAP-IRMS OBSERVATIONS 

OF HOURS TO TENS OF HOURS VIA RESERVOIR INJECTION 

 
Csernica, T., Bhattacharjee, S., and Eiler, J. (2023) Accuracy and precision of ESI-

Orbitrap-IRMS observations of hours to tens of hours via reservoir injection. Int. J. Mass 

Spectrom. 490, 117084. doi: 10.1016/j.ijms.2023.117084 

 

Abstract 

Orbitrap isotope ratio mass spectrometry (Orbitrap-IRMS) has recently been 

applied to high-precision, natural-abundance isotope ratio measurements of a diverse 

range of compounds, including amino acids, oxyanions, fatty acids, and metals. These 

measurementǎ Ŏŀƴ ŎƘŀǊŀŎǘŜǊƛȊŜ Ƴŀƴȅ ƛǎƻǘƻǇŜ Ǌŀǘƛƻǎ ǎƛƳǳƭǘŀƴŜƻǳǎƭȅ ŀǘ ƘƛƎƘ όҒмΦл ҉ύ 

precision. In a successful experiment, observed precision will track the shot-noise limit and 

be limited by experimental time. Some isotope ratios, for example those involving 17O in 

organic compounds or multiply-ǎǳōǎǘƛǘǳǘŜŘ όΨŎƭǳƳǇŜŘΩύ ƛǎƻǘƻǇƻƭƻƎǳŜǎΣ ǊŜǉǳƛǊŜ 

experimental times of hours to tens of hours to achieve desired precision, while current 

sample introduction techniques focus on observations on the order of seconds to tens of 

minutes. In this study, we characterize Orbitrap-IRMS performance for three long duration 

ƳŜŀǎǳǊŜƳŜƴǘǎ όƛƴŘƛǾƛŘǳŀƭ ŀŎǉǳƛǎƛǘƛƻƴǎ җм ƘƻǳǊ ŀƴŘ ŀǎ ƭƻƴƎ ŀǎ нп ƘƻǳǊǎύ ǳǎƛƴƎ ŀƴ ŀǳǘƻƳŀǘŜŘ 

reservoir injection system coupled to a Q Exactive HF Orbitrap with an electrospray 

ionization (ESI) source. First, we characterize long-term intra-measurement stability 

through a 24-hour long measurement of acetone. We report the following isotope ratios 

and precisions (as acquisition errors, errors on the observed ratio within this measurement 

όÀE)): 13C/12/ όˋAE Ґ лΦлт ҉ύΣ 17O/16h όˋAE Ґ мΦм ҉ύΣ 18O/16h όˋAE Ґ лΦо ҉ύΣ ŀƴŘ 13C13C/12C 

όÀE Ґ лΦср ҉ύΦ ¢ƘŜ ˋAE of each tracks the shot noise limit throughout and is limited by the 

challenging conditions (high resolution and low numbers of ions per scan) required for 

17O/16O measurement in the presence of 13C via Orbitrap. Second, we characterize inter-

measurement stability via a sequence of seven 75-minute analyses of perchlorate. We 
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observe the following ratios and acquisition errors: 37Cl/35/ƭ όˋAE Ґ лΦлф ҉ύΤ 17O/16O (̀ AE = 

мΦс ҉ύΤ 18O/16O (̀ AE = лΦт ҉ύΣ 37Cl17O/35Cl16O (̀ AE = нΦт ҉ύΣ ŀƴŘ 37Cl18O/35Cl16O (̀ AE = 1.2 

҉ύΦ IƻǿŜǾŜǊΣ ǿŜ ŦƛƴŘ ǘƘŀǘ ƛƴǘŜǊ-measurement drift between acquisitions limits our 

ŀŎŎǳǊŀŎȅ ŀƴŘ ǇǊŜŎƛǎƛƻƴ ŦƻǊ ǎǘŀƴŘŀǊŘƛȊŜŘ ƳŜŀǎǳǊŜƳŜƴǘǎ όƛΦŜΦΣ ŜǊǊƻǊ ƻƴ ǊŜǇƻǊǘŜŘ ʵ ǾŀƭǳŜǎύ ǘƻ 

Ғм ҉ ŦƻǊ ǘƘŜ 37Cl/35Cl measurement. IŜƴŎŜΣ ǘƘŜ ōŜƴŜŦƛǘǎ ƻŦ ƭƻǿ ˋAE may not be fully 

realized. Third, we demonstrate accuracy via sample/standard comparisons of a 

methionine sample with 13/ ŜƴǊƛŎƘƳŜƴǘ ƻŦ Ғнл ҉ ǊŜƭŀǘƛǾŜ ǘƻ ŀ ƪƴƻǿƴ ǎǘŀƴŘŀǊŘΦ ¦ǎƛƴƎ ŀ 

sequence of seven 60-minute analyses, we recover the following isotope ratios and 

standaǊŘƛȊŜŘ ǇǊŜŎƛǎƛƻƴǎ όƛΦŜΦΣ ŜǊǊƻǊ ƻƴ ǊŜǇƻǊǘŜŘ ʵ ǾŀƭǳŜǎΣ ŘŜƴƻǘŜŘ ǇǊƻǇŀƎŀǘŜŘ ŀŎǉǳƛǎƛǘƛƻƴ 

ŜǊǊƻǊǎΣ ˋPAE): 33S/32{ όˋPAE = 1.0 ҉ύ, 34S/32{ όˋPAE Ґ лΦт ҉ύΣ 15N/14b όˋPAE Ґ нΦм ҉ύ, 2H/1I όˋPAE 

Ґ оΦн ҉ύΣ13C/12/ όˋPAE Ґ лΦп ҉ύΣ 18O/16h όˋPAE Ґ мΦс ҉ύΣ ϧ 13C13C/12/ όˋPAE Ґ нΦу ҉ύ ǿƛǘƘ 

confirmation of accurate results for the known 13C/12C and 13C13C/12C enrichments. 

Together, our results demonstrate the viability of Orbitrap-IRMS for long duration 

measurements of diverse sample types via an automated reservoir injection system. Inter-

measurement stability remains a challenge; we expect our methods to be most applicable 

to extended measurements of hard-to-observe properties, such as 17O in organics and 

clumped isotopologues.  

 

3.1. Introduction 

Orbitrap isotope ratio mass spectrometry (Orbitrap-IRMS) has existed in 

commercial forms for ~20 years and has recently been employed to study natural 

ŀōǳƴŘŀƴŎŜ ƛǎƻǘƻǇŜ Ǌŀǘƛƻǎ ŀǘ ƘƛƎƘ ǇǊŜŎƛǎƛƻƴ όƻŦ ƻǊŘŜǊ ǇŜǊ ƳƛƭΣ ƻǊ ҉ύ (Makarov, 2000; Hu et 

al., 2005; Hoegg et al., 2017; Eiler et al., 2017; Neubauer et al., 2018). Orbitrap-IRMS is 

ǳǎŜŦǳƭ ŦƻǊ ǘƘŜǎŜ ŀǇǇƭƛŎŀǘƛƻƴǎ ŘǳŜ ǘƻ ƛǘǎ ƘƛƎƘ Ƴŀǎǎ ǊŜǎƻƭǳǘƛƻƴ όƴƻƳƛƴŀƭ w Ґ ƳκɲƳ ƻŦ Ҕн Ƴƛƭƭƛƻƴ 

has been demonstrated), small sample requirements (often on the order of nmols to pmols, 

though variable with analyte, target isotopologues and required precision), and its ability 

to observe fragment ions to constrain site-specific isotopic structure (Eiler et al., 2017; 

Denisov et al., 2021). Moreover, by interfacing various sources, e.g., electron impact (EI), 
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electrospray ionization (ESI), or liquid sampling atmospheric pressure glow discharge (LS-

APGD), many different types of analytes, including organic compounds, metals, metal 

oxides, and oxyanions can be observed (Hoegg et al., 2017, 2021; Eiler et al., 2017; 

Neubauer et al., 2018, 2020; Chimiak et al., 2021; Bills et al., 2021; Hilkert et al., 2021; 

Wilkes et al., 2022; Mueller et al., 2022a; Zeichner et al., 2022). Thus far, applications 

include meteoritic alanine, serine from A. Thaliana plants, nitrate from river waters as well 

as acetate, uranium oxide, strontium, rubidium, nitrate, sulfate, and methionine, with many 

more in active development (Neubauer et al., 2018; Hoegg et al., 2017; Chimiak et al., 2021; 

Wilkes et al., 2022; Hilkert et al., 2021; Mueller et al., 2022a; Hoegg et al., 2021; Neubauer 

et al., 2020; Bills et al., 2021; Zeichner et al., 2022).   

To be successful, an Orbitrap-IRMS measurement must constrain a target isotope 

ratio at some desired precision; in most cases, the precision is a function of the number of 

ions observed throughout the experiment, following counting statistics, and therefore 

limited by measurement duration. The time required to reach a given precision can vary 

substantially based on the analyte and isotope ratio of interest and is influenced by the 

specifics of Orbitrap function (see Nomenclature for a glossary of key terms defined 

throughout the paper). An Orbitrap measurement consists of many (typically hundreds to 

tens of thousands) scans, where each scan is a single observation of a packet of ions within 

the Orbitrap. Observing a large number of ions in a single scan results in space-charge 

effects that can suppress the signals of low abundance peaks and lead to artifacts such as 

ΨŎƻŀƭŜǎŎŜƴŎŜΩΣ the merging of peaks with similar m/z (Hofmann et al., 2020). At the same 

time, higher mass resolution requires longer scan durations (Eiler et al., 2017). For a given 

isotope ratio, the number of ions observed in an experiment, and therefore precision, is 

limited by 1) the number of ions observed per scan, which must be low enough to limit 

space-charge effects, and 2) the resolution, and therefore the time per scan, required to 

resolve the target of interest. Once other experimental parameters have been optimized, 

the only way to improve precision is to observe for a longer time. 
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In some cases, these constraints demand a measurement of tens of hours. Consider, 

for example, the observation of the 17O/16O ratio in organics, one of the most challenging 

targets in the stable isotope geochemistry (Clayton, 2008; Miller and Pack, 2021).  17O is low 

in abundance (~400 ppm of natural oxygen), generally must be measured simultaneously 

with other much more abundant ion species (e.g., the unsubstituted and/or 13C-substituted 

ions) and must be mass resolved from closely adjacent 13C-bearing near isobars, generally 

ǊŜǉǳƛǊƛƴƎ ƳκҟƳ ƻŦ ҔмллΣлллΦ ²ƘŜƴ ƻōǎŜǊǾŜŘ Ǿƛŀ hǊōƛǘǊŀǇ-IRMS, these properties demand 

ƭƻƴƎ ǎŎŀƴǎ όҒнрл Ƴǎύ ǿƘƛŎƘ Ŏƻƴǘŀƛƴ ŦŜǿ ǘƻǘŀƭ ƛƻƴǎΣ ƻƴƭȅ ŀ ǎƳŀƭƭ ŦǊŀŎǘƛƻƴ ƻŦ ǿƘƛŎƘ ŀǊŜ 17O. 

¦ǎŜŦǳƭ ǇǊŜŎƛǎƛƻƴǎ όҒ м҉ύ ǘƘŜǊŜŦƻǊŜ ǊŜǉǳƛǊŜ ǘƘŜ ǎǘŀōƭŜ ŘŜƭivery of sample for extended 

durations of up to tens of hours. Although such long periods of integration are challenging, 

17O is a key target for certain science applications, particularly to study of cosmochemistry 

and astrobiology, and no other currently recognized technology is capable of precisely 

measuring 17O contents of oxygen-bearing organics without chemical conversion and with 

sensitivities suitable for study of natural samples of interest (Adnew et al., 2019). Similar 

ŎŀǎŜǎ ŎƻǳƭŘ ōŜ ƳŀŘŜ ŦƻǊ Ƴŀƴȅ ΨŎƭǳƳǇŜŘΩ όƳǳƭǘƛǇƭȅ ǎǳōǎǘƛǘǳǘŜŘύ ƛǎƻǘƻǇƛŎ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ 

possible interest. Therefore, an understanding of Orbitrap-IRMS performance for long 

duration experiments and appropriate sample introduction techniques are needed. 

Several sample introduction methods have been demonstrated for Orbitrap-IRMS 

measurements of varying duration, focusing on observations of up to tens of minutes. 

Marcus and colleagues have developed a LS-APGD system, typically using dual syringe 

pumps (although optionally using a high performance liquid chromatography (HPLC) pump) 

interfaced to a six-port valve, typically with liquid flow rates of 5-пл ˃[κƳƛƴǳǘŜ ŦƻǊ ǎŀƳǇƭŜǎ 

with a concentration of 0.1-мл ˃a ŀƴŘ ŘǳǊŀǘƛƻƴǎ ƻŦ ǘŜƴǎ ƻŦ ƳƛƴǳǘŜǎ (Marcus et al., 2011; 

Hoegg et al., 2016, 2017, 2021; Bills et al., 2021). Several applications use syringe pump 

injections with an ESI source, with flow rates of 1-нл ˃[κƳƛƴǳǘŜΦ ¢ƘŜǎŜ ǳǎŜ ŜƛǘƘŜǊ ŀ ǎƛƴƎƭŜ 

syringe pump and manually change the syringe between samples (Neubauer et al., 2018, 

2020; Mueller et al., 2022a), or a dual-inlet syringe pump connected to a six-port valve, 

where two syringes are pumped simultaneously, one of the two is selected as active, and 
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the two are alternated via a pneumatic valve controlled by software commands (Hilkert et 

al., 2021). In either case, typical experimental durations are tens of minutes. Hilkert et al. 

ƘŀǾŜ ŘŜƳƻƴǎǘǊŀǘŜŘ ŀƴ ŀǳǘƻƳŀǘŜŘ άŦƭƻǿ ƛƴƧŜŎǘƛƻƴέ ǎȅǎǘŜƳ ŎƻǳǇƭŜŘ ǘƻ ŀƴ 9{L ƛƻƴ ǎƻǳǊŎŜΣ 

ǿƘŜǊŜ ŀƴ ŀǳǘƻǎŀƳǇƭŜǊ Ŧƛƭƭǎ ŀ ǎŀƳǇƭŜ ƭƻƻǇ ƻŦ нл ˃[ ǿƛǘƘ ŀƴŀƭȅǘŜ ŦƻǊ с ƳƛƴǳǘŜǎ ƻŦ ŀŎǘƛǾŜ 

measurement; in order to prevent cross contamination, additional time must be spent 

flowing analyte-free solvent through the system, so each analysis totals 15 minutes (Hilkert 

et al., 2021). Gas phase introduction methods with an EI source have also been 

demonstrated for Orbitrap-IRMS (Eiler et al., 2017; Zeichner et al., 2022). These include the 

direct observation of room temperature gases (e.g., CO2 or Xe) or the vapor associated with 

liquids or solids for tens of minutes as well as gas chromatography methods. The latter may 

ǘǊŀǇ ǇŜŀƪǎ ŜƭǳǘƛƴƎ ŦǊƻƳ ŀ D/ ŎƻƭǳƳƴ ƛƴ ŀ ΨǇŜŀƪ ōǊƻŀŘŜƴŜǊ,Ω ǎƭƻǿƭȅ ƛƴǘǊƻŘǳŎƛƴƎ ǘƘŜƳ ǘƻ ǘƘŜ 

instrument to enable durations of tens of minutes (Eiler et al., 2017; Chimiak et al., 2021). 

In addition to these and of particular interest here, Eiler et al. present a 24-hour long 

observation of perfluorotributylamine (PFTBA), a reference gas for the Q Exactive GC mass 

spectrometer with a dedicated reservoir built into the instrument. This experiment 

successfully tracked the shot noise limit for the duration, demonstrating the stability of the 

Q Exactive GC is sufficient for such long durations, but is not generalizable to other sample 

molecules (Eiler et al., 2017).  

Here, we present several long duration Orbitrap-IRMS measurements obtained via 

ŀ άǊŜǎŜǊǾƻƛǊ ƛƴƧŜŎǘƛƻƴέ ǎŀƳǇƭŜ ƛƴǘǊƻŘǳŎǘƛƻƴ ƳŜǘƘƻŘ ǘƘŀǘ ƻōǎŜǊǾŜǎ ŘƛǾŜǊǎŜ ǘŀǊƎŜǘ ƳƻƭŜŎǳƭŜǎ 

for hours to tens of hours. Our system interfaces a Vanquish Horizon HPLC to a Q Exactive 

HF Mass Spectrometer with an ESI source. It uses a reservoir size of 250 mL to 1 L (in 

principle, it may be arbitrarily large) with automated switching between different reservoirs 

for sample standard comparisons and balancing of sample and standard concentration and 

flow rate so that signals for sample and standard are closely matched. We characterize the 

long-term stability and the accuracy of Orbitrap-IRMS using this system. We find that 

ƛƴŘƛǾƛŘǳŀƭ ŀŎǉǳƛǎƛǘƛƻƴ ŜǊǊƻǊǎ όˋAE) track the shot noise limit throughout and sample standard 

ŎƻƳǇŀǊƛǎƻƴǎ ƎƛǾŜ ŀŎŎǳǊŀǘŜ ǊŜǎǳƭǘǎ ǿƛǘƘ ŜǊǊƻǊ ōŀǊǎ όˋPAEύ ǎƭƛƎƘǘƭȅ ƭŀǊƎŜǊ ǘƘŀƴ ƛƴŘƛǾƛŘǳŀƭ ˋAE 



 

 

101 

ǾŀƭǳŜǎ όғ ŀ ŦŀŎǘƻǊ ƻŦ нύΣ ǳǇ ǘƻ ŀ ƭƛƳƛǘ ƻŦ ˋAE ƻƴ ǘƘŜ ƻǊŘŜǊ ƻŦ м ҉Τ ōŜȅƻƴŘ ǘƘƛǎΣ ǘƘŜ ōŜƴŜŦƛǘǎ ƻŦ 

ƭƻǿ ˋAE are not always realized due to inter-measurement drift. Our results complement 

the current suite of sample introduction methods and characterize the performance of 

Orbitrap-IRMS for long duration observations.  

 

3.2. Materials and Methods 

3.2.1 Materials 

3.2.1.1 Acetone 

HPLC-Plus grade acetone (>99.9%) was acquired from Sigma Aldrich and mixed at a 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ рлл ˃a ǿƛǘƘ ŀ флκмл ƳƛȄǘǳǊŜ ƻŦ [/-MS grade methanol (Fischer Scientific) 

and ultrapure water (Milli-Q IQ 7000 Purification).  

 

3.2.1.2 Perchlorate 

Potassium perchlorate (KClO4) (>99.99% trace metals basis) was acquired from 

Sigma Aldrich. A stock solution of 10 mM potassium perchlorate in deionized water was 

ǇǊŜǇŀǊŜŘΦ ¢Ƙƛǎ ǎǘƻŎƪ ǿŀǎ ǘƘŜƴ ŘƛƭǳǘŜŘ ǘƻ ŀ н ˃a ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƛƴ ŀ ǎƻƭǳǘƛƻƴ ƻŦ мллΥм 

methanol:ammonium hydroxide (LC-MS Grade, Fischer Scientific; NH4OH is >25% in H2O. 

We found adding ammonium hydroxide as an additive improved the ionization stability of 

perchlorate (appendix, A.1) (Martin, Peter Eckels, 2019)  

 

3.2.1.3. Methionine Standard and Sample 

A methionine standard was acquired from Sigma Aldrich and analyzed previously as 

Met-A by Neubauer et al. (Neubauer et al., 2018). Previously measured aspects of its 

ƳƻƭŜŎǳƭŀǊ ŀǾŜǊŀƎŜ ƛǎƻǘƻǇƛŎ ŎƻƴǘŜƴǘ ƛƴŎƭǳŘŜ ʵ13CVPBD = -олΦл ҕ лΦм ҉ ŀƴŘ ʵ34SCDT = 4.3 ± 0.4 

҉Φ ! ƳŜǘƘƛƻƴƛƴŜ ǎŀƳǇƭŜ ǿŀǎ ŎǊŜŀǘŜŘ ōȅ ƳƛȄƛƴƎ ǘƘƛǎ ǎǘŀƴŘŀǊŘ ǿƛǘƘ ŀ ƳŜǘƘȅƭ 13C-labeled (99 

% label at methyl site and natural abundances elsewhere; 98% chemical purity) methionine 

acquired from Cambridge Isotope Laboratories. To do so, we first dissolved 50 mg of 

unlabeled methionine in 25 mL of deionized water (13.3 mM) (Milli-Q IQ 7000 Purification) 
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and 1 mg of labeled methionine in 10 mL of deionized water (0.67 mM). We then added 

ррл ˃[ ƻŦ ǘƘŜ ƭŀōŜƭŜŘ ǎƻƭǳǘƛƻƴ όƛΦŜΦ, рр ˃Ǝ ƻŦ ƭŀōŜƭŜŘ ƳŜǘƘƛƻƴƛƴŜΣ ƻǊ лΦмм҈ ƻŦ ǘƘŜ ŎƻƳōƛƴŜŘ 

sample) to the unlabeled solution to create the mixture. The mass of labeled sample added 

ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ǘƻ ƎƛǾŜ ŀƴ ŜƴǊƛŎƘƳŜƴǘ ƻŦ Ғ млл ҉ relative to the standard at the methyl site. 

The combined solution was flash-frozen in liquid nitrogen and freeze dried to obtain a 

ǇǊƻŘǳŎǘ ƳŜǘƘƛƻƴƛƴŜ όǘƘŜ ΨǎŀƳǇƭŜΩύΦ ¢Ƙƛǎ ǎŀƳǇƭŜ ǿŀǎ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ǳsing an EA IsoLinkϰ 

combustion elemental analyzer system interfaced to a Delta V Plus isotope ratio mass 

spectrometer (EA-Lwa{Σ ¢ƘŜǊƳƻ CƛǎŎƘŜǊ {ŎƛŜƴǘƛŦƛŎύΣ ŀƴŘ ƘŀŘ ŀ ǾŀƭǳŜ ƻŦ ʵ13CVPBD Ғ -11.0 ± 0.1 

҉Φ aŜǘƘƛƻƴƛƴŜ ǎƻƭǳǘƛƻƴǎ ǿŜǊŜ ƳŀŘŜ ŀǘ ŀ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ рл ˃a ƛƴ ŀ тлκол ƳƛȄǘǳǊŜ ƻŦ 

LCMS-grade methanol and deionized water, with 0.1 % by volume formic acid (Fischer 

Scientific) added to assist ionization.  

The methionine sample was a mixture of two endmembers with partially known 

ƛǎƻǘƻǇƛŎ ŜƴǊƛŎƘƳŜƴǘǎΦ 5ǳŜ ǘƻ ǘƘŜ ǎƳŀƭƭ ŀƳƻǳƴǘΣ ҒлΦм ҈Σ ƻŦ ǘƘŜ ƭŀōŜƭŜŘ ŜƴŘƳŜƳōŜǊΣ ŀƴŘ 

assuming the labeled methionine had natural isotopic abundances for all elements besides 

C, we expect no differences in isotopic composition between the unlabeled and mixture 

samples for any non-ŎŀǊōƻƴ ŜƭŜƳŜƴǘ όIΣ bΣ hΣ {ύΦ ¢ƘŜ ŘƛŦŦŜǊŜƴŎŜ ƛƴ ʵ13CVPDB between the 

unlabeled and mixture samples (-олΦл ҉ ϧ -ммΦл ҉Σ ǊŜǎǇŜŎǘƛǾŜƭȅύ ƛƳǇƭȅ ǘƘŀǘ ǘƘŜ ƳƛȄǘǳǊŜ 

ƳŜŀǎǳǊŜŘ ǾǎΦ ǘƘŜ ǳƴƭŀōŜƭŜŘ ǎŀƳǇƭŜ ǿƻǳƭŘ ȅƛŜƭŘ ŀ ʵ13Cunlabeled ƻŦ мфΦс ҉ όƴƻǘŜ ŘƛŦŦŜǊŜƴŎŜǎ 

of delta values are not additive), and a difference in ratio of doubly-13C substituted to 

unsubstituted isotopologues (13C2
12C3H11

14N16O2
32S/12C5H11

14N16O2
32S) between these two 

ǎŀƳǇƭŜǎ ǘƘŀǘ ƛǎ ŘƻǳōƭŜ ǘƘŜƛǊ ŘƛŦŦŜǊŜƴŎŜ ƛƴ ʵ13/ όофΦн ҉ύΦ ²Ŝ ǾŜǊƛŦƛŜŘ ǘƘŜǎŜ ŀǎǎǳƳǇǘƛƻƴǎ ōȅ 

explicitly calculating all isotopologues of each endmember as well as the mixed product; 

methods for this computation are presented in Csernica and Eiler 2023, and the details are 

available in the appendix, A.2 (Csernica and Eiler, 2023).  
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3.2.2. Methods 

3.2.2.1 The HPLC-modified sample introduction system 

Our implementation of a reservoir injection system uses a Vanquish Horizon HPLC 

ǎȅǎǘŜƳ όƘŜƴŎŜŦƻǊǘƘ ά±ŀƴǉǳƛǎƘέύ ƛƴǘŜǊŦŀŎŜŘ ǘƻ ŀ v 9ȄŀŎǘƛǾŜ IC aŀǎǎ {ǇŜŎǘǊƻƳŜǘŜǊ ό¢ƘŜǊƳƻ 

Fisher Scientific) (Figure 3.мύΦ ¢ƘŜ ±ŀƴǉǳƛǎƘ Ƙŀǎ ǘǿƻ ǇǳƳǇǎΣ ά!έ ŀƴŘ ά.έΤ ŘǳǊƛƴƎ ƻǇŜǊŀǘƛƻƴΣ 

each pump may pull solution from a single reservoir (typically of 250 mL to 1 L, although in 

principle much larger) and mix these with some desired composition, e.g., 75% A, 25% B 

(Figure 3.1). To simplify switching between different solutions, each pump can be attached 

to three separate reservoirs, e.g., A1, A2, A3, and the active bottle determined via software 

commands. In a typical HPLC application, these reservoirs contain solvent; the analyte is 

ƛƴǘǊƻŘǳŎŜŘ Ǿƛŀ ŀ ƴŜŜŘƭŜ ƛƴƧŜŎǘƛƻƴ ŦǊƻƳ ŀ Ғн Ƴ[ ǾƛŀƭΣ ǘhen eluted off a column using a solvent 

gradient defined by varying flow rates through pumps A and B. The reservoir injection 

method presented here bypasses this processτno sample is injected via the needle and no 

column is used. Instead, the analyte solution is placed directly into a reservoir (e.g., A1) and 

introduced to the mass spectrometer. We may optionally apply solvent mixing to adjust the 

concentration of the analyte online; for example, if we load methionine with a 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ рл ˃a ƻƴ ǊŜǎŜǊǾƻƛǊ !м ŀƴŘ ǿƛǎƘ ǘƻ ǇŜǊŦƻǊƳ ŀƴ ŜȄǇŜǊƛƳŜƴǘ ǿƘƛŎƘ requires 

ŀ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ нр ˃aΣ ǿŜ Ƴŀȅ ƭƻŀŘ ǊŜǎŜǊǾƻƛǊ .н ǿƛǘƘ ǎƻƭǾŜƴǘ ŀƴŘ ƛƴƧŜŎǘ ǿƛǘƘ ŀ рлκрл 

mixing ratio of A1 and B2. This strategy can be used to perform multiple experiments which 

require different concentrations on the same bottle of analyte. Additionally, when 

performing a sample/standard comparison, it allows us to finely adjust the concentrations 

of both solutions to closely match intensities for the sample and standard analyte. The 

system is designŜŘ ǘƻ ƻǇŜǊŀǘŜ ŀǘ Ŧƭƻǿ ǊŀǘŜǎ ƻŦ млл ˃[κƳƛƴǳǘŜ ǘƻ у Ƴ[κƳƛƴǳǘŜ ƻŦ ŎƻƳōƛƴŜŘ 

Ŧƭƻǿ ǘƘǊƻǳƎƘ ! ϧ . ŀǘ җрл ōŀǊ ǇǊŜǎǎǳǊŜΦ ¢ƻ ƳƛƴƛƳƛȊŜ ǎŀƳǇƭŜ ŎƻƴǎǳƳǇǘƛƻƴΣ ǿŜ ƻǇŜǊŀǘŜ ƴŜŀǊ 

ǘƘŜ ƭƻǿŜǊ ƭƛƳƛǘ ƻŦ млл ˃[κƳƛƴǳǘŜ ŘǳǊƛƴƎ ŀŎǉǳƛǎƛǘƛƻƴǎΦ  
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Figure 3.1: Setup for the reservoir injection system. A: A depiction of the Vanquish HPLC attached to the Q 
Exactive HF. The HPLC has two pumps, A and B, each of which is attached to three separate reservoirs. In use, 
each pump draws from a single reservoir, and the two can be mixed in various proportions before being 
introduced to the electrospray source. B: Representative reservoir contents and mixing amounts for different 
purposes. Standard analysis observes the standard via pump A only. A purge sequence pushes solvent through 
pump A. Sample analysis with dilution observes the sample via pump A while mixing with solvent from pump 
B to dilute online. In this example, reservoirs B1 and B3 are not used.  
 

Reservoir injection measurements, like most Orbitrap-IRMS measurements, 

generally involve closely matched comparisons of sample and standard measurements, 

made under nearly identical instrumental conditions and closely spaced in time. We use 

this method because the isotope ratio(s) observed in Orbitrap-IRMS differ from their true 

values due to differences in the efficiencies of ion generation, transmission and detection 

of different isotopic forms of ions in various stages of the measurement, e.g., delivery of 

analyte to the ion source, ionization and ion extraction, transmission and pre-selection in 

the quadrupole system of the Q Exactive platform, trapping in the C-trap, and observation 

ƛƴ ǘƘŜ hǊōƛǘǊŀǇΤ ǿŜ ŎƻƭƭŜŎǘƛǾŜƭȅ ǊŜŦŜǊ ǘƻ ǘƘŜǎŜ ǇǊƻŎŜǎǎŜǎ ŀǎ άƛƴǎǘǊǳƳŜnt fractionation.έ .ȅ 

observing a standard with a known isotope ratio under the same conditions as the sample, 

we can measure and correct for the instrument fractionation encountered by that analyte. 

Some instrument fractionations vary with time, so rather than performing a one-time 

standardization, we alternate sample and standard measurements, interpolating between 

standard measurements to estimate instrument fractionation during a sample 

measurement.  

Using the reservoir injection method, we can implement sample/standard 

comparison in two waysτeither with both sample and standard flowing through a single 
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pump, but drawing on different reservoirs, e.g., comparing reservoirs A1 and A3, or with 

each flowing through separate pumps, e.g., comparing reservoirs A1 and B1. It is possible 

that using different pumps is better for preventing contamination between sample and 

standard, as sections of tubing unique to each pump will only see either sample or standard; 

on the other hand, any difference in equipment and procedures between sample and 

standard could potentially introduce differences in instrument fractionation and thus 

systematic error in the sample/standard comparison. Here we chose to use the same pump 

ŦƻǊ ōƻǘƘ ǎŀƳǇƭŜ ŀƴŘ ǎǘŀƴŘŀǊŘΦ .ŜǘǿŜŜƴ ƻōǎŜǊǾŀǘƛƻƴǎΣ ǿŜ ǇŜǊŦƻǊƳ ŀ ΨǇǳǊƎƛƴƎΩ ǎǘŜǇ ǘƻ ŎƭŜŀǊ 

the previous analyte. We purge by flushing the system with pure solvent (e.g., reservoir A2; 

Figure 3.1), to remove the previous analyte. We start analysis of new analytes with a 

ΨǇǊƛƳƛƴƎΩ ǎǘŜǇΣ ŀǎ ŀ ŘŜŀŘ ǾƻƭǳƳŜ ƻŦ Ғн Ƴ[ Ƴǳǎǘ ōŜ ŦƛƭƭŜŘ ōŜŦƻǊŜ ǘƘŜ ŀƴŀƭȅǘŜ ǊŜŀŎƘŜǎ ǘƘŜ 

ŜƭŜŎǘǊƻǎǇǊŀȅ ǎƻǳǊŎŜΦ ¢ƘŜ ŘŜǘŀƛƭǎ ƻŦ ΨǇǳǊƎƛƴƎΩ ŀƴŘ ΨǇǊƛƳƛƴƎΩ ǎǘŜǇǎ Ƴŀȅ ŘƛŦŦŜǊ ōŜǘǿŜŜƴ 

samples, but they must be included in any sample/standard comparison. All steps may be 

automated using the Xcalibur software, allowing measurement sequences of tens of hours 

without user input.  

Details for our analysis are given in Table 2.2, below. The acetone measurement 

assesses intra-measurement stability and was not standardized through sample/standard 

comparison. The perchlorate measurements include a sample/standard comparison, but 

ƻƴƭȅ ǘƘǊƻǳƎƘ ŀ ΨȊŜǊƻ ŜƴǊƛŎƘƳŜƴǘΩ ŜȄǇŜǊƛƳŜƴǘΣ ƛΦŜΦΣ ǘƘŜ ΨǎŀƳǇƭŜΩ ŀƴŘ ǘƘŜ ΨǎǘŀƴŘŀǊŘΩ Ŏƻƴǎƛǎǘ 

of the same perchlorate. For perchlorate, priming is done in a 15-minute step at 0.15 

mL/minute, while purging consists of 20 minutes of solvent flow at the same flow rate. The 

methionine measurements involve standardization with different sample and standard. 

IŜǊŜΣ ΨǇǊƛƳƛƴƎΩ ƛǎ ŀŎŎƻƳǇƭƛǎƘŜŘ ōȅ ƛƴǘǊƻŘǳŎƛƴƎ ŀƴŀƭȅǘŜ ŦǊƻƳ ƛǘǎ ǊŜǎŜǊǾƻƛǊ ό!м ƻǊ !оύ ƳƛȄŜŘ 

50:50 with pure solvent from reservoir B2 at a rate of 0.5 mL/minute, for a total of 8 

minutes. After priming, we adjust the flow rate to the 0.1 mL/minute used for observation. 

We allow the system to stabilize at this flow rate for two minutes, then observe for the 

desired amount of time. Finally, we purge the system with solvent from A2 at 0.5 

mL/minute. In all cases, the duration of the measurement step can be increased arbitrarily. 
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For methionine, the mixing ratios for sample (96%, not shown) and standard (95%) differ 

subtly; we tuned these prior to the measurement, to closely match ion intensities for each. 

They both include a large amount of solvent because the same solutions were also used for 

another set of measurements which required higher concentrations and which we intend 

to present in a forthcoming publication. Both perchlorate and methionine analyses were 

performed in triplicate, i.e., 7 observations were performed in the order: 

Standard/Sample/Standard/Sample/Standard/ Sample/Standard.  

 

Table 2.2: Conditions for Reservoir Injection Experiments 

Acetone 24-Hour Experiment 
Time 

(minutes) 
Concentration 

of A (uM) 
Flow 

(mL/min) 
%B Pump A Pump B Description 

0-1440 500 0.1 0 A2: Sample N/A Observe 

Perchlorate Zero Enrichment Comparisons 
Time 

(minutes) 
Concentration 

of A (uM) 
Flow 

(mL/min) 
%B Pump A Pump B Description 

0-15 2 0.15 0 A1: Standard N/A Prime 

15-90 2 0.15 0 A1: Standard N/A Observe 

90-110 2 0.15 0 A2: Solvent N/A Purge 

wŜǇŜŀǘ ŀǎ ŘŜǎƛǊŜŘΣ ǎǿƛǘŎƘƛƴƎ ōŜǘǿŜŜƴ Ψ{ǘŀƴŘŀǊŘΩ ŀƴŘ Ψ{ŀƳǇƭŜΩ wŜǎŜǊǾƻƛǊǎΦ 

Methionine Sample Standard Comparisons 

Time 
(minutes) 

Concentration 
of A (uM) 

Flow 
(mL/min) 

%B Pump A Pump B Description 

0-8 50 0.5 50 A1: Standard B2: Solvent Prime 

8-10 50 0.1 95a A1: Standard B2: Solvent Adjust flow 

10-70 50 0.1 95 A1: Standard B2: Solvent Observe 

70-90 50 0.5 0 A2: Solvent B2: Solvent Purge 

wŜǇŜŀǘ ŀǎ ŘŜǎƛǊŜŘΣ ǎǿƛǘŎƘƛƴƎ ōŜǘǿŜŜƴ Ψ{ǘŀƴŘŀǊŘΩ ŀƴŘ Ψ{ŀƳǇƭŜΩ wŜǎŜǊǾƻƛǊǎΦ 
a: For the methionine samples (as opposed to standards), %B was 96% between 8 and 70 minutes.  

 
The ions and isotopologues we monitored are as follows. For acetone, we observed 

C3H7O+, including 12C3
1H7

16O+ (the unsubstituted isotopologue) and heavy isotopologues of 

this ion including 13C, 2H, 17O, 18O, or 13C13C substitutions. For perchlorate, we observed ClO4
-

, including 35Cl16O4
- (the unsubstituted isotopologue) and heavy isotopologues of this ion 

including 37Cl, 17O, 18O, 37Cl17O, and 37Cl18O substitutions. For methionine, we observed 
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C5H12NO2S+, including 12C5
1H12

14N16O2
32S+ (the unsubstituted isotopologue) and heavy 

isotopologues of this ion including 33S, 34S, 15N, 2H, 13C, 18O, and 13C13C substitutions. 

 

3.2.2.2 Ionization and Data Analysis 

The analytes were ionized using an (ESI) source with a HESI-II probe (Thermo Fisher 

Scientific). Experimental conditions for each analyte are shown in Table 2.3, as well as the 

observed tics and relative standard deviations (RSD) for samples and standards. For each 

analyte under these conditions, contaminant peaks in the spectra were less than 10% the 

height of the unsubstituted isotopologue, minimizing effects on the observed ratios due to 

these contaminants (Hofmann et al. suggest a threshold of 20% is sufficient to avoid 

statistically significant effects) (Hofmann et al., 2020). 

Table 2.3: Mass Spectrometer Parameters By Analyte 

 Acetone Perchlorate Methionine 

Polarity (+/-) Positive Negative Positive 

Spray Voltage (kV) 4.5 3.0 4.5 

Sheath gas flow rate 
(arbitrary) 

50 10 35 

Auxiliary gas flow rate 
(arbitrary) 

10 10 10 

Sweep gas flow rate 
(arbitrary) 

2 0 0 

Capillary temperature 
(°C) 

320 320 320 

S-lens RF level 
(arbitrary) 

50 50 50 

Aux gas heater 
temperature (°C) 

40 40 40 

Scan Range (m/z) 57.0-62.0 97.5-104.0 149.5-152.5 

Microscans (#) 10 1 1 

Automatic Gain 
Control (AGC) (# of 
ions)a 

2 x 105 2 x 105 or 5 x 105 105 

Mass Resolution 
(FWHM at m/z = 200)b 

120,000 120,000 120,000 
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Maximum Injection 
Time (ms) 

1000 500 1000 

Observed TIC Std 
(Intensity) 

2.0e7 4.2e7 1.2e8 

Observed TIC relative 
standard deviation 
(RSD) Std (%) 

15 6.5 5.3 

Observed TIC Smp 
(Intensity) 

- 4.2e7c 1.2e8 

Observed TIC RSD 
Smp (%) 

- 6.0c 4.3 

a: The AGC target is a target number of ions, but note that the number of ions observed in the Orbitrap is an 
approximation.  
b: Orbitrap resolution scales as (m/z)-1/2 

ŎΥ tŜǊŎƘƭƻǊŀǘŜ ΨǎŀƳǇƭŜΩ ŀƴŘ ΨǎǘŀƴŘŀǊŘΩ Ŏƻƴǎƛǎǘ ƻŦ ǘƘŜ ǎŀƳŜ ǎƻƭǳǘƛƻƴ ōǳǘ ŀǊŜ ǘǊŜŀǘŜŘ ŀǎ ŀ ŘƛǎǘƛƴŎǘ ǎŀƳǇƭŜ ŀƴŘ 
standard and so noted here.  

 
Ion intensities and noise for selected isotopic peaks were recovered from 

instrument .RAW files using either FTStatistic (proprietary unpublished software provided 

by Thermo Fisher Scientific; used for acetone and methionine) or IsoX (a recently developed 

software; used for perchlorate) (Hilkert et al., 2021). For the 17O peak of acetone, a targeted 

extraction procedure using FTStatistic was used to distinguish 17O from artifacts associated 

with the close-lying 13C peak; this is discussed in detail in the appendix, A.3. In either case, 

this data was used to calculate ion counts following Eiler et al. 2017 (Eiler et al., 2017). 

Briefly, for each peak, ion counts were calculated following the equation 

ὔ
Ὓ

ὔ
ᶻ
ὅ

ᾀ
ᶻ
Ὑ

Ὑ
‘z σȢρ 

where NIO is the number of ions observed in a scan, S is the ion intensity, N is the peak noise, 

CN is an empirical constant measured by Makarov and Denisov relating the signal-to-noise 

ratio to ion counts, here taken to be 4.4,(Makarov and Denisov, 2009) z is the charge (taken 

to be 1 in all cases here), RN is the reference resolution of 120,000 at which CN was 

ŘŜǘŜǊƳƛƴŜŘΣ w ƛǎ ǘƘŜ Ƴŀǎǎ ǊŜǎƻƭǳǘƛƻƴΣ ŀƴŘ ˃ ƛǎ ǘƘŜ ƴǳƳōŜǊ ƻŦ ƳƛŎǊƻǎŎŀƴǎ όƛΦŜΦΣ hǊōƛǘǊŀǇ ǎŎŀƴǎ 

that were averaged before the transient was subjected to fast Fourier transform analysis, 

Table 3.1). The number of counts calculated with eqn. 3.1 were used to compute observed 
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isotope ratio(s) for each scan. For example, for scan j and isotope ratio 13C/Unsub, the 

observed ion beams are 13C12C2
16O1H7

+ and 12C3
16O1H7

+, and we compute Ὑ

ȟ    

ȟ    
. For each target isotope ratio i, we report the average ratio across all N 

scans: 

Ὑ
ρ

ὔ
 Ὑ σȢς 

and the relative standard error, in per mil, across all scans: 

„  
ὛὝὈὉὠὙ

Ѝὔ
ᶻ
ρ

Ὑ
ρzπππȢ σȢσ 

We refer to this error as ΨŀŎǉǳƛǎƛǘƛƻƴ ŜǊǊƻǊ,Ω ƛΦŜΦΣ ǘƘŜ ŜǊǊƻǊ ƻƴ ǘƘŜ ƻōǎŜǊǾŜŘ ƛǎƻǘƻǇŜ Ǌŀǘƛƻ ƛƴ 

a single acquisition.  

 

3.2.2.3. Shot Noise Limit 

²Ŝ ŀƭǎƻ ŎŀƭŎǳƭŀǘŜ ǘƘŜ ΨǎƘƻǘ ƴƻƛǎŜ ƭƛƳƛǘΩ ŦƻǊ ŜŀŎƘ ǊŜǇƻǊǘŜŘ ƛǎƻǘƻǇŜ Ǌŀǘƛƻ i, the 

theoretical limit for how well that ratio could be constrained based on the number of counts 

observed of each ion beam used to compute that ratio. This was calculated as:  

„
ρ

Вὔ ȟ  

ρ

Вὔ ȟ  
σȢτ 

where Вὔ ȟ   gives the sum of the observed counts of ion beam 1 across all scans of 

the acquisition. As the number of counts per scan is approximate and based on empirically 

determined constant (CN) that may not be identical in all scenarios, „  should be treated 

as a useful estimate rather than a precise statement of the theoretical limit.  

 

3.2.2.4 Standardization 

We calculate and report standardized values for isotope ratios of both perchlorate 

and methionine as delta values, in the following way. Each acquisition sequence consisted 

of the following measurements: 
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Standard/Sample/Standard/Sample/Standard/Sample/Standard. We found that variations 

in the recovered isotope ratios for each standard acquisition varied systematically with 

acquisition number (equivalent to time, as each acquisition was the same duration). 

Therefore, for each isotope ratio i, we performed a linear regression across all four 

standards and calculated both a predicted standard value Ὑ ȟ  and associated 

confidence interval „ ȟ  at the acquisition number of each sample. We report 

standardized values for the observation of isotope ratio i as delta values, e.g., ‏ ὅ

ρπππ 
ȟ

ρ. We calculated error bars for each standardized sample acquisition 

όǇǊƻǇŀƎŀǘŜŘ ŀŎǉǳƛǎƛǘƛƻƴ ŜǊǊƻǊΣ ˋPAE) by adding „  for the sample to „ ȟ  for the 

predicted standard in quadrature: 

„  „ „ ȟ Ȣ σȢυ 

!ŘŘƛǘƛƻƴŀƭƭȅΣ ŀŎǊƻǎǎ ŀƭƭ ǎǘŀƴŘŀǊŘƛȊŜŘ ƳŜŀǎǳǊŜƳŜƴǘǎΣ ǿŜ ǊŜǇƻǊǘ ΨŜȄǇŜǊƛƳŜƴǘŀƭ 

reproducibility,Ω ƻǊ ǘƘŜ ƳŜŀƴ ŀƴŘ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ό„ ) of ‏  across all sample 

observations (n=3). We discuss standardization in more detail in the supplement. A 

summary of our error measures may be found in Table 3.1.  

 

3.2.2.5 Data Quality Tests 

For all measurements, we perform automated data quality tests to check for and 

reject anomalous data. Our tests are as follows. 

 

3.2.2.5.1 Acquisition Error to Shot Noise Ratio 

Ratios of  with values >2 have been associated with poor quality data in previous 

experiments (Eiler et al., 2017); we compute this ratio and reject measurements above the 

threshold.  
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3.2.2.5.2 Zero Scans 

For each observed isotope, we screen for zero scans, where a zero scan returns a 

value of ὔ π for that ion beam. All of our deuterium measurements for both acetone 

and methionine, as well as observations of 37Cl17O in perchlorate, include at least some zero 

scans. The acetone 2H data are complex due to the presence of a nearly isobaric 

contaminant; we discuss these in detail in the appendix, A.5. For methionine and 

ǇŜǊŎƘƭƻǊŀǘŜΣ ǿŜ ŀǘǘǊƛōǳǘŜ ǘƘŜ ȊŜǊƻ Ŏƻǳƴǘǎ ǘƻ ǘƘŜ ƭƻǿ ƴǳƳōŜǊ ƻŦ Ŏƻǳƴǘǎ όҒ нлύ ƻŦ ǘƘŜ ǊŜƭŜǾŀƴǘ 

isotope (2H and 37Cl17O) in each scan. Prior work on previous Orbitrap models has indicated 

that approximately 30 ions of the same species are required for detection; in our case (and 

following eq (1)) sensitivity is better, but we are still near the limits of detection and so often 

fail to detect any ions (Makarov et al., 2005; Olsen et al., 2005).  

For 2H in the methionine measurements, we report 1.5 ς 3.0 % of all scans as zero 

scans (varying across different observations); the corresponding  ratios are in the range 

of 1.15-1.3. We have three options for dealing with these data: first, we may use ὔ π 

for each zero scan and calculate the isotope ratio and error normally; second we may cull 

these scans and calculate using only nonzero scans; and third, we may reject any dataset 

including zero scans. The first option will understate the true ratio (as there were likely 

some small nonzero number of deuterated ions present for that scan) while the second will 

overstate it (as the culled scans are likely to have contained less than the average number 

of deuterated ions); the third is most conservative but may cause us to reject usable data. 

For the 2H data, we find that culling zero scans (option 2) results in less replicable 

sample/standard comparisons, possibly due to differences in the number of zero scans 

between different observations. We therefore include the zero scans and calculate isotope 

ratios normally (option 1), noting that these should results should be treated with 

increasing caution as the proportion of zero scans increases. A detailed discussion is 

available in the supplement, S3.6.  
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For 37Cl17h ƛƴ ǘƘŜ ǇŜǊŎƘƭƻǊŀǘŜ ƳŜŀǎǳǊŜƳŜƴǘǎΣ ǿŜ ǊŜǇƻǊǘ ҒлΦо҈ ȊŜǊƻ ǎŎŀƴǎ ŀƴŘ  

Ǌŀǘƛƻǎ ƻŦ мΦмр ŀǘ ŀƴ !D/ ƻŦ рŜр ŀƴŘ Ғнл҈ ȊŜǊƻ ǎŎŀƴǎ ŀƴŘ  ratios of 2.1 at an AGC of 2e5. 

Based on  ratios, we consider the 5e5 but not the 2e5 data sufficient for measurement. 

In all cases, results were calculated including the zero scans and calculating isotope ratios 

normally (option 1, above).  

 

3.2.2.5.3 Internal Variability 

Datasets with low  ratios and few to no zero scans may still be compromised due 

to anomalous changes in the value of an isotope ratio across the measurement. An example 

of this is shown in Figure 3.2, which depicts two measurements of 15N/Unsub in methionine: 

on the left we show an observation with no obvious evidence of time-dependent variations 

in the measured ratio, beyond random scan to scan differences; and on the right we present 

the results of a similar measurement that exhibited two periods of time (centered around 

~4000 and ~10000 scans) when the measured ratio departed significantly from the long-

term average, by amounts exceeding random scan-to-scan variations. We note that this 

second, aberrant measurement was to our knowledge typical in all other respects and did 

not demonstrate such behavior for any other isotope ratios observed (33S/32S, 34S/32S, 

2H/1H,13C/12C, 18O/16O, & 13C13C/12C). Moreover, other data quality statistics for the two 

measurements are similar; for the typical measurement, ρȢπψ, while for the failed 

measurement ρȢρȠ the aberrant measurement has a small number of 0 scans (8 out 

of 13,300) and it is not obvious it should be rejected on those grounds alone.  

There are a diversity of methods for screening anomalies in univariate time-series 

data(Braei and Wagner, 2020; Blázquez-García et al., 2021); here we adopt a z score based 

model, as follows (Figure 3.2). We attempt to find subsequence outliers, i.e., subsequences 

of scans which differ from the surrounding scans, by defining sliding windows of length N = 

1000, i.e., Si = sj=i, sj+1Σ Χ Σ ǎj+N where sj gives the observation of the isotope ratio of interest 



 

 

113 

in scan j and Si is the sliding window beginning at scan i. For this window, we define an 

ŜȄǇŜŎǘŜŘ ƳŜŀƴ ˃i,predict ŀƴŘ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ˋi,predict as the mean and standard deviation 

of the previous N scans. We then calculate the average z score across each scan in Si using 

these predicted values and report the absolute value of this as our anomaly score, ai. That 

is:  

ὥ
ρ

ὔ

ί ‘ȟ

„ȟ
  Ȣ 

We choose an anomaly score of >0.2 (>3 standard deviations above the expected anomaly 

score for normally distributed data) as the threshold for identifying anomalous data. Our 

anomaly score for the typical and aberrant 15N/Unsub observations in methionine are 

plotted in Figure 3.2A; both periods of drift are identified using our anomaly score. Note 

that our anomaly score goes to 0 around the center of each anomalous period; this is due 

to a sign change in the z score associated with a change in the drift direction; our anomaly 

score best captures drift towards a new mean. Across all data presented in this chapter, 

only the methionine nitrogen measurement shown is rejected in this manner.  
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Figure 3.2: A subsequence anomaly detection method to screen aberrant measurements. A, left: The recorded 
ratio for each scan of a typical observation; the moving average is near constant. A, right: The recorded ratio 
for each scan of an observation with substantial drift during the measurement. B: The calculated anomaly 
score ai for each scan of these measurements together with the threshold of 0.2 for rejected measurement. 
The aberrant methionine measurement crosses the threshold for both anomalous periods. Note that our 
anomaly score has a value of 0 where the drift in ratio changes direction, associated with a sign change in the 
anomaly score. The highest values of anomaly score are associated with the most extreme periods of drift. 

 

3.2.2.6 Data and Figure Availability 

Data, including .RAW files generated by the instrument and .txt or .isox files 

generated by either FTStatistic or IsoX, is available on the Caltech data repository (T. 

Csernica, 2023b). Code for our data processing and for the generation of all figures except 

Figure 3.1 is available on the open Zenodo repository (Csernica, 2023b). In some cases, 

multiple plots were generated separately and joined using Microsoft Powerpoint or Affinity 

Designer. Figure 3.1 was generated using Affinity Designer. 
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3.3. Results & Discussion 

3.3.1 Intra-Measurement Stability for Measurements of Arbitrary Duration  

To evaluate the stability of reservoir injection methods for measurements of long 

duration, we analyzed a 24-ƘƻǳǊ ƻōǎŜǊǾŀǘƛƻƴ ƻŦ ŀŎŜǘƻƴŜΣ ƘƻǇƛƴƎ ǘƻ ƻōǎŜǊǾŜ ǿƘŜǘƘŜǊ ˋAE 

tracked the shot noise limit throughout.  To our knowledge, the only similar long-duration 

experiment on an OrbitrapTM was a 24-hour measurement of 13C in reference gas PFTBA by 

Eiler et al. on a Q-Exactive GCTM instrument (Eiler et al., 2017). This previous experiment 

ŦƻǳƴŘ ǘƘŜ ŀŎǉǳƛǎƛǘƛƻƴ ŜǊǊƻǊ ˋAE of the observed ratio tracked shot noise throughout, 

ǊŜŀŎƘƛƴƎ ŀ ǾŀƭǳŜ ƻŦ лΦлмр ҉ ŀŦǘŜǊ нп ƘƻǳǊǎΦ Lƴ ƻǳǊ ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ŀŎŜǘƻƴŜΣ ǿŜ ǊŜǇƻǊǘ ǘƘŜ 

ratios of isotopologues with one of five different isotopic substitutionsτ13C, 17O, 18O, 2H or 

13C13Cτrelative to the unsubstituted isotopologue. In Figure 3.оΣ ǿŜ ǎƘƻǿ ˋAE and the ratio 

of acquisition error to shot noise, , vs time for each isotope ratio. The  ratio has been 

suggested as a criterion for data quality, with ratios of >2 indicating systematic problems 

with the observations (although this threshold is somewhat arbitrary). We interpret 

ƛƴŎǊŜŀǎŜǎ ƛƴ ˋAE or  as losses of internal stability. The 13C, 18O, and  13C13C data track shot 

noise throughout, with  ratios stabilizing around 1.2; we consider these to be 

representative of ideal measurement. The 17O also tracks shot noise throughout, stabilizing 

around a value of 1.6; we attribute the higher value for 17O to the presence of zero scans 

and artifacts associated with the close-lying 13C peak. We consider this sufficient for 

measurement; the use of additional microscans, which increase signal to noise ratio (we 

used 10 microscans, the limit for pre-installed software) may offer further improvement 

(Bills et al., 2021). In contrast, the 2H data do not track shot noise, with noticeable increases 

ƛƴ ǘƘŜ ˋAE and   ǾŀƭǳŜǎ ŀǊƻǳƴŘ Ғнлл ƳƛƴǳǘŜǎΦ ²Ŝ ŀǘǘǊƛōǳǘŜ ǘƘƛǎ ŦŀƛƭǳǊŜ ǘƻ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ 

a contaminant nearly isobaric with the deuterium peak, preventing the recovery of accurate 

data. Both 17O and 2H data are discussed in more detail in the appendix (A.3, A.5). We report 

Ŧƛƴŀƭ ˋAE of 0.07 ҉Σ мΦм ҉Σ лΦо ҉Σ ŀƴŘ лΦср ҉ for 13C, 17O, 18O, and 13C13C, respectively. 

Note these limits reflect the long-term system stability of the reservoir method for Orbitrap 
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IRMS, but that sample/standard comparisons might improve upon them if it is capable of 

compensating for slow, subtle drift in instrumental fractionations.  Our best reported ÀE is 

ǿƻǊǎŜ ǘƘŀƴ ǘƘŜ ōŜǎǘ ƻōǎŜǊǾŜŘ ǇǊŜǾƛƻǳǎƭȅ όлΦлмр ҉ύΣ ƭƛƪŜƭȅ ŘǳŜ ǘƻ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ ǎŎŀƴ ǎŜǘǘƛƴƎǎ 

required to resolve the 17O peak of acetone. In particular, a high mass resolution is required 

here to resolve 13C from 17O while a lower number of ions per scan (set by the AGC target) 

is necessary to avoid undesirable space-charge effects; both factors slow the rate at which 

we can count ions. The behavior of precision with respect to time is identical. Our results 

demonstrate that, when the observed peaks are clear of contaminants, reservoir injection 

measurements are stable over perioŘǎ ƻŦ җнп ƘƻǳǊǎ ŀƴŘ ǇǊŜŎƛǎƛƻƴǎ ƻŦ ғлΦм ҉Φ  

 

 
Figure 3.3: Long term stability and precision of acetone observed by reservoir injection. Isotopologues with 
five different isotopic substitutions were observed relative to the unsubstituted isotopologue and the 
precision of the observed ratios plotted. All ratios except 2H decrease continually with time, yielding a ratio  

 of 1.2 (13C, 18O, 13C13C) or 1.6 (17O). We attribute the higher  ratio for 17O to the presence of zero scans 

in the 17h ƳŜŀǎǳǊŜƳŜƴǘ όҒлΦн҈ ƻŦ ŀƭƭ ǎŎŀƴǎύ ŀƴŘ ŀǊǘƛŦŀŎǘǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ ŎƭƻǎŜƭȅ ŀŘƧŀŎŜƴǘ 13C peak. The 2H 
data are compromised by the presence of a close-lying contaminant. We discuss 17O and 2H data in more detail 
in the supplement (S3.3, S3.5). 

 

3.3.2. Limits of Inter-Measurement Stability Examined Via Perchlorate 

After investigating the intra-measurement stability, we evaluated the inter-

measurement stability in perchlorate to determine the limits of accuracy and precision for 

sample/standard comparisons (Figure 3.4). Our main question here is: if we have a low 

ŀŎǉǳƛǎƛǘƛƻƴ ŜǊǊƻǊ ŦƻǊ ŀ ƎƛǾŜƴ ƳŜŀǎǳǊŜƳŜƴǘΣ ǿƛƭƭ ƻǳǊ ǇǊŜŎƛǎƛƻƴ ŦƻǊ ǊŜǇƻǊǘŜŘ ʵ ǾŀƭǳŜǎ ōŜ 

similarly low, or are there issues associated with standardizing multiple measurements 

which prevent this? We chose perchlorate due to the abundant 37Cl substitution, which 
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ŀƭƭƻǿŜŘ ǳǎ ǘƻ ǊŀǇƛŘƭȅ ǊŜŀŎƘ ƘƛƎƘ ǇǊŜŎƛǎƛƻƴ όˋAE ҒлΦм ҉ ƛƴ тр ƳƛƴǳǘŜǎύ ŀƴŘ ŜǾŀƭǳŀǘŜ ǘƘŜ 

effects of inter-measurement changes. Perchlorate observations consisted of triplicate 

sample standard comparisons in the order 

Standard/Sample/Standard/Sample/Standard/Sample/Standard, a total of 7 

measurements. EacƘ ƳŜŀǎǳǊŜƳŜƴǘ ƘŀŘ ŀ мр ƳƛƴǳǘŜ ΨǇǊƛƳƛƴƎΩ ǇŜǊƛƻŘ ŦƻƭƭƻǿŜŘ ōȅ тр 

minutes of measurement and 20 minutes of purging, for a total of 110 minutes (Table 3.1). 

¢ƘŜ ŜƴǘƛǊŜ ǎŜǉǳŜƴŎŜ ǘƻƻƪ Ғмо ƘƻǳǊǎΣ ǿŀǎ ŀǳǘƻƳŀǘŜŘΣ ŀƴŘ ǊŜquired no user input for the 

duration. We present three sequences of this type; all were zero enrichment 

measurements, i.e., the same perchlorate was used for sample and standard. One was 

performed at AGC 5e5, while two were performed at AGC 2e5. All drew sample from the 

ǎŀƳŜ ǊŜǎŜǊǾƻƛǊΤ ǘƘŜ рŜр ŀƴŘ ƻƴŜ нŜр ƳŜŀǎǳǊŜƳŜƴǘ όΨнŜр {ΩΣ ƻǊ ǎŀƳŜύ ŀƭǎƻ ǳǎŜŘ ǘƘŜ ǎŀƳŜ 

ǘǳōƛƴƎ ŦƻǊ ōƻǘƘ ǎǘŀƴŘŀǊŘ ŀƴŘ ǎŀƳǇƭŜΣ ǿƘƛƭŜ ǘƘŜ ƻǘƘŜǊ нŜр ƳŜŀǎǳǊŜƳŜƴǘ όΨнŜр 5ΩΣ ƻǊ 

ΨŘƛŦŦŜǊŜƴǘΩύ ǳǎŜŘ ŘƛŦŦŜǊŜƴǘ ǘǳōƛƴƎ ŦƻǊ ǎǘŀƴŘŀǊŘ ŀƴŘ ǎŀƳǇƭŜΦ 

We first examine the 37Cl/Unsub data, as this is the highest precision isotope ratio 

we recover and best able to reveal issues with inter-measurement replicability (Figure 

3.п!ύΦ !Ŏǉǳƛǎƛǘƛƻƴ ŜǊǊƻǊǎ όˋAE) in individual measurements for 37/ƭκ¦ƴǎǳō ǿŜǊŜ ҒлΦлф ҉ 

όрŜрύ ŀƴŘ лΦмо ҉ όнŜрύΦ !ǎ ǿƛǘƘ ǇǊŜǾƛƻǳǎ Lwa{ ƳŜŀǎǳǊŜƳŜƴǘǎ ƳŀŘŜ ǳǎƛƴƎ ŀƴ hǊōƛǘǊŀǇΣ ǿŜ 

observe significant inter-measurement drift in raw measured isotope ratios, on the order 

ƻŦ м ҉ όǘƘŜ ŀǾŜǊŀƎŜ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ǘǿƻ ŎƻƴǎŜŎǳǘƛǾŜ ƻōǎŜrvations of 37Cl/Unsub is 0.8 

҉ύ όCƛƎǳǊŜ 3.4A, left) (Chimiak et al., 2021; Hilkert et al., 2021; Mueller et al., 2022a). Our 

standardization strategy attempts to correct for this inter-measurement drift by performing 

a linear fit to the standard values and comparing the sample values to this line; results of 

these comparisons are given in per mil as ɿ #Ì , with the average of the associated ̀ PAE 

values given above each plot (Figure 3.4A, center). We also give the experimental 

reproducibility, or the mean of these three ɿ #Ì  values and their standard deviation 

όÈR) (defined in 3.2.2.4) (Figure 3.4A, right). We find our correction scheme does not 

adequately account for inter-measurement drift; recovered values for ɿ #Ì  drift 

ǊŜƭŀǘƛǾŜ ǘƻ ŜŀŎƘ ƻǘƘŜǊ ŀƴŘ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ ŎƻǊǊŜŎǘ ǾŀƭǳŜ ƻƴ ǘƘŜ ƻǊŘŜǊ ƻŦ м҉Σ ǎǳōǎǘŀƴǘƛŀƭƭȅ 
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ƎǊŜŀǘŜǊ ǘƘŀƴ ƻǳǊ ˋAE ǾŀƭǳŜǎΦ ¢ƘŜ ŜŦŦŜŎǘǎ ƻŦ ǘƘƛǎ ŘǊƛŦǘ ŀǊŜ ŎŀǇǘǳǊŜŘ ōƻǘƘ ƛƴ ǘƘŜ ˋPAE values 

όǿƘŜǊŜ ŘǊƛŦǘ ŎŀǳǎŜǎ ōǊƻŀŘŜǊ ŎƻƴŦƛŘŜƴŎŜ ƛƴǘŜǊǾŀƭǎΣ ˋSTD,CI for the standard values used to 

calculate ɿ #Ì  ŀƴŘ ǘƘŜ ˋER values (reflecting different values of ɿ #Ì  for different 

ǎŀƳǇƭŜ ŀŎǉǳƛǎƛǘƛƻƴǎΣ ǊŜŀŎƘƛƴƎ лΦун ҉ ŦƻǊ ǘƘŜ рŜр ŎŀǎŜύΦ ²Ŝ ŎƻƴŎƭǳŘŜ ǘƘŀǘ ŘǊƛŦǘ ŀǎǎƻŎƛŀǘŜŘ 

ǿƛǘƘ ǘƘŜ ŎƘŀƴƎƛƴƎ ƻŦ ǎŀƳǇƭŜǎ όƛΦŜΦΣ ǘƘŜ ΨǇǳǊƎŜΩ ŀƴŘ ΨǇǊƛƳŜΩ ǎǘŜǇǎ ŀƴŘ ǘƘŜ ƛƴǘǊƻŘǳŎǘƛƻƴ ƻŦ ŀ 

new sample) leads to variations in standardized ratios on tƘŜ ƻǊŘŜǊ ƻŦ м ҉Φ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ 

ōŜƴŜŦƛǘǎ ƻŦ ˋAE ǾŀƭǳŜǎ ƳǳŎƘ ƭƻǿŜǊ ǘƘŀƴ м҉ Ƴŀȅ ƴƻǘ ōŜ ǊŜŀƭƛȊŜŘΦ CǳǘǳǊŜ ǿƻǊƪ Ƴŀȅ ŜȄŀƳƛƴŜ 

the causes of this instrument drift to obtain a more accurate measurement.  

We close this section by examining the remaining, lower precision perchlorate data, 

for 17O/Unsub, 18O/Unsub, 37Cl18O/Unsub, and 37Cl17O/Unsub. Note that perchlorate 17O is 

an easier target than acetone 17O, as there is no 13C peak in perchlorate. These data are 

shown in Figure 3.4B (we omit 2e5_S, as it is similar to the other datasets; all data are 

ŀǾŀƛƭŀōƭŜ ƛƴ ǘƘŜ ŀǇǇŜƴŘƛȄ ό!ΦтύύΦ ¢ƘŜ ǎƛȊŜǎ ƻŦ ˋAE ŀƴŘ ˋPAE error bars on individual samples 

are given in the title of each plot. Note that the low abundance of 37Cl17O means that the 

нŜр ŘŀǘŀǎŜǘ Ƙŀǎ ŀ ǎǳōǎǘŀƴǘƛŀƭ ƴǳƳōŜǊ όҒнл ҈ύ ƻŦ ȊŜǊƻ ǎŎŀƴǎ ŀƴŘ ŀ  ratio >2, and so we 

reject this data (in the 5e5 dataset, 37Cl17h Ƙŀǎ ҒлΦо ҈ ȊŜǊƻ ǎŎŀƴǎ ŀƴŘ  < 2, which we 

consider sufficient for measurement). In all cases, the drift between acquisitions and their 

ŘƛǾŜǊƎŜƴŎŜ ŦǊƻƳ ŀŎŎǳǊŀǘŜ ǾŀƭǳŜǎ ƛǎ ǿƛǘƘƛƴ нˋ ƻŦ ǘƘŜ ˋPAE ǾŀƭǳŜǎΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ ǘƘŜ ˋPAE values 

ŀǊŜ ŎƭƻǎŜǊ ǘƻ ǘƘŜ ƻōǎŜǊǾŜŘ ˋAE ǾŀƭǳŜǎ όŀƭƭ ǿƛǘƘƛƴ ŀ ŦŀŎǘƻǊ ƻŦ нύΣ ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ ƭƻǿŜǊƛƴƎ ˋAE 

ǿƛƭƭ ǊŜǎǳƭǘ ƛƴ ŀ ƳƻǊŜ ǇǊŜŎƛǎŜ ŜǊǊƻǊ ōŀǊ ŦƻǊ ǘƘŜ Ŧƛƴŀƭ ǊŜǇƻǊǘŜŘ ʵ ǾŀƭǳŜ ŦƻǊ ǘƘŜǎŜ ǇǊŜŎƛǎƛƻƴǎΦ We 

make one additional comment about 17O: in some mass spectrometric measurements of 

ƻȄȅƎŜƴ ƛǎƻǘƻǇŜǎΣ ŜǊǊƻǊǎ ƛƴ ʵ17O and ɻ 18O arise from mass dependent effects, allowing 17O-

ŜȄŎŜǎǎ όƻǊ ɲ17h Ґ ƭƴόʵ17O+1) ς лΦрнуƭƴόʵ18hҌмύ ύ ǘƻ ōŜ ŎƻƴǎǘǊŀƛƴŜŘ ƳƻǊŜ ǇǊŜŎƛǎŜƭȅ ǘƘŀƴ ʵ17O 

ƻǊ ʵ18O individually (Landais et al., 2006; Luz and Barkan, 2010). Our experiment suggests 

that the error bars for these quantities is following shot noise error, rather than a mass-

dependent process; in this case, such a beneficial cancellation of errors will not occur. We 

conclude that inter-measurement drift is sufficiently small to permit observations with 

ǇǊŜŎƛǎƛƻƴǎ ƻƴ ǘƘŜ ƻǊŘŜǊ ƻŦ м ҉Σ ƛƴŎƭǳŘƛƴƎ ŦƻǊ ǊŀǊŜ ƻǊ ƳǳƭǘƛǇƭȅ-substituted species.  
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Figure 3.4: Inter-measurement variability perchlorate. When error bars are not shown, they are smaller than 
the size of the points. A: The 37Cl substitution of perchlorate. A, Left: The raw ratio 37Cl/Unsub recovered from 
each observations. A, Right: The standardized ratios reported as delta values. The red line at 0 per mil indicates 
the accurate value for this zero-enrichment measurement. We observe drift between sample replicates on 
the order of 1҉Σ ŜȄŎŜŜŘƛƴƎ ǘƘŜ ˋAE ƻŦ Ғ лΦм ҉Φ ¢Ƙƛǎ ƛƴǘŜǊ-measurement drift prevents the application of 
reservoir injection methods to such high precisions. B: Remaining data for four other substitutions in 
perchlorate; these are observed simultaneously with 37Cl. Only the standardized data are shown, and we omit 
the 2e5_S dataset, which is qualitatively similar to the 2e5_D (remaining data are available in the appendix 
ό!ΦтύύΦ CƻǊ ǎǳōǎǘƛǘǳǘƛƻƴǎ ǿƛǘƘ ˋAE ƻƴ ǘƘŜ ƻǊŘŜǊ ƻŦ м҉Σ ƛƴǘŜǊ-measurement drift is sufficiently small to permit 
ŀŎŎǳǊŀǘŜ ŀƴŘ ǊŜǇƭƛŎŀōƭŜ ƳŜŀǎǳǊŜƳŜƴǘǎΦ ¢ƘŜ ǊŜŘ ƭƛƴŜǎ ƛƴŘƛŎŀǘŜ ǘƘŜ ŀŎŎǳǊŀǘŜ ǾŀƭǳŜ ƻŦ л ҉ ŦƻǊ ŀ ȊŜǊƻ-enrichment 
measurement. 
 

3.3.3 Inter-Measurement Accuracy Tests on Methionine  

We next perform an accuracy test using standardization via an analysis of a 

ƳŜǘƘƛƻƴƛƴŜ ǎŀƳǇƭŜ ǎǇƛƪŜŘ ǘƻ ƘŀǾŜ ŀƴ ŜƴǊƛŎƘƳŜƴǘ ƻŦ мфΦс ҉ ƛƴ ƳƻƭŜŎǳƭŀǊ ŀǾŜǊŀƎŜ 13C/12C 

ratio, relative to the standard. This experiment allows us to evaluate whether we return 

ŀŎŎǳǊŀǘŜ ʵ ǾŀƭǳŜǎ ŦƻǊ ŀƭƭ ǎǳōǎǘƛǘǳǘƛƻƴǎΣ ƛƴŎƭǳŘƛƴƎ ǘƘƻǎŜ ǿƛǘƘ ŜƴǊƛŎƘƳŜƴǘǎ ǿƘŜǊŜ ǎŎŀƭŜ 
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nonlinearities may be an issue. We made triplicate standardized measurements, each 

consisting of a 1-hour integration and each bracketed by measurements of a methionine 

standard; as in the case of perchlorate, these occurred in the order: 

Standard/Sample/Standard/Sample/Standard/Sample/Standard. Including the triplicate 

measurements and purging steps between each analysis, the total measurement sequence 

took 10.5 hours, was automated, and required no user monitoring or input. For each 

measurement we simultaneously observed the ratios of isotopologues with one of seven 

(33S, 34S, 15N, 2H,13C, 18O, & 13C13C) substitutions relative to the unsubstituted isotopologue; 

we plot representative results from 13C, 33S, and 2H in Figure 3.5 and give the remainder in 

Table 3.пΦ !ŦǘŜǊ ǎǘŀƴŘŀǊŘƛȊƛƴƎΣ ǿŜ ŦƛƴŘ ǘƘŀǘ ŀƭƭ ŜȄǇŜǊƛƳŜƴǘŀƭ ǊŜǇƭƛŎŀǘŜǎ ƭƛŜ ǿƛǘƘƛƴ нˋ ƻŦ ŜŀŎƘ 

ƻǘƘŜǊ ŀƴŘ ƻǳǊ ˋPAE ǾŀƭǳŜǎ ŀǊŜ ǿƛǘƘƛƴ ŀ ŦŀŎǘƻǊ ƻŦ н ƻŦ ǘƘŜ ˋAE values (Table 3.4), suggesting 

this method of standardization corrects for inter-measurement drift to within the level of 

precision of our measurements.  

Next, we address the relative accuracy and precision of the sample standard 

ŎƻƳǇŀǊƛǎƻƴǎ ƳŀŘŜ ƛƴ ǘƘƛǎ ŜȄǇŜǊƛƳŜƴǘΦ ²Ŝ ǊŜǇƻǊǘ ōƻǘƘ ˋPAE error bars on individual 

ǎǘŀƴŘŀǊŘƛȊŜŘ ƳŜŀǎǳǊŜƳŜƴǘǎ ŀƴŘ ˋER values representing variation across multiple 

standardized measurements (see section 2.2.4) (Figure 3.5, Table 3.4). Our results for 

ƛƴŘƛǾƛŘǳŀƭ ŀŎǉǳƛǎƛǘƛƻƴǎ ŀƴŘ ˋPAE values are successful in that most reported values and errors 

Ŧŀƭƭ ǿƛǘƘƛƴ нˋ ƻŦ ƻǳǊ ŎƻƳǇǳǘŜŘ ŜƴǊƛŎƘƳŜƴǘǎ όŜȄŎŜǇǘƛƻƴǎΥ нnd sample: 13C, 18O, 34S; 3rd 

sample, 33{ύΦ hǳǊ ŜȄǇŜǊƛƳŜƴǘŀƭ ǊŜǇǊƻŘǳŎƛōƛƭƛǘƛŜǎ ŀƴŘ ˋER values miss the target in more cases 

(13C, 18O, 34S, 2H, and 13C13C). In some cases (13C, 18O, 34S), the calculated values are just 

ōŜȅƻƴŘ нˋ ŜǊǊƻǊ ōŀǊǎ όлΦм ҉ ŦƻǊ ŀƭƭΤ 13C hits the target if results are presented to two 

decimal places). For the others (2H and 13C13/ύΣ ǿŜ ŀǘǘǊƛōǳǘŜ ǘƘƛǎ ǘƻ ˋER understating our 

actual error due to the small number of replicates (n=3). For example, 13C13C, if we compute 

ǘƘŜ ǎƘƻǘ ƴƻƛǎŜ ƭƛƳƛǘ ǳǎƛƴƎ ŀƭƭ ƛƻƴǎ ŀŎǊƻǎǎ ŀƭƭ ŀŎǉǳƛǎƛǘƛƻƴǎΣ ǿŜ ƻōǘŀƛƴ ŀƴ ŜǊǊƻǊ ōŀǊ ƻŦ ҒнΦл ҉Τ 

ƘŜƴŎŜ ǘƘŜ ǊŜǇƻǊǘŜŘ ˋER ƻŦ лΦо ҉ ŦƻǊ ǘƘƛǎ ƳŜŀǎǳǊŜƳŜƴǘ ƛǎ ƛƳǇƭŀǳǎƛōƭȅ ƭƻǿΦ ²ƛǘƘ ǘƘŜ ŎŀǾŜŀǘ 

ǘƘŀǘ ˋER may understŀǘŜ ƻǳǊ ŀŎǘǳŀƭ ŜǊǊƻǊΣ ǿŜ ŦƛƴŘ ˋER a useful one-number summary for a 

series of measurements. Lƴ ŀƭƭ ŎŀǎŜǎΣ ǿŜ ǊŜƎŀǊŘ ƻǳǊ ˋPAE values as reasonable bounds on 
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the accuracy and precision of our method. In sum, we find reservoir injection methods can 

ƳŜŀǎǳǊŜ Ƴŀƴȅ ƛǎƻǘƻǇŜ Ǌŀǘƛƻǎ ŀǘ ƘƛƎƘ ǇǊŜŎƛǎƛƻƴ όƻƴ ǘƘŜ ƻǊŘŜǊ ƻŦ Ϥм ҉ ŦƻǊ ˋPAE ŀƴŘ ˋER) for 

long durations and in an automated fashion.  

 
Figure 3.5: Inter-ƳŜŀǎǳǊŜƳŜƴǘ ŘǊƛŦǘ ǿƛǘƘ ˋAE όƭŜŦǘύΣ ǎŀƳǇƭŜ ǎǘŀƴŘŀǊŘ ŎƻƳǇŀǊƛǎƻƴǎ ǿƛǘƘ ˋPAE (center), and 
ŜȄǇŜǊƛƳŜƴǘŀƭ ǊŜǇǊƻŘǳŎƛōƛƭƛǘȅ ǿƛǘƘ ˋER (right) for several replicate methionine measurements. Inter-
measurement drift shows single acquisitions of either sample or standard and the raw reported ratios 
and errors. Sample standard comparisons show the resulting delta values after taking the average of the 
ratios of the sample and the predicted standard value at that timepoint. Experimental reproducibility 
shows the average and standard deviation of the n=3 samples. Red lines show the predicted values for 
ʵ13CSTD όмфΦс ҉ύ ŀƴŘ ƻǘƘŜǊ ƛǎƻǘƻǇŜ Ǌŀǘƛƻǎ όл ҉Σ ŀǎ ǘƘŜǎŜ ŀǊŜ ȊŜǊƻ-enrichment).  

 
Table 3.4: Results from Methionine Replicatesa 

 Observed or 
Approximat

ed Value 

Average 

ÀE 
Sample 1 
ŀƴŘ ˋPAE 

Sample 2 
ŀƴŘ ˋPAE 

Sample 3 
ŀƴŘ ˋPAE 

Average and 

ÈR 

♯ ╒╢╣╓ 19.6 ± 0.1 0.3 20.5 ± 0.4 20.8 ± 0.4 20.0 ± 0.4 20.5 ± 0.3 

♯ ╝╢╣╓
b 

0 1.5 
-0.1 ± 2.1 -2.2 ± 2.1 -1.2 ± 3.1 -1.1 ± 0.8 

♯ ╞╢╣╓ 0 1.3 -1.5 ± 1.6 -4.2 ± 1.5 -1.8 ± 1.6 -2.5 ± 1.2 

♯ ╢╢╣╓ 0 0.9 -0.6 ± 1.0 -1.1 ± 0.9 2.3 ± 1.0 0.2 ± 1.5 

♯ ╢╢╣╓ 0 0.4 -0.4 ± 0.7 -1.3 ± 0.6 -1.0 ± 0.7 -0.9 ± 0.4 

♯╗╢╣╓ 0 2.3 -2.6 ± 3.1 -1.1 ± 2.9 -1.0 ± 3.2 -1.6 ± 0.7 

♯╢╣╓
╒ ╒ 39.2 ± 1 2.5 35.4 ± 2.8 35.1 ± 2.7 35.8 ± 2.8 35.4 ± 0.3 

a: All ŜƴǘǊƛŜǎ ƛƴ ǇŜǊ Ƴƛƭ ό҉ύ 
b: The final standard was omitted, hence greater error on sample 3 

 
3.3.4 Sample Consumption  

At present, the biggest limitation on reservoir injection methods is the large sample 

consumption relative to other Orbitrap-IRMS methods. Reservoir injection uses similar 
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analyte concentrations (1-рлл ˃aύ ǘƻ ƻǘƘŜǊ ƳŜǘƘƻŘǎ ōǳǘ ƳǳŎƘ ŦŀǎǘŜǊ Ŧƭƻǿ ǊŀǘŜǎ όмлл 

˃[κƳƛƴǳǘŜ Ǿǎ о-нл ˃[κƳƛƴǳǘŜύΣ ŀƴŘ ƘŜƴŎŜ ŎƻƴǎǳƳŜǎ ƳƻǊŜ ǎŀƳǇƭŜ ǇŜǊ ǳƴƛǘ ǘƛƳŜΤ 

ŀŘŘƛǘƛƻƴŀƭƭȅΣ ŀ ǇǊƛƳƛƴƎ ǎǘŜǇ ƛǎ ǊŜǉǳƛǊŜŘ ǇǊƛƻǊ ǘƻ ŜŀŎƘ ƳŜŀǎǳǊŜƳŜƴǘΣ ŎƻƴǎǳƳƛƴƎ Ғн Ƴ[ ƳƻǊŜ 

of samplŜ ǎƻƭǳǘƛƻƴΦ Cƛƴŀƭ ǎŀƳǇƭŜ ǊŜǉǳƛǊŜƳŜƴǘǎ ǿŜǊŜ тн ˃Ƴƻƭ όпΦн ƳƎύ ŦƻǊ нп ƘƻǳǊǎ ƻŦ 

ŀŎŜǘƻƴŜ ƻōǎŜǊǾŀǘƛƻƴΤ нт ƴƳƻƭ όоΦу ˃Ǝύ ǇŜǊ тр-minute perchlorate observation; and 26 nmol 

όоΦу ˃Ǝύ ǇŜǊ сл-minute methionine observation. Due to the inherent sensitivity of Orbitrap 

IRMS, even these relatively high values compare favorably to some alternative 

technologies. For example, observation of the average 13C/12C ratio of methionine via EA-

Lwa{ ǊŜǉǳƛǊŜŘ рл ˃Ǝ ǇŜǊ ǊŜǇƭƛŎŀǘŜΣ ŀƴ ƻǊŘŜǊ ƻŦ ƳŀƎƴƛǘǳŘŜ ƳƻǊŜ ǘƘŀƴ ǘƘŜ hǊōƛǘǊŀǇ 

measurement. In our case, the flow rate limitation was imposed by the HPLC used; we 

imagine that similar experiments using nano-HPLC systems could reduce sample 

requirements. We also re-emphasize that the reservoir injection method is designed for the 

purpose of measuring rare and hard-to resolve isotopic substitutions, such as 17O-bearing 

isotopologues of organic molecules, that have never been analyzed directly at useful 

ǇǊŜŎƛǎƛƻƴ όϤм ҉ύ ōȅ ŀƭǘŜǊƴŀǘƛǾŜ ƳŜǘƘƻŘǎΦ  

 

3.4 Conclusion 

The results presented here demonstrates that, with our reservoir injection system, 

Orbitrap-IRMS can observe many isotope ratios simultaneously, at high precisions, and for 

long durations, across a variety of target compounds. Our results from acetone 

demonstrate the long-term stability of the system, which does not deviate noticeably from 

shot noise limits across a 24-hour measurement. Meanwhile our perchlorate results 

ŘŜƳƻƴǎǘǊŀǘŜ ǘƘŀǘ ŎǳǊǊŜƴǘ ŀŎŎǳǊŀŎȅ ƭƛƳƛǘǎ ŦƻǊ ʵ ǾŀƭǳŜǎ ŀŎǊƻǎǎ ǎǘŀƴŘŀǊŘƛȊŜŘ ǊŜǇƭƛŎŀǘŜǎ ŀǊŜ on 

ǘƘŜ ƻǊŘŜǊ ƻŦ м ҉Σ ŘŜǎǇƛǘŜ ƭƻǿŜǊ ˋAE ǾŀƭǳŜǎ όҒлΦм ҉ύΣ ŘǳŜ ǘƻ ƛƴǘŜǊ-measurement drift. 

Finally, our methionine observations confirm that automated, accurate, and reproducible 

measurements of isotopic differences may be made across many isotopes of interest. In 

their current form, reservoir injection methods are best suited to rare isotopologues or to 

those with demanding mass-resolution and AGC requirements, such as 17O in organics or 
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clumped isotopes, and therefore require observations on the order of hours to tens of 

hours. Future investigations should evaluate the capability of other sample introduction 

methods for long duration Orbitrap-IRMS measurements. Additionally, they should 

improve on the sample requirements and determine and correct for the causes of inter-

measurement drift in order to fully take advantage of the reservoir injection platform. 
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SUPPLEMENTARY MATERIAL FOR CHAPTER 3 

S3.1 Ammonium Hydroxide Additive for Perchlorate 

We found that adding ammonium hydroxide improved the ionization stability of 

perchlorate. To do so, we injected perchlorate solutions using a syringe pump (Fusion 101, 

/ƘŜƳȅȄ LƴŎΦύ ŀǘ ŀ Ŧƭƻǿ ǊŀǘŜ ƻŦ мл ˃[κƳƛƴǳǘŜΦ !ƭƭ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊƛŎ ŎƻƴŘƛǘƛƻƴǎ ǿŜǊŜ ŀǎ 

shown in Table 3.3 except: Sheath gas: 5 Aux gas: 0, AGC target = 1e6. Perchlorate solutions 

ǿŜǊŜ ŀƭƭ ŀǘ н ˃a ƛƴ ƳŜǘƘŀƴƻƭΣ ŀƴŘ ƘŀŘ ŜƛǘƘŜǊ мύ л҈Σ лΦм҈Σ ƻǊ лΦн҈ ŀƳƳƻƴƛǳƳ ƘȅŘǊƻȄƛŘŜΦ 

For 5-minute observations, we found the following tic means, standard deviations, and 

relative standard deviations: 

0% Ammonium hydroxide: 4.0e7 ± 1.9e7 (RSD of 47%)  

0.1% Ammonium hydroxide: 5.4e7 ± 2.9e6 (RSD of 5.3 %)  

0.2% Ammonium hydroxide: 4.5e7 ± 2.8e6 (RSD of 6.2%)  

The resulting tic curves are plotted in Figure S3.1, below. While we did not retest 

each condition for the reservoir injection methods, the RSD values for those experiments, 

all of which used 0.1% ammonium hydroxide, were of a similar magnitude (between 3.4% 

and 7.0%). 

In the syringe pump experiments, we observe an increase in the height of a 

contaminant peak at 101.059 (tentatively assigned as C5H9O2
-) with more ammonium 

hydroxide (~2 % the height of the unsubstituted perchlorate peak at 0% ammonium 

hydroxide; ~10% with 0.1 % ammonium hydroxide; ~20% with 0.2% ammonium hydroxide). 

However, we did not observe the same contaminant using the reservoir injection methods. 
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Figure S3.1: The tic stability for perchlorate observations using different amounts of NH4OH. Each observation 

includes 5 minutes of data. 

  
S3.2 Methionine Mixing 

To confirm that our assumed sample standard comparisons for each isotope of 

methionine were accurate, we explicitly calculated the concentrations of all isotopologues 

of methionine for the 13C-methyl labelled methionine and methionine standard, mixed 

these on an isotopologue-by-isotopologue basis for the methionine sample, and compared 

results for the sample and standard, using a range of plausible methionine compositions. 

This exercise allows us to determine whether unknown variations in the content of either 

methionine would result in idiosyncratic differences. For example, if the labelled 

methionine had a high 15N content, or if its 13C carboxyl site were substantially enriched, 

our sample standard comparisons may have differed from our assumptions.  

As input for this calculation, we needed an estimate of the site-specific content of 

each atom in each methionine. For Met-A, the explicitly measured constraints are: -роΦф ҉ 

(methyl 13C), -ноΦт ҉ όƎŀƳƳŀ 13C), -нпΦл ҉ όŀǾŜǊŀƎŜ ŎƻƳǇƻǎƛǘƛƻƴ ƻŦ ŀƭǇƘŀ ϧ ōŜǘŀ 13C), -

нпΦо ҉ όŎŀǊōƻȄȅƭ 13C), all vs VPDB, and 4.3 (34S) vs CDT (Neubauer et al 2018). We have no 



 

 

126 

independent constraints on the N, H or O isotope composition of Met-A methionine, and 

ǎƻ ŀǎǎǳƳŜ ŎƻƳǇƻǎƛǘƛƻƴǎ ƻŦ л ҉ Ǿǎ ±{ah² όŦƻǊ 2H, 17O and 18O) or AIR (for 15N) and set 33S 

and 36S via mass scaling and assuming conventional mass laws for sulfur isotope variations. 

These assumptions do not cause significant errors in the expected differences between 

Met-A and our sample for isotopic properties studied in this text. For the 13C-methyl 

labelled methionine, we specified a composition of 99% 13C at the methyl site. For other 

ǇƻǎƛǘƛƻƴǎΣ ǘƻ ǘŜǎǘ ǘƘŜ ǾŀǊƛŀōƛƭƛǘȅ ŎŀǳǎŜŘ ōȅ ǳƴƪƴƻǿƴ ŘŜǾƛŀǘƛƻƴǎ ƛƴ ǘƘŜ ƭŀōŜƭƭŜŘ ƳŜǘƘƛƻƴƛƴŜΩǎ 

ƛǎƻǘƻǇƛŎ ǎǘǊǳŎǘǳǊŜΣ ǿŜ ǎǇŜŎƛŦƛŜŘ ΨƘŜŀǾȅ,Ω ΨƳƻŘŜǊŀǘŜ,Ω ŀƴŘ ΨƭƛƎƘǘΩ ŎƻƳǇƻǎƛǘƛƻƴǎΣ ŘŜǇƛŎǘŜŘ ƛƴ 

Table S3.1. We varied the composition of all sites simultaneously and so tested 3 

methionines (heavy, moderate, and light); a full description of the sites we defined and used 

is presented in Csernica and Eiler, 2023.  

Table S3.1: Tested 13C-Methyl Labelled Methionine Compositionsa 

Site Light Moderate Heavy 

C-methyl 99 % 99 % 99 % 

C-gamma -50 -30 0 

C-alphabeta -50 -30 0 

C-carboxyl -50 -30 0 

O-carboxylb -25 0 25 

S-sulfurc -25 0 25 

N-amine -25 0 25 

H-methyl -100 0 100 

H-gamma -100 0 100 

H-alphabeta -100 0 100 

H-amine -100 0 100 

H-hydroxyl -100 0 100 

H-protonated -100 0 100 

a: Except for C-methyl, which is given as a concentration of 13C, values are given as 
per mil enrichments vs VPDB (carbon) CDT (sulfur), AIR (nitrogen), or VSMOW (oxygen 
and hydrogen). 
b: Composition of 17O, with 18O set via mass scaling 
c: Composition of 33S, with 34S & 36S set via mass scaling 

 
For all non-carbon substitutions, we find that deviations from the Met-A 

ŎƻƳǇƻǎƛǘƛƻƴ ƛƴ ǘƘŜ ƳƛȄǘǳǊŜ ǘƻ ōŜ ƳƛƴƻǊΣ ғ лΦллм ҉ ŦƻǊ ŀƭƭ ǎǳōǎǘƛǘǳǘƛƻƴǎΦ CƻǊ 13C13C, the 

composition of the remaining carbon sites of the methyl 13C labelled methionine are more 
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ƛƴŦƭǳŜƴǘƛŀƭΣ ƛƴŘǳŎƛƴƎ ŜǊǊƻǊǎ ƻŦ Ғм ҉ ƛƴ ǘƘŜ Ŧƛƴŀƭ ǾŀƭǳŜΦ LŦ ǎƻƳŜ ŎŀǊōƻƴ ǎƛǘŜǎ ƻŦ ǘƘŜ ƳŜǘƘȅƭ 13C 

labelled methionine differed substantially from our range (e.g., due to some of the label 

being applied at these sites), it may lead to significant deviations (enrichment, in the case 

that the 13C label appeared at multiple sites) of the 13C13C composition of the mixture 

relative to our computation.  

 

S3.3. 17O Extraction and Zero Scans for Acetone  

To avoid an artifact associated with the abundant and nearly isobaric 13C peak, a 

targeted extraction procedure for 17O had to be used with FTStatistic. We begin with a basic 

overview of how FTStatistic functions. To extract peaks, one defines central masses 

associated with those peaks and a certain tolerance; e.g., a peak center of m/z = 60.05380 

Da and a tolerance of 5 ppm, relative. Then, for each scan, FTStatistic searches for and 

records the largest peak within the mass range. Typically, a tolerance of 5 ppm is used, 

leading to extraction of signal centered around a single mass (shown for 13C in Figure S3.2, 

top left). When two peaks are very close to each other, i.e., within the tolerance range, the 

FTStatistic program will report only the more intense of the two, and in cases where the 

two intensities are relatively similar to each, which of the two is reported might vary from 

scan to scan. When using a 5 ppm tolerance for 17O in the presence of 13C, this problem 

occurs and data from two close but distinct peaks are observed (Figure S3.2, top right) To 

remove this problem, the data are reextracted with a narrower mass range. In this case, we 

defined moving mass windows to target both the higher and lower peaks associated with 

17O. For the higher mass peak, these were 60.05390 ± 0.0001, 60.05392 ± 0.0001, and 

60.05394 ± 0.0001 for times of 0-300 minutes, 300-600 minutes, and 600-end minutes, 

respectively. For the lower mass peak, these were 60.05370 ± 0.0001, 60.05372 ± 0.0001, 

and 60.05374 ± 0.0001, for the same times. Results of these targeted extractions are shown 

in Figure S3.2, center. For the lower mass peak, we see periodic oscillatory behavior, while 

for the higher mass one, the distribution appears similar to the 13C peak; moreover, the 

higher mass peak matches the theoretical mass of 17O (calculated as a moving average 
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assuming the same mass error as observed for 13C); hence, we conclude the lower mass is 

an artifact of the Fourier-transform retrieval of the nearly isobaric, intense 13C-bearing 

peak, while the higher mass corresponds to the 17O peak. Quantifying the ratio using the 

targeted extraction of the higher mass peak results in the distribution shown in Figure S3.2, 

bottom, which is similar to the expected histogram, having a small number of zero scans 

(74 out of 33305, or 0.22%) and a similar number where the ratio is noticeably depressed. 

We consider these artifacts acceptable for observation and note the reported  ratio (1.6) 

is less than the arbitrary but useful data-triaging threshold of 2.  In our data processing, we 

include these scans and quantify them with a value of 0 for the 17O/Unsub ratio.  
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Figure S3.2: Targeted extraction of the 17O peak. Top left: For a typical FTStatistic extraction, a center point 
with a mass tolerance of 5 ppm is chosen, resulting in a distribution like that for 13C. Top right: For 17O, this 
results in the extraction of two closely related but distinct populations. Center: We redefined targeted mass 
windows for both, extracting them individually. The higher mass peak more accurately matches the theoretical 
mass of 17O, while the targeted lower mass extraction shows periodic behavior unlike the 13C (and other 
observed) isotopic peaks, so we identify the higher mass peak as 17O. Bottom: Our final extraction of the 
isotope ratio (using the window in the center right panel) has a distribution similar to that for other extracted 

peaks, with a small number of depressed and/or 0 scans; it also has a  ratio of <2. We consider the data 

sufficient for measurement.  
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S3.4 Standardization Methods 

The methionine and perchlorate data both constituted measurement sequences of 

7 acquisitions in the order: 

Standard/Sample/Standard/Sample/Standard/Sample/Standard. Our results for the 

acetone 24-hour measurement show that acquisition error continues to decline throughout 

a single acquisition; we therefore attribute differences between consecutive 

measurements to the process of switching the analyteτƛΦŜΦΣ ǘƘŜ ΨǇǳǊƎŜΩ ŀƴŘ ΨǇǊƛƳŜΩ ǎǘŜǇǎΦ 

To evaluate whether this drift was random or systematic across measurement sequences, 

we performed the following calculation. For each sequence, and for each isotope ratio 

observed in that sequence, we took the four standard values observed, averaged them, and 

computed the deviation of each standard relative to the mean. We collected results for 

each ratio, and present these in Figure S3.3; each block of ratios corresponds to a single 

standard acquisition (datapoints are offset around standard number in the plot to allow 

visualization). Note that we omit the failed 15N/Unsub measurement from the final 

methionine standard acquisition and the failed 37Cl17O/Unsub measurement for the 

perchlorate acquisitions at 2e5. We then performed a linear regression (using 

scipy.stats.linalg) versus standard number on each dataset, and present the R2 and p values 

(for the null hypothesis that the slope is 0) in Figure S3.3. For three of the four datasets, we 

compute p values < 0.05 and so conclude that systematic error is present.  
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Figure S3.3: The isotope ratios recovered for the four standard acquisitions vary systematically with standard 
number rather than being random. We therefore chose to standardize by assuming a linear trend across each 
measurement sequence. Trendlines are not shown as the data for different ratios are offset along the x axis, 
to allow visualization; for the regression, each isotope ratio within a block had the same value for acquisition 
ƴǳƳōŜǊ όΨлΩ ŦƻǊ {ǘŘ мΣ ΨмΩ ŦƻǊ {ǘŘ нΣ ŜǘŎΦύΦ  ±ŀƭǳŜǎ ŦƻǊ ǘƘŜ ƭƛƴŜŀǊ Ŧƛǘ ŀre given in each figure title.  

 
Because we saw evidence of systematic drift in most cases, we chose to standardize 

versus the linear trend observed for all four standards. To do so, for each isotope ratio, we 

performed a linear regression across the four recovered standard values. We used this 

regression to predict the standard value at the time of each sample acquisition and the 

ŀǎǎƻŎƛŀǘŜŘ мˋ ŎƻƴŦƛŘŜƴŎŜ ƛƴǘŜǊǾŀƭǎ όˋSTD,CI). We then standardized each sample acquisition 
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relative to this predicted standard value. Error bars are given by adding the acquisition error 

όÀEύ ŦƻǊ ǘƘŜ ǎŀƳǇƭŜ ǘƻ ˋSTD,CI in quadrature. For example, our procedure applied to the 

13C/Unsub ratio of methionine is depicted in Figure S3.4. Here, we plot the raw recovered 

ratios and associated error bars for each standard, the linear fit and its confidence intervals, 

and the predicted standard composition and associated error which we apply to our sample 

data.  

 

Figure S3.4: An example of the standardization procedure applied to 13C/Unsub in methionine. The blue circles 
are the reported 13C/Unsub ratios for each standard acquisition; the dashed line is the linear fit to these; and 
the solid lines are the associated confidence interval. The red square gives our reported standard value and 
error bar at the time of the first sample acquisition. 

 

S3.5 Failed D measurement of Acetone 

While many of the isotopes of acetone were observed successfully, we consider the 

deuterium measurement a failure; we here discuss these results. Unlike the other 

measurements, the deuterium data do not track the shot noise limit; around 275 minutes, 

we seŜ ŀ ǎƘŀǊǇ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ˋAE and  ratio (Figure S3.5). As with the 17O peak, using 

the default FTStatistic setting results in the extraction of two closely related peaks; in this 

case, observations of two peaks are more common later in the measurement. Here, the 

lower mass peak better matches the theoretical mass of D (assuming the same mass error 

as the 13C peak, calculated as a moving average) and is present throughout the observation, 

so we assign this as the actual D peak. The higher mass peak does not match any 
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isotopologue associated with acetone; it has a mean distance of 0.23 mmu from the D peak, 

smaller than the 1.5 mmu for the H-adduct of unsubstituted acetone, and could represent 

an unidentified contaminant. As with the 17O, we apply a targeted extraction strategy to 

obtain only data from the D peak (Figure S3.5, center); however, in this case, the presence 

of the contaminant peak compromises our data quality. In scan-by-scan results from the 

observation (Figure S3.5, bottom), we see an increasing number of 0 scans later in the 

measurement, when the contaminant is more common; we interpret this as the D peak 

being lost due to the contaminant in these scans. Because of the large number of 0 scans 

(706 out of 33305 or 2.1%), as there is large apparent drift in the ratio across the 

measurement, and due to the sharp rise in precision of the observed ratio, we consider this 

observation to have failed. Additional efforts to identify and remove the contaminant could 

enable a successful D observation for this system.  
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Figure S3.5: Analysis of the D measurement of acetone. Top: Precision and precision to shot noise ratio across 
the measurement. A sharp increase in precision is observed around ~275 minutes into the measurement. 
Center: The observed mass by retention time for the D peŀƪ ŜƳǇƭƻȅƛƴƎ ōƻǘƘ р ǇǇƳ ŀƴŘ άǘŀǊƎŜǘŜŘέ C¢{ǘŀǘƛǎǘƛŎ 
procedures. There is a contaminant peak which becomes more common throughout the measurement, with 
the first increase in abundance around 275 minutes. We interpret this as the cause of our decrease in 
precision. Bottom: Scan-by-scan ratios and histogram for the D/Unsub ratio throughout the measurement for 
the targeted extraction. Despite targeting only the correct peak, we see an increasing number of 0 scans 
associated with the times where the contaminant is most common. We interpret this as evidence of the D 
peak being lost due to the contaminant, and thus not present in the spectrum. Because of the large number 
of 0 scans, long-term drift of the ratio, and observed increase in precision, we consider this observation a 
failure.  
 

S3.6. Culling Zero Scans of Deuterium in Methionine 

When encountering zero scans for the observations of deuterium in methionine, we 

can proceed either by culling the zero scans or by including them with a value of NIO = 0 for 
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each; we find that culling introduces greater replicate-to-replicate variation into our results. 

We show the resulting data and sample standard comparisons from both methods in Figure 

S3.6, below; in the upper left plot, we also indicate the percentage of zero scans for each 

replicate. We find that the percentage of zero scans increases starting with the second 

sample replicate, for unknown reason; we do not observe a shift in the average number of 

counts of deuterium. However, when we cull the zero scans, this increase in zero counts 

leads to an increase in the recovered isotope ratio, possibly because removing zero scans 

leads to an overestimate of the isotope ratio. This leads to an anomalously high sample 

standard comparison for the second bracket, where this shift occurs.  No such behavior is 

observed when keeping all zero scans. For this reason, we employ the latter method. 

IƻǿŜǾŜǊΣ ǿŜ ƴƻǘŜ ǘƘŜ ŘǊƛŦǘ ǇǊŜǎŜƴǘ ǿƘŜƴ ŎǳƭƭƛƴƎ ȊŜǊƻ ǎŎŀƴǎ ƛǎ ƴƻǘ ōŜȅƻƴŘ нˋ ŜǊǊƻǊ ōŀǊǎ όҒт 

҉ύ ŀƴŘ Řƻ ƴƻǘ ǊŜŎƻƳƳŜƴŘ ŜƛǘƘŜǊ ƳŜǘƘƻŘ Ƴƻre generally.  

 

Figure S3.6: Two modes for dealing with zero scans in the methionine deuterium data. In the upper plot, we 
cull all zero scans; in the lower, we retain them and return an isotope ratio of 0. The percentage of zero scans 
for each replicate is shown in the upper left. We find that culling the zero scans leads to a shift in the recovered 
isotope ratio which is not present when they are retained. We attribute this effect to a shift in the number of 
zero scans in each observation, which increases on the second sample replicate. As culling zero scans results 
in a higher estimate of the isotope ratio, an increase in number of zero scans leads to a higher estimate of the 
ratio. We therefore use the data without culling zero scans; however, we note the observed drift is not beyond 
нˋ ŜǊǊƻǊ ōŀǊǎ ŀƴŘ ǘƘƛǎ ǊǳƭŜ Ƴŀȅ ƴƻǘ ōŜ ŀǇǇƭƛŎŀōƭŜ ƳƻǊŜ ƎŜƴŜǊŀƭƭȅΦ  
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S3.7 Results From Perchlorate 
 

Table S3.2: Results from Perchlorate Replicates 5e5a 

 Observed or 
Approximated 

Value 

Average 

ÀE 
Sample 1 
ŀƴŘ ˋPAE 

Sample 2 
ŀƴŘ ˋPAE 

Sample 3 
ŀƴŘ ˋPAE 

Average and 

ÈR 

♯ ╒■╢╣╓ 0 0.09 -1.1 ± 0.6 0.7 ± 0.5 0.6 ± 0.6 0.0 ± 0.8 

♯ ╞╢╣╓ 0 1.1 -0.3 ± 1.9 0.2 ± 1.6 2.3 ± 1.9 0.7 ± 1.1 

♯ ╞╢╣╓ 0 0.5 -0.9 ± 0.9 1.1 ± 0.8 0.2 ± 0.9 0.1 ± 0.8 

♯ ╒■╞ ╢╣╓ 0 1.9 -0.0 ± 2.2 3.0 ± 2.0 -3.7 ± 2.2 -0.3 ± 2.8 

♯ ╒■╞ ╢╣╓ 0 0.8 -2.0 ± 1.6 2.7 ± 1.3 -0.5 ± 1.6 0.1 ± 1.9 

ŀΥ !ƭƭ ŜƴǘǊƛŜǎ ƛƴ ǇŜǊ Ƴƛƭ ό҉ύ 
 

Table S3.3: Results from Perchlorate Replicates 2e5_Sa 

 Observed or 
Approximated 

Value 

Averag
Ŝ ˋAE 

Sample 1 
ŀƴŘ ˋPAE 

Sample 2 
ŀƴŘ ˋPAE 

Sample 3 
ŀƴŘ ˋPAE 

Average and 

ÈR 

♯ ╒■╢╣╓ 0 0.13 -0.2 ± 0.4 -0.9 ± 0.3 -0.8 ± 0.4 -0.6 ± 0.3 

♯ ╞╢╣╓ 0 1.6 -3.8 ± 2.9 0.4 ± 2.4 -3.7 ± 2.9 -2.4 ± 1.9 

♯ ╞╢╣╓ 0 0.7 -0.9 ± 0.9 0.2 ± 0.8 -0.2 ± 0.9 -0.3 ± 0.5 

♯ ╒■╞ ╢╣╓
b 0 4.7 7.7 ± 7.8 3.2 ± 6.7 11.7 ± 7.9 7.5 ± 3.5 

♯ ╒■╞ ╢╣╓ 0 1.2 -1.9 ± 1.5 -0.3 ± 1.4 -2.1 ± 1.5 -1.4 ± 0.8 

ŀΥ !ƭƭ ŜƴǘǊƛŜǎ ƛƴ ǇŜǊ Ƴƛƭ ό҉ύ 
ōΥ wŜƧŜŎǘŜŘ Řŀǘŀ ŘǳŜ ǘƻ ƘƛƎƘ ƴǳƳōŜǊ όҒнл҈ύ ƻŦ ȊŜǊƻ ǎŎŀƴǎ 

 
Table S3.4: Results from Perchlorate Replicates 2e5_Da 

 Observed or 
Approximate

d Value 

Average 

ÀE 
Sample 1 
ŀƴŘ ˋPAE 

Sample 2 
ŀƴŘ ˋPAE 

Sample 3 
ŀƴŘ ˋPAE 

Average 
ŀƴŘ ˋER 

♯ ╒■╢╣╓ 0 0.13 0.2 ± 0.6 -0.2 ± 0.4 0.2 ± 0.6 0.0 ± 0.2 

♯ ╞╢╣╓ 0 1.6 0.6 ± 2.3 -0.2 ± 2.1 -0.3 ± 2.4 0.0 ± 0.4 

♯ ╞╢╣╓ 0 0.7 0.1 ± 0.9 -0.2 ± 0.8 0.7 ± 0.9 0.2 ± 0.4 

♯ ╒■╞ ╢╣╓
b 0 4.7 1.9 ± 5.8 0.9 ± 5.3 -5.3 ± 5.8 -0.8 ± 3.2 

♯ ╒■╞ ╢╣╓ 0 1.2 -0.6 ± 1.8 -0.1 ± 1.6 -0.6 ± 1.8 -0.4 ± 0.3 

ŀΥ !ƭƭ ŜƴǘǊƛŜǎ ƛƴ ǇŜǊ Ƴƛƭ ό҉ύ 
ōΥ wŜƧŜŎǘŜŘ Řŀǘŀ ŘǳŜ ǘƻ ƘƛƎƘ ƴǳƳōŜǊ όҒнл҈ύ ƻŦ ȊŜǊƻ ǎŎŀƴǎ 
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C h a p t e r  4  

OBSERVATIONS OF OVER 100 CONSTRAINTS ON 

METHIONINEôS ISOTOME 

Csernica, T., Session, A. L., and Eiler, J. M. High-dimensional isotomics part 2: 

Observations of over 100 constraints on methionineôs isotome. Chem. Geol. 642, 121771. 

doi: 10.1016/j.chemgeo.2023.121771 

 

 

Abstract 

The abundances of different isotopic forms of a compound, or isotopologues, will 

vary based on its physical and chemical history. The number of isotopologues increases 

combinatorically with the size of a molecule, and even small molecules such as amino acids 

have thousands of potentially observable isotopic variants. However, due to the analytical 

challenges of separating and observing isotopologues, only a few dimensions of isotopic 

diversity are routinely measured. Overcoming these challenges requires both an 

experimental method to observe many isotopic properties and a theoretical framework for 

interpreting these experiments. In Part 1, we presented such a theoretical framework; here, 

we demonstrate an experimental method, which we apply to methionine. Our approach 

ǳǎŜǎ ŀ v 9ȄŀŎǘƛǾŜ IC hǊōƛǘǊŀǇ ǘƻ ǇŜǊŦƻǊƳ ǎŜǾŜǊŀƭ άaҌb ŜȄǇŜǊƛƳŜƴǘǎ,έ ǿƘŜǊŜ ŀ ǎŀƳǇƭŜ ƛǎ 

ionized, a subset of its isotopologues with cardinal mass N daltons greater than the 

unsubstituted isotopologue is selected and fragmented, and the proportions of all 

detectable isotopic forms of those fragment ions are quantified. We perform M+1, M+2, 

M+3, and M+4 experiments of a methionine sample and standard where the sample has a 

млл ҉ ŜƴǊƛŎƘƳŜƴǘ ƻŦ 13C at the methyl carbon relative to the natural 13C abundance at that 

position in the standard, and is otherwise identical to the standard. We observe isotopic 

forms of 8 fragment ion species for each version of the M+N experiment. With the 

assistance of a forward model of expected mass spectra, we identify isotopic peaks for each 

fragment ion based on observed mass and abundance, screen these for data quality, and 
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ǉǳŀƴǘƛŦȅ ŀōǳƴŘŀƴŎŜǎ ŦƻǊ мпс ǳƴƛǉǳŜ ƛǎƻǘƻǇƛŎ ǇŜŀƪǎ ŀǘ ǇǊŜŎƛǎƛƻƴǎ ƻŦ Ғ лΦо ς о ҉Φ ²Ŝ ǇǊŜǎŜƴǘ 

our direct observations and use them to reconstruct the concentrations of 19 individual 

singly, doubly, and triply-substituted isotopologues; doing so gives fewer constraints and 

broader error bars than working with the direct observations, but may be more 

interpretable for some applications. We also examine possibilities for measuring additional 

peaks, which are primarily limited by the detection limit of the Orbitrap-IRMS method. We 

then suggest some possible uses of our direct measurements for chemical forensics and 

hypothesis testing. Our results demonstrate the diversity of isotopic constraints currently 

observable and interpretable for organic molecules.  

 

4.1. Introduction 

Natural compounds can exist in a variety of isotopic forms, or isotopologues, with 

varying number and location of isotopic substitutions. The chemical and physical properties 

of these isotopologues differ in subtle ways due to the presence of these substitutions; for 

example, they may have different absorption frequencies, diffusion rates, or chemical 

kinetics (Eiler, 2013). Moreover, the concentrations of these isotopologues in a given 

sample of a compound of interest will reflect several factors. These include: (1) inheritance 

from the mixture of isotopologues present in the substrates from which that compound 

was made; (2) chemical-kinetic and equilibrium isotope effects that preferentially 

discriminate between substrate isotopologues during synthesis; and (3) isotope effects 

acting on the compound of interest during any subsequent physical or chemical processing 

it might undergo (Eiler, 2013). These processes impart a unique isotopic fingerprint to that 

compound.  

To frame our discussion, it is necessary to have a clear definition of isotopologue. 

CƻǊ ƛƴǎǘŀƴŎŜΣ άƛǎƻǘƻǇƻƭƻƎǳŜέ ŎƻǳƭŘ ōŜ ŘŜŦƛƴŜŘ ŀǎ ŀ ŘƛǎǘƛƴŎǘ ƛǎƻǘƻǇƛŎ ǎǘƻƛŎƘƛƻƳŜǘǊȅ όƛƴ ǿƘƛŎƘ 

case 14N15N16O & 15N14N16O would be counted together as a single isotopologue) or 

distinguish based on the atomic locations of the isotopes in the molecular structure (in 

which case 14N15N16O & 15N14N16O would be counted as different isotopologues; some 
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ŀǳǘƘƻǊǎ ƘŀǾŜ ǎǳƎƎŜǎǘŜŘ ǘƘŜ ǘŜǊƳ ΨƛǎƻǘƻǇƻŎǳƭŜΩ ŦƻǊ ǘƘƛǎ ǇǳǊǇƻǎŜύ (Toyoda et al., 2017). Both 

definitions have their limitations. If we do not consider location, then our concept of 

ΨƛǎƻǘƻǇƻƭƻƎǳŜΩ ŘƻŜǎ ƴƻǘ ƛƴŎƭǳŘŜ ǎƛǘŜ-specific information. However, if we always consider 

locations, then we introduce unhelpful complexity in applications where two or more 

location-specific isotopologues are not analytically distinguished, (e.g., treating 14N15N16O 

& 15N14N16O as different isotopologues for a mass spectrometric measurement that detects 

these two identical-mass species together). Therefore, we adopt a more flexible approach.  

CƛǊǎǘΣ ǿŜ ǎǇƭƛǘ ŀ ƳƻƭŜŎǳƭŜ ƛƴǘƻ ƛƴŘƛǾƛŘǳŀƭ ΨǎƛǘŜǎ,Ω ŜŀŎƘ ŎƻƴǘŀƛƴƛƴƎ ƻƴŜ ƻǊ ƳƻǊŜ ŀǘƻƳǎ 

ƻŦ ǘƘŜ ǎŀƳŜ ŜƭŜƳŜƴǘΦ ¢ƘŜƴΣ ǿŜ ŘŜŦƛƴŜ ŀƴ ƛǎƻǘƻǇƻƭƻƎǳŜ ŀǎ Ψŀ ǾŜǊǎƛƻƴ ƻŦ ŀ ƳƻƭŜŎǳƭŜ ǿƛǘƘ ŀ 

specific set of isotopes at each siteΦΩ This allows us to distinguish location when analytically 

relevant and ignore location otherwise (Csernica and Eiler, 2023). For example, if we only 

observe the intact N2O molecule, we may define two sites: a nitrogen site with 2 atoms and 

an oxygen site with 1 atom. By this definition, there are then 9 isotopologues, which we 

may write in the form [ 14N14N, xO], [ 14N15N, xO], [ 15N15N, xO ], where sites are separated by 

commas and the substitutions at each site may occur at any positions within that site, and 

x = 16, 17, or 18. If we instead observe fragments of N2O which allow us to distinguish 

between nitrogen positions, we may define 2 separate nitrogen sites and have 12 

isotopologues, of the form [ 14N, 14N, xO], [ 14N, 15N, xO], [ 15N, 14N, xO], & [ 15N, 15N, xO ].  

This flexible nomenclature allows us to tailor our description of a molecule to the 

problem of interest; when experiment can distinguish between atoms, our definition does 

so, and when experiment cannot, our definition does not. The cost savings offered by not 

tracking extraneous information for N2O are small, but for small organic molecules like 

ŀƭŀƴƛƴŜ όҒмΣрлл ƛǎƻǘƻǇƻƭƻƎǳŜǎΣ ŘŜŦƛƴŜŘ ǿƛǘƘ ǘƘŜ ǎƛǘŜǎ ƛƴ /ǎŜǊƴƛŎŀ ŀƴŘ 9ƛƭŜǊ нлноύ ƻǊ 

ƳŜǘƘƛƻƴƛƴŜ όҒсллΣлллΣ ŘŜŦƛƴŜŘ ƛƴ ǘƘŜ ǎŀƳŜύΣ ǘƘŜ ǎȅǎǘŜƳ ǿŜ ŘŜǎŎǊƛōŜ ƘŜǊŜ Ŏŀƴ ŘŜŎǊŜŀǎŜ 

complexity by multiple orders of magnitude (Csernica and Eiler, 2023). We also note that 

our nomenclature makes it easy to extend to new scenarios, such as cases where one might 

wish to track atypical isotopes (e.g., 3H), where a user wants to treat different atoms of the 

same compound as different elements, or where a user may want to combine multiple 
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ŀǘƻƳǎ ƛƴǘƻ ŀ ǎƛƴƎƭŜ ΨǎǳǇŜǊŀǘƻƳΩ ŦƻǊ ŜŀǎŜ ƻŦ ŎŀƭŎǳƭŀǘƛƻƴ (Roussis and Proulx, 2003; He et al., 

2020). ²Ŝ ǳǎŜ ǘƘŜ ǘŜǊƳ ΨƛǎƻǘƻƳŜΩ ǘƻ ǊŜŦŜǊ ǘƻ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ ŀƭƭ ƛǎƻǘƻǇƻƭƻƎǳŜǎ ƛƴ ŀ 

sample of a natural compound.  

Despite the complexity of an isotome, most studies observe only a few dimensions 

of isotopic variation, which generally combine contributions from multiple isotopologues. 

For example, a common metric is the ratio of 13C to 12C, summing contributions from all 

carbons of a molecule; such measures fail to reflect information about the positional 

distribution of 13C across symmetrically non-equivalent carbon sites, multiple 13C 

substitutions, and correlations of 13C with isotopic substitutions of other elements. Recent 

advances in technology have begun to push back these limits, enabling observation of 

multiply-ǎǳōǎǘƛǘǳǘŜŘ όƻǊ ΨŎƭǳƳǇŜŘΩύ ƛǎƻǘƻǇƻƭƻƎǳŜǎ ŀƴŘ ƛǎƻǘƻǇƻƭƻƎǳŜǎ ǿƛǘƘ ǎǳōǎǘƛǘǳǘƛƻƴǎ ŀǘ 

particular sites of a molecule (Eiler, 2007). Developing methods include nuclear magnetic 

resonance (NMR) spectroscopy, optical spectroscopy, and mass spectrometry, including 

Orbitrap isotope ratio mass spectrometry (Orbitrap-IRMS) (Caytan et al., 2007; Chaintreau 

et al., 2013; Prokhorov et al., 2019; Cesar et al., 2019; Chimiak et al., 2021). Improvements 

in analytical capabilities permit measurements which can contribute to a range of scientific 

questions, including the synthetic histories of amino acids and other organic molecules, 

paleo-temperatures, atmospheric budgets of CO2 and O2, and the sources and sinks of 

petroleum hydrocarbons, among others (Abelson and Hoering, 1961; DeNiro and Epstein, 

1977; Singleton and Thomas, 1995; Yeung et al., 2009, 2015; Eiler, 2011; Chimiak et al., 

2021). 

Orbitrap-IRMS, one of the developing technologies for these measurements, offers 

the ability to dramatically increase the number of constraints on the isotome for many 

compounds of interest. Orbitrap-IRMS has successfully been applied to a range of 

compounds, from organics like amino acids and fatty acids to oxyanions and metal oxides, 

and is sensitive enough for analysis of naturally occurring isotopologues for relatively small 

ǎŀƳǇƭŜ ǎƛȊŜǎ όҒ ǘŜƴǎ ƻŦ ǇƳƻƭǎύ (Neubauer et al., 2020; Chimiak et al., 2021; Bills et al., 2021; 

Hilkert et al., 2021; Hoegg et al., 2021; Mueller et al., 2022a; Zeichner et al., 2022). It offers 



 

 

141 

high mass resolutions (upward of 1M has been demonstrated, although most applications 

use 60-240k), allowing many common nearly isobaric substitutions (e.g., 13C and 17O) to be 

resolved (Eiler et al., 2017; Denisov et al., 2021). It can be used to observe molecular 

fragments, permitting site-specific measurements where isotopic enrichment is localized to 

particular positions in a molecule (Eiler et al., 2017; Chimiak et al., 2021; Wilkes et al., 2022). 

Additionally, Orbitrap-IRMS is capable of observing rare isotopologues, including those with 

multiple substitutions (Neubauer et al., 2020; Hilkert et al., 2021). Combined, these 

capabilities permit the observation of a host of new isotopic constraints in numerous, 

chemically diverse compounds.  

However, such observations are not straightforward: many isotopic constraints 

consist of rare, multiply-substituted isotopologues, and the specifics of Orbitrap-IRMS 

function dictate that observations of such isotopologues use unconventional experimental 

strategies. First, we note that Orbitrap-Lwa{ ƳŜŀǎǳǊŜƳŜƴǘǎ ŀǊŜ ŀƎƎǊŜƎŀǘŜǎ ƻŦ Ƴŀƴȅ ΨǎŎŀƴǎ,Ω 

where each scan consists of a packet of ions which is injected into the Orbitrap and 

ƻōǎŜǊǾŜŘ ŦƻǊ ǎƻƳŜ ŘǳǊŀǘƛƻƴ όǘȅǇƛŎŀƭƭȅ Ғ лΦм-500 ms). The presence of too many ions in a 

single scan will cause deleterious space-charge effects, which will suppress the abundance 

and shift the location of low abundance peaks, preventing successful isotope ratio 

measurement (Eiler et al., 2017). Additionally, the Orbitrap has a limited dynamic range in 

intensity (i.e., the ratio of intensities between the least abundant peak that can be observed 

ŀƴŘ ǘƘŜ Ƴƻǎǘ ŀōǳƴŘŀƴǘ ǇŜŀƪ ƛƴ ŀ ǎǇŜŎǘǊǳƳύ ƻŦ Ғрллл (Makarov et al., 2005, 2006b; 

Kaufmann and Walker, 2016). Therefore, the number of ions per scan must be limited. 

Simultaneously, the observed mass resolution () will increase with scan duration. 

Therefore, long scan durations may be required to resolve some mass resolution problems. 

These constraints make it challenging to observe rare isotopologues at the same time as 

more common ones. For example, in a mass spectrum containing both the rare 

14N17O18O16O isotopologue of NO3 όŀōǳƴŘŀƴŎŜΥ Ғ пΦр ǇǇƳύ ŀƴŘ ǘƘŜ ŎƻƳƳƻƴ ǳƴǎǳōǎǘƛǘǳǘŜŘ 

isotopologue 14N16O3 όŀōǳƴŘŀƴŎŜΥ Ғ ффлΣллл ǇǇƳύΣ ǘƘŜ ƭƛƳƛǘŜŘ ƛƻƴ ŎŀǇŀŎƛǘȅ ƛƴ ŜŀŎƘ ǎŎŀƴ ǿƛƭƭ 

be taken up by 14N16O3, and few or no ions of 14N17O18O16O observed in any given scan; 
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ōŜŎŀǳǎŜ ǘƘŜ ǎŎŀƴ ǊŀǘŜ ƛǎ ƭƛƳƛǘŜŘ ōȅ ǘƘŜ ƴŜŎŜǎǎŀǊȅ Ƴŀǎǎ ǊŜǎƻƭǳǘƛƻƴ όŜΦƎΦΣ ҒмлΣллл ǘƻ 

distinguish 14N17O18O16O from 15N18O2
16O), few ions of 14N17O18O16O will be observed per 

unit time. To address this challenge, several authors have suggested a multi-stage 

experiment, where a quadrupole mass filter is used to exclude the common isotopologues 

and the ratio of two rare isotopologues is observed (i.e.,    

 
 , where 15N16O3 has 

ŀōǳƴŘŀƴŎŜ Ғ ослл ǇǇƳύ (Eiler et al., 2017; Neubauer et al., 2020; Hilkert et al., 2021). In 

this case, more ions of the rare isotopologue can be observed, enabling observation of less 

abundant peaks at higher precision. Data generated using this strategy can be combined 

with a separate observation of the ratio of more abundant rare isotope relative to the 

unsubstituted isotopologue (i.e.,  

 
) to obtain the enrichment of the less abundant 

one relative to the unsubstituted isotopologue (i.e.,    

 
). Applying a similar idea 

ǘƻ ǘƘŜ ǎǘǳŘȅ ƻŦ ƳƻƭŜŎǳƭŀǊ ŦǊŀƎƳŜƴǘǎΣ bŜǳōŀǳŜǊ Ŝǘ ŀƭΦ ƘŀǾŜ ǎǳƎƎŜǎǘŜŘ ǘƘŜ ǳǎŜ ƻŦ ŀ ΨaҌbΩ 

experiment, a type of MS/MS experiment where a subset of the isotopologues of a 

compound with a cardinal mass "N" above the unsubstituted isotopologue are selected, 

fragmented, and observed (Neubauer et al., 2018). CƻǊ ŜȄŀƳǇƭŜΣ ŀ άaҌмέ ŜȄǇŜǊƛƳŜƴǘ ƳƛƎƘǘ 

include 17O and 13C substituted isotopologues, but not the unsubstituted (M0) 

isotopologue, of a compound containing both oxygen and carbon atoms. A M+N 

experiment finds the distribution of rare isotopologues relative to each other; when 

combined with an observation of the enrichment of one of the rare isotopologues relative 

to the M0 isotopologue, the enrichment of rare isotopologues from the M+N population 

relative to the M0 isotopologue may be calculated (Csernica and Eiler, 2023). Neubauer et 

al. presented results from a M+1 experiment, but did not explore the experimental 

challenges with higher order (N>1) experiments; moreover, at the time, there was no 

analytical algorithm for analyzing the data resulting from M+N experiments. We have since 

published such an algorithm and used it to interpret computed data, but did not yet apply 

it to data from an Orbitrap-IRMS experiment (Csernica and Eiler, 2023). Therefore, the limits 

of this experimental strategy and the interpretation of results remain unexplored.  
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Here, using the methionine isotome as a model, we explore the possibilities of 

Orbitrap-IRMS for high-dimensional isotopic measurements. We examine how many 

constraints may be observed and at what precisions, how they may be quantified and used, 

and how high-dimensional strategies can be extended and applied to new compounds. We 

selected methionine as a target compound because it has been previously used for M+1 

experiments and has a range of accessible and well-understood fragment ions (Neubauer 

et al., 2018; Zhang et al., 2019). In total, our measurement strategy allows us to observe 

146 constraints. We present results in two main modes: first, as direct observations of the 

isotopic composition of fragments of interest, and second as concentrations of individual 

isotopologues, calculated by combining several fragment observations. Then, using 

simulated methionine spectra, we explore ways to increase the number of peaks we can 

observe. Finally, we examine some possible use cases of our dataset, using it to test the 

plausibility of different fragmentation pathways and applying it to chemical forensics 

problems. Our results demonstrate the amount of information accessible by current 

techniques and should be broadly applicable to other molecular targets in geochemistry, 

biochemistry, and other applied science fields.  

 

4.2. Methods 

4.2.1 The HPLC-modified sample introduction system 

We introduce and observe our analyte via reservoir injection, described in Chapter 

3.  .ǊƛŜŦƭȅΣ ƻǳǊ ǎȅǎǘŜƳ ŎƻǳǇƭŜǎ ŀ ±ŀƴǉǳƛǎƘ IƻǊƛȊƻƴ It[/ ǎȅǎǘŜƳ όƘŜƴŎŜŦƻǊǘƘ ά±ŀƴǉǳƛǎƘέύ ǘƻ 

a Q Exactive HF Mass Spectrometer (Thermo Fischer Scientific). The Vanquish has two 

ǇǳƳǇǎΣ ƭŀōŜƭƭŜŘ ά!έ ŀƴŘ ά.,έ ŜŀŎƘ ƻŦ ǿƘƛŎƘ Ŏŀƴ ōŜ ŎƻƴƴŜŎǘŜŘ ǘƻ ǘƘǊŜŜ ǊŜǎŜǊǾƻƛǊǎ όǇǳƳǇ ! 

to reservoirs A1, A2, A3 and pump B to reservoirs B1, B2, B3). During operation, we may 

draw from one A and one B reservoir with some desired mixing ratio (e.g., 50% A1, 50% B2), 

introducing the mixture to the Q Exactive HF; flow rates give the combined flow of A & B, 

and both sample and standard were drawn from pump A. All experiments reported here 
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ōŜƎƛƴ ǿƛǘƘ ŀ ΨǇǊƛƳƛƴƎΩ ǎǘŜǇΣ ǿƘŜǊŜ ŀ рлκрл ƳƛȄǘǳǊŜ ƻŦ ǎŀƳǇƭŜ ŀƴŘ ǎƻƭǾŜƴǘ ƛǎ ƛƴǘǊƻŘǳŎŜŘ ŀǘ 

0.5 mL/minute for 8 minutes; this is done to fill the volume of all tubing with the analyte 

and prepare for analysis; a 50/50 mixture is used so that the priming step can be identical 

across methods, e.g., for a method that analyzes 100% sample or a method that analyzes 

4% sample. After priming, we adjust the flow rate to 0.1 mL/minute for analysis (the lowest 

flow rate recommended for this system by the manufacturer, (personal communication)) 

and observe for 1 hour. Following analysis, we purge the system at a rate of 0.5 mL/minute 

for 20 minutes to prevent sample carryover. A representative set of standard and sample 

observation is given in Table 4.1. All of our observations consisted of a triplicate set of 

bracketed sample observations, in the order Standard 1/Sample 1/Standard 2/Sample 

2/Standard 3/Sample 3/Standard 4, repeating the relevant sections of Table 4.1 as 

necessary.  

Table 4.1: A Representative Reservoir Injection Sample/Standard Comparison 

Time 
(minutes) 

Flow 
(mL/min) 

%Ba Pump A Pump B Description 

0-8 0.5 50 A1: 
Standard 

B2: Solvent  Prime standard 

8-10 0.1 60 A1: 
Standard 

B2: Solvent Adjust flow 

10-70 0.1 60 A1: 
Standard 

B2: Solvent Observe 

70-90 0.5 0 A2: Solvent B2: Solvent Flush system 

90-98 0.5 50 A3: Sample B2: Solvent Prime sample 

98-100 0.1 30 A3: Sample B2: Solvent Adjust flow 

100-160 0.1 30 A3: Sample B2: Solvent Observe 

160-180 0.5 0 A2: Solvent B2: Solvent Flush system 

ΧwŜǇŜŀǘ ǎǘŀƴŘŀǊŘ ϧ ǎŀƳǇƭŜ ƛƴƧŜŎǘƛƻƴǎ ŀǎ ŘŜǎƛǊŜŘ 
a: %B is identical for all priming and flushing steps and varies in the observation step for both sample and 
standard based on experimental design. For each run, mixing ratios are selected to closely match observed 
TIC values for sample and standard.  

 

4.2.2. Experimental ConditionsτM+N Experiments 

Each M+N experiment consists of selection, fragmentation, and observation, and is 

most fundamentally defined by the selection window. For our Q Exactive HF instrument, 
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molecules are ionized in the source, pass through an advanced quadrupole system (AQS), a 

mass filter, collisionally fragmented in a higher-energy collisional dissociation (HCD) cell, 

and observed via Orbitrap. For each M+N experiment, the AQS is used to permit only 

methionine isotopologues with a cardinal mass increase of N over the unsubstituted 

methionine isotopologue into the HCD cell for fragmentation. The cardinal mass of 

positively ionized methionine, C5H12NO2S+ which gains a hydrogen upon ionization, is 150, 

so, e.g., for a M+1 experiment, the mass window 150.5 ς 151.5 is selected.  

All experiments were undertaken with the following ion source parameters: sheath 

gas flow rate: 35 (arbitrary units); Aux gas flow rate: 10 (arbitrary units); sweep gas flow 

rate: 0 (arbitrary units); Spray voltage: 4.00 kV (positive ionization mode); Capillary 

temperature: 320 °C; S-lens RF level: 50 (arbitrary units); Aux gas heater temp: 40 °C. The 

mass spectrometer parameters, solute concentrations, and mixing ratios of A-pump to B-

pump reservoirs for each experiment are shown in Table 4.2. New samples were prepared 

for each experiment at the nominal concentrations given in Table 4.2. Prior to each 

ƳŜŀǎǳǊŜƳŜƴǘΣ ǿŜ ǎƛƎƴŀƭ ōŀƭŀƴŎŜŘ ōȅ ƛƴǘǊƻŘǳŎƛƴƎ ōƻǘƘ ǎŀƳǇƭŜ όΨ{ƳǇΩύ ŀƴŘ ǎǘŀƴŘŀǊŘ όΨ{ǘŘΩύΣ 

monitoring their total ion currents (TICs), and changing the mixing ratio of A sample (or 

standard) to B solvent to closely match TIC scores from each.  

 
Table 4.2: Experimental Conditions for M+N Observations 

 M+1 M+2 M+3 M+4 

wŜǎŜǊǾƻƛǊ /ƻƴŎŜƴǘǊŀǘƛƻƴ ό˃aύ 50 50 500 500 

Mixing Ratio Std (%B) 60 58 50 50 

Mixing Ratio Smp (%B) 30 50 0 50 

Observed TIC Std (arbitrary 
units) 

5.0E7 4.0E7 5.0E6 1.5E6 

Observed TIC Smp (arbitrary 
units) 

5.3E7 3.8E7 5.0E6 2.2E6 

Isolation Range (m/z) 151.0 +/- 
0.5 

152.0 +/- 
0.5 

153.0 +/- 
0.5 

154.0 +/- 
0.5 

Normalized Collision Energy 
(NCE) (unitless) 

60 60 50 40 

Scan Range (m/z) 50.0-200.0 50.0-200.0 50.0-160.0 50.0-160.0 
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Mass Resolution at 200 m/z 
όaκɲaύ 

120,000 120,000 120,000 120,000 

# Microscans 1 1 1 1 

Automatic Gain Control (AGC) 
Setpoint 

2e5 5e5 5e5 2e5 

Maximum inject time (ms) 3,000 3,000 3,000 3,000 

{ŀƳǇƭŜ /ƻƴǎǳƳǇǘƛƻƴ ό˃aƻƭύ 0.35 0.25 5 2.5 

 
4.2.3 Methionine Sample 

We used a methionine with natural isotope abundance as a standard and the same 

methionine mixed with an artificially labeled methionine as a sample. In detail, we first 

acquired (1) a commercially available methionine with natural isotope abundances (Sigma 

Aldrich, 98% chemical purity) and (2) a 13C-methyl labelled methionine (Cambridge Isotope 

Laboratories, 99% label at methyl site and natural abundance elsewhere, 98% chemical 

purity). We set aside part of (1) as our standard. To create the sample, we first determined 

ǿŜ ƴŜŜŘŜŘ ҒлΦмм҈ ōȅ Ƴŀǎǎ ƻŦ ǘƘŜ 13C-methyl labelled methionine in the mixture to give an 

ŜƴǊƛŎƘƳŜƴǘ ƻŦ Ғмлл ҉ ŀǘ ǘƘŜ ƳŜǘƘȅƭ ǎƛǘŜΦ ²Ŝ ŘƛǎǎƻƭǾŜŘ ōƻǘƘ ǘƘŜ ƭŀōŜƭƭŜŘ ƳŜǘƘƛƻƴƛƴŜ ŀƴŘ 

the methionine standard in ultrapure water (Milli-Q IQ 7000 Purification) and mixed a 

combined solution in the corresponding proportions.  

Both standard and sample have been analyzed previously. The standard was 

ŀƴŀƭȅȊŜŘ ōȅ bŜǳōŀǳŜǊ Ŝǘ ŀƭΦΣ ŀƴŘ ŦƻǳƴŘ ǘƻ ƘŀǾŜ ʵ13CVPDB = -олΦл ҕ лΦм ҉ (Neubauer et al., 

2018). ¢ƘŜ ǎŀƳǇƭŜ ǿŀǎ ŀƴŀƭȅȊŜŘ ōȅ /ǎŜǊƴƛŎŀ Ŝǘ ŀƭΦΣ ŀƴŘ ŦƻǳƴŘ ǘƻ ƘŀǾŜ ʵ13CVPDB = -11.0 ± 0.1 

҉ (Csernica et al., 2023). We computed that the sample is enriched in 13/ ōȅ мфΦс ҕ лΦм ҉ 

vs the standard (differences in delta values are approximately but not precisely additive). 

Assuming the commercial labeled methionine has natural isotope abundances at all non-

methyl sites, this difference in molecular average 13C/12C ratio corresponds to a 100.4 ± 0.8 

҉ ŜƴǊƛŎƘƳŜƴǘ ŀǘ ǘƘŜ ƳŜǘƘȅƭ ŎŀǊōƻƴ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ ǎǘŀƴŘŀǊŘ όǘƘƛǎ ŎŀƭŎǳƭŀǘƛƻƴ ƛǎ ŀǾŀƛƭŀōƭŜ ƻƴ 

the repository associated with this manuscript) (Csernica, 2023a).  
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Methionine solutions were made at a concentration of 50-рлл ˃a ƛƴ ŀ тлκол 

mixture of LCMS-grade methanol (Fischer Scientific) and ultrapure water, with 0.1 % formic 

acid (Fischer Scientific) added to assist ionization.  

4.2.4 Observed Fragments of Methionine 

 

Figure 4.1: The methionine fragments observed in this work, named by the cardinal mass of the unsubstituted 
fragment. 74High and 74Low have the same cardinal mass, so these are distinguished by subscript; 74High has a 
higher isotopic mass. The fragments 133, 104, 102, 61, and 56 have been used previously in successful 
fragmentation studies of methionine and we are confident about which sites they sample, so these structures 
are depicted in the figure. We are less confident about structural assignment for fragments 87, 74High, and 
74Low, so we only write their elemental composition. All fragments have been observed previously and have 
postulated fragmentation mechanisms, discussed by Zhang et al. (Zhang et al., 2019). 

 
Each of our M+N experiments observes eight fragments of methionine, depicted in 

Figure 4.1, with fragmentation pathways adapted from Zheng et al. (Zhang et al., 2019). We 

name these by the cardinal mass of the unsubstituted version of that fragment; two have 

the same cardinal mass (74), so we distinguish based on which has higher and lower isotopic 

mass (74High and 74Low). We show structures for 5 of these fragments (133, 104, 102, 61, & 



 

 

148 

56); we are confident in our structural assignment for these, as they have been studied 

previously via a M+1 experiment. The remaining 3 (87, 74High, 74Low) have hypothesized 

structures but are less well studied, and so we do not specify any structures.  

 

4.2.5 Forward Modeling of Observed Mass Spectra 

We use forward modeling of the methionine mass spectra for several purposes 

throughout our experiments. These include: 1) identification of relevant peaks; 2) 

ǎǘŀƴŘŀǊŘƛȊŀǘƛƻƴ ƻŦ ǎŀƳǇƭŜ ŘŀǘŀΤ оύ ƛƴǘŜǊǇǊŜǘŀǘƛƻƴ ƻŦ ǘƘŜ ΨŎƻƳǇƭŜǘŜƴŜǎǎΩ ƻŦ ƻǳǊ ŘŀǘŀǎŜǘΤ ŀƴŘ 

4) hypothesis testing to see how closely our data match the isotopic composition we expect.  

Here, we give a general overview of our forward modeling procedure.  

In general, a forward model of the spectrum is a calculation of the abundance of 

each peak observed via each M+N experiment. We begin this calculation by defining a set 

ƻŦ ŀƴŀƭȅǘƛŎŀƭƭȅ ŘƛǎǘƛƴƎǳƛǎƘŀōƭŜ ΨǎƛǘŜǎ,Ω ǿƘŜǊŜ ŀ ΨǎƛǘŜΩ ƛǎ ŀ ƎǊƻǳǇ ƻŦ ŀǘƻƳǎ ƻŦ ǘƘŜ ǎŀƳŜ ŜƭŜƳŜƴǘ 

(Table 4.3). The specific sites we use will depend on which fragments we are going to 

consider. In some cases, we will only use the fragments for which we have confident 

structural assignments (133, 104, 102, 61, and 56; see Figure 4.1). In other cases, we will 

use all fragments, and hypothesize structural assignments for the less well-known 

fragments (87, 74High, 74Low). When we are using the smaller set of fragments, we cannot 

distinguish between the alpha and beta carbons or the hydrogen attached to these carbons, 

ǎƻ ǿŜ ŘŜŦƛƴŜ ŀ ŎƻƳōƛƴŜŘ ΨŀƭǇƘŀōŜǘŀΩ ǎƛǘŜ όŜΦƎΦΣ /alphabeta) which includes all of these atoms. 

Additionally, the 74High fragment loses one oxygen, so we define two oxygen sites when 

considering the larger set of fragments. After defining the sites, we specify the isotopic 

composition, i.e., the concentration of each stable isotope, at each site. We use these 

isotopic compositions to compute concentrations of every isotopologue of methionine 

following a stochastic assumption; that is, the concentration of isotopologue a is the 

product of the site-specific concentrations of isotopes [xi] at each site i: ὥ Б ὼȢ For 

example, for N2O defined with sites Nouter, Ninner, O1, we have ὔ ὔ ὕ 

ὔ ὔ ὕ .  
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With the concentration of every isotopologue in hand, we next simulate the 

spectrum by tracking every individual isotopologue through the M+N experiment. To do so, 

we first select only the isotopologues of interest for that M+N experiment. For example, in 

the M+4 experiment, we select only those isotopologues with a cardinal mass increase of 4 

relative to the unsubstituted isotopologue. (In some cases, rather than calculating the 

concentrations of all isotopologues and then selecting the subset we need, we select first 

and only compute concentrations for these isotopologues). We then simulate the 

fragmentation of these isotopologues, determining which sites they lose and which they 

retain in each fragment. Based on which substitutions (if any) they retain, we determine 

where that isotopologue will appear in that fragment of that M+N experiment. For 

example, the M+4 isotopologue with substitutions of 13Ccarboxyl
18Ocarboxyl

2Hhydroxyl will lose all 

these substitutions when fragmented to form the 104 fragment, which loses the carboxyl 

ƎǊƻǳǇΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘƛǎ ƛǎƻǘƻǇƻƭƻƎǳŜ ŎƻƴǘǊƛōǳǘŜǎ ǘƻ ǘƘŜ ƻōǎŜǊǾŜŘ ǳƴǎǳōǎǘƛǘǳǘŜŘ όƻǊ ΨǳƴǎǳōΩύ 

peak of that fragment. We emphasize that the unsubstituted peak of a fragment from a 

M+N experiment is different from the unsubstituted isotopologue of the full molecule; the 

unsubstituted isotopologue is not included in a M+N experiment. By repeating this process 

for every isotopologue and combining the results, we obtain a forward model of the 

spectrum for a given input composition.  

One use case of our forward modeling procedure is for peak identification in 

observed M+N spectra; we show an example in Figure 4.2. Here, we assign peaks of the 104 

fragment of the M+4 experiment. On the top left, we depict three specific isotopologues 

from the M+4 population. We simulate the fragmentation process, losing the carboxyl 

group, and then determine which substitutions each isotopologue retains. By repeating the 

process for all M+4 isotopologues, we generate a simulated M+4 spectrum. We then 

compare our simulated spectrum to the observed spectrum for this experiment. Based on 

the location and abundance of each peak, we can determine the identity of the observed 

peaks. We have a few comments about the presentation in Figure 4.2. First, for ease of 

interpretation, we do not show peaks below an abundance threshold of 1e-3 relative to the 
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highest peak (34S) of the 104 fragment. Second, when reporting simulated masses, we offset 

each simulated peak by the mass error for that observation. We determine the mass error 

by comparing the observed mass of an abundant, easy-to-assign peak (e.g., 34S or 36S for 

many M+4 fragments) to its computed mass, and shifting our simulated peaks accordingly. 

In some cases, for example the 13C34S15N peak, experimental mass resolution is insufficient 

to distinguish all predicted peaks. In this case, we do not include the unresolved peak in 

subsequent analysis. By repeating this process for fragments of each M+N experiment, we 

obtain a set of target peaks for extraction and analysis.  

Because we use forward models for several different purposes, over the course of 

the study we computed such models for several different isotopic compositions of 

methionine. The compositions we use are given in Table 4.оΦ IŜǊŜΣ ǘƘŜ ʵ ǾŀƭǳŜ ƻŦ ŜŀŎƘ ǎƛǘŜ 

is given relative to the reference frames VPDB (carbon), VSMOW (oxygen and hydrogen), 

/5¢ όǎǳƭŦǳǊύΣ ƻǊ !Lw όƴƛǘǊƻƎŜƴύΤ ǿŜ ŘŜƴƻǘŜ ǘƘƛǎ ΨŎƻƳōƛƴŜŘ ǊŜŦŜǊŜƴŎŜ ŦǊŀƳŜΩ ŀǎ Ψ/wCΦΩ Unless 

noted otherwise, we use the hypothesized composition of our methionine standard, given 

ƛƴ ǘƘŜ άʵCRF,STDέ ŎƻƭǳƳƴΦ IŜǊŜΣ ǎŜǾŜǊŀƭ ƻŦ ǘƘŜ ƛǎƻǘƻǇƛŎ ǇǊƻǇŜǊǘƛŜǎ ǿŜǊŜ ŎƻƴǎǘǊŀƛƴŜŘ ōȅ 

Neubauer et al. 2018 (values in bold) (Neubauer et al., 2018). The 33S and 36S values were 

computed via mass scaling to those constraints (33S scaled to 34{Σ ˂ҐлΦрмрΣ ƛΦŜΦΣ ʵ33S = 

лΦрмрϝʵ34S ; 36S scaled to 34{Σ ˂ҐмΦфύΦ wŜƳŀƛƴƛƴƎ ǾŀƭǳŜǎ ǿŜǊŜ ǎŜǘ ōȅ ŀǎǎǳƳƛƴƎ ǘƘŜƛǊ ǾŀƭǳŜ ƛǎ 

identical to a common reference frame for that element (17O vs VSMOW, 15N vs AIR, 2H vs 

VSMOW). We also employ forward models of the sample composition (ɿ ȟ
 , and, in 

ǎŜŎǘƛƻƴ пΦоΣ ŀ ΨǇŜǊǘǳǊōŜŘΩ ǾŜǊǎƛƻƴ ƻŦ ǘƘŜ ǎŀƳŜΦ ¢ƘŜ ǇŜǊǘǳǊōŜŘ ǾŀƭǳŜǎ ǿŜǊŜ ŘǊŀǿƴ ōȅ 

specifying a normal distribution for each site centered around the values in the ɿ ȟ
  

column and with a standard deviation of 5 (or 20 for hydrogen sites). For sulfur and oxygen, 

we drew values for 33S and 17O, then set remaining values via mass scaling (for oxygen, we 

ǳǎŜ ˂ҐлΦрнύΦ ²ƘƛƭŜ ƻǳǊ ƘȅǇƻǘƘŜǎƛȊŜŘ ǾŀƭǳŜǎ ŦƻǊ ǎǘŀƴŘŀǊŘ ŀƴŘ ǎŀƳǇƭŜ ŀǊŜ ƭƛƪŜƭȅ ǿǊƻƴƎ ƛƴ 

detail, especially for the sites which were not directly constrained, these errors are 

acceptable for the purposes of our forward models. In particular: for (1) peak identification 

and (3) determining the completeness of our dataset, our results are not sensitive to natural 
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abundance variation. For (2) standardization, we can obtain accurate sample/standard 

comparisons even with these errors in our hypothesized standard composition (Csernica 

and Eiler, 2023). And for (4) hypothesis testing, we are interested in the sample/standard 

comparison values. We discuss specific cases in more detail in the sections describing those 

results.  

Table 4.3: Assumed/Observed Isotopic Composition of Methionine Sample & 
Standarda 

Site # 
Atoms 

ἍἠἐȟἡἢἎ
  ἍἠἐȟἡἙἜ

  ἍἠἐȟἡἙἜȟἜἭἺἼἽἺἪ
  

Cmethyl 1 -53.9 41.1 49.9 

Cgamma 1 -23.7 -23.7 -21.7 

Calpha 1 -24.0 -24.0 -19.1 

Cbeta 1 -24.0 -24.0 -12.8 

Ccarboxyl 1 -24.3 -24.3 -15.0 

Ocarboxyl,retained 
(17O/18O) 

1 0/0 0/0 0.1/0.2 

Ocarboxyl,lost 
(17O/18O) 

1 0/0 0/0 0.1/0.2 

Ssulfur 
(33S/34S/36S) 

1 2.2/4.3/8.2 2.2/4.3/8.2 1.5/2.8/5.4 

Namine 1 0 0 -2.1 

Hmethyl 3 0 0 8.2 

Hgamma 2 0 0 2.9 

Halphabeta,retained 2 0 0 29.1 

Halphabeta,lost 1 0 0 15.2 

Hamine 2 0 0 2.4 

Hhydroxyl 1 0 0 8.9 

Hprotonated 1 0 0 6.7 
a: Sites of the standard which were constrained via direct observation by Neubauer et al. are indicated in bold; 
other the enrichment of other sites was assumed (Neubauer et al., 2018). These assumptions are likely 
incorrect but sufficient to return accurate sample/standard comparisons. For sites which are known, reported 
ǎŀƳǇƭŜκǎǘŀƴŘŀǊŘ ŎƻƳǇŀǊƛǎƻƴǎ Ŏŀƴ ōŜ ǊŜǇƻǊǘŜŘ ƛƴ ǘƘŜ ŎƻƳōƛƴŜŘ Ψ/wCΩ ǊŜŦŜǊŜƴŎŜ ŦǊŀƳŜΣ ǿƘŜǊŜ ŜƴǊƛŎƘƳŜƴǘ ƻŦ 
each isotope is given relative to an appropriate reference for that isotope (VPDB, VSMOW, AIR, or CDT). Sites 
in italics (Cbeta, Ocarboxyl,lost, Halphabeta,lost) are only used when considering the less well-known 87, 74High, and 74Low 
fragments; otherwise, they are combined with the sites directly above (e.g., to create a single Calphabeta site with 
2 carbons).  
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Figure 4.2: Our forward modeling procedure used for peak identification. We show three M+4 isotopologues 
of methionine and their corresponding chemical structures and isotopic substitutions upon loss of the carboxyl 
group in the 104 fragment. For example, the 18O18O isotopologue loses both substitutions and becomes an 
unsubstituted fragment. By repeating this process for all M+4 isotopologues, we obtain a simulated 
methionine spectrum. We then compare this to the observed spectrum for this experiment and use the peak 
locations and abundances to assign peak identities. On the right, we expand the mass 108 region and compare 
the simulated spectrum to the spectrum we observe at the mass range. Simulated peaks with abundances 
relative to 36S of < 1e-3 are not shown. The masses we report in our simulated spectrum were shifted by the 
observed mass error of the 36S peak. If the locations and abundance of an observed peak matches our 
simulated spectrum, they are assigned that isotopic identity. In some cases, as with the 13C34S15N peak, peaks 
are not sufficiently well resolved for observation. In this case, we do not analyze the unresolved peak.  
 

4.2.4 Quantification of Results 

4.2.4.1 Data Extraction & Quantification 

We use the FTStatistic program (an unpublished, proprietary software provided by 

Thermo Fischer Scientific; a recently published software, IsoX, performs the same 

task(Hilkert et al., 2021)) to extract the intensity and associated noise from each peak of 

interest (as well as other details of each scan). These are then used to calculate the counts 

of each ion beam via  

ὲ
Ὓ

ὔ
ᶻ
ὅ

ᾀ
ᶻ
Ὑ

Ὑ
‘z τȢρ 

where nIO gives the number of ions observed for that peak in that scan, S is the signal 

intensity, N is the peak noise, CN is an empirical constant experimentally determined by 
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Makarov and Denisov and here taken to be 4.4(Makarov and Denisov, 2009), RN is the 

nominal mass resolution used to determine CN (here 120,000), z is the charge on the ion, 

ǘŀƪŜƴ ǘƻ ōŜ м ƛƴ ŀƭƭ ŎŀǎŜǎΣ w ƛǎ ǘƘŜ ƴƻƳƛƴŀƭ ǊŜǎƻƭǳǘƛƻƴ ƻŦ ǘƘŜ ǎŎŀƴΣ ŀƴŘ ˃ ƛǎ ǘƘŜ ƴǳƳōŜǊ ƻŦ 

microscans used for that scan (1 for all data presented here). Data from each fragment is 

used to compute M+N relative abundances, or the abundance of each peak of a fragment 

relative to the abundances of all peaks of that fragment. For example, the 61 fragment of 

the M+1 experiment includes peaks with substitutions oŦ ά¦ƴǎǳōέ όƴƻ ǎǳōǎǘƛǘǳǘƛƻƴǎύΣ 13C, 

33S, and 2H; writing ni ŦƻǊ ǘƘŜ Ŏƻǳƴǘǎ ŀƴŘ ˊi for the M+N relative abundance, we have  

”
ὲ

ὲ ὲ ὲ ὲ
τȢς 

where the subscript indicates these correspond to the 61 fragment. We compute M+N 

relative abundances in each scan; reported values are the average value across all scans. 

²Ŝ ŀƭǎƻ ǊŜǇƻǊǘ ǘƘŜ ǊŜƭŀǘƛǾŜ ǎǘŀƴŘŀǊŘ ŜǊǊƻǊ ƻŦ ǘƘƛǎ ŀǾŜǊŀƎŜΣ ǿƘƛŎƘ ǿŜ ŘŜƴƻǘŜ ǘƘŜ ΨŀŎǉuisition 

error,Ω ǿǊƛǘǘŜƴ ˋAE.  

Following previous Orbitrap-IRMS work, we compare our recovered values to the 

shot noise limit for an acquisition (Eiler et al., 2017). ¢ƘŜ ǎƘƻǘ ƴƻƛǎŜ ƭƛƳƛǘ όˋSN) is the 

theoretical limit on precision based on how many ions have been observed (following eq 

(1)), and has been used as a gauge of data quality; typically, acquisitions with  values > 2 

are rejected (Eiler et al., 2017; Chimiak et al., 2021; Wilkes et al., 2022; Mueller et al., 2022a; 

Zeichner et al., 2022). For the example given in eq (2), let ὃ  ﬞ  and B =  ﬞ

ﬞ ﬞ , i.e., the sum of the counts of all other peaks. We may compute the shot 

noise limit as: 

„
ﬞ 

ﬞ ﬞ 
ρ

ﬞ 
ρ

ﬞ 
Ȣ τȢσ 

Note that this form differs from the shot noise formula used for more traditional isotope 

ratios of the form 
 

 
; we provide a derivation and more discussion in the supplement 

(S.1). For every observed peak, we calculate the corresponding shot noise limit, and reject 
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any data with ςȢ A plot of our recovered  values vs peak intensity is available in 

the supplement (Figure S4.1).  

We make one additional comment about the CN constant used in eq (1). The value 

of the CN constant is not precisely known; the Denisov and Makarov experiment we rely on 

found values of both 4.4 ± 0.5 and 2.7 ± 0.3 (Makarov and Denisov, 2009). However, it is 

plausible that CN varies, either with the abundance of the peak in question or with the 

abundance of all peaks. Eiler et al. previously observed nonlinearities in Orbitrap response 

with increasing ion loads; for example, injecting double the number of a particular ion 

caused its observed intensity to rise by < 2 (see their Figure 7) (Eiler et al., 2017). Their 

experiment examined intensity, not intensity/noise (i.e., counts). However, it is plausible 

that the intensity/noise shows a similar nonlinearity, and therefore that CN is function of 

intensity. To test for this effect, we plotted the average number of observed ion counts for 

each peak versus the theoretical abundance of that peak. Our results for each M+N 

experiment plot as a straight line, suggesting that these sorts of nonlinearities are not 

significant for our data (Figure S4.2).  

We report M+N relative abundances rather than more traditional isotope ratios 

because the isotopologues constituting the unsubstituted ion beam differ radically across 

fragments. In a M+N experiment, no unsubstituted methionine isotopologues are 

fragmented; thus, when an unsubstituted fragment ion is observed, it results from a 

substituted methionine isotopologue which lost substitutions on fragmentation. For 

example, the unsubstituted peak of the 133 ion beam, which loses the Namine and Hamine sites 

upon fragmentation, arises from M+1 isotopologues with a substitution at the Namine or 

Hamine site.  Therefore, the corresponding 13C/Unsub ratio, written in terms of sites (and 

treating alpha and beta carbons as a single site), is: 

ὅ ὅ ὅ ὅ   

ὔ Ὄ 
Ȣ τȢτ 

Here, we write [13Ccarboxyl] for the concentration of the isotopologue with a single 13C 

substitution at the carboxyl position, and other concentrations are analogous. In contrast 
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to the 133, the unsubstituted peak of the 61 ion beam arises from M+1 isotopologues with 

a rare substitution at the Ccarboxyl, Calphabeta, Namine, Ocarboxyl, Hamine, Hhydroxyl, Halphabeta, or 

Hprotonated sites. The corresponding 13C/Unsub ratio is  

ὅ ὅ 

ὅ ὅ ὔ ὕ Ὄ Ὄ Ὄ Ὄ 
τȢυ 

Because these ratios have different denominators, it is difficult to compare them 

directly. In contrast, if we report both ratios relative to the sum of all M+1 Isotopologues, 

we have: 

ὅ ὅ ὅ ὅ   

ὃὰὰ ὓ ρ ὍίέὸέὴέὰέὫόὩί
τȢφ 

and  

ὅ ὅ  
 

 

ὃὰὰ ὓ ρ ὍίέὸέὴέὰέὫόὩί
Ȣ τȢχ 

Here, the denominators are the same, and so we can add and subtract these quantities. 

This makes it easier to isolate and interpret the meaning of individual ion beams.  

We make one additional comment about these M+N relative abundances. In some 

cases, we will not observe all M+1 isotopologues, preventing us from calculating them 

directly. For example, in the 104 fragment of the M+1 experiment, we do not report data 

for the 2H substitution. In this case, we are intending to report quantities of the form: 

ὅ 
ὔ Ὓ ὅ Ὄ Ὗὲίόὦ

τȢψ 

where the denominator includes all M+1 isotopologues. However, we instead observe 

quantities such as: 

ὅ 
ὔ Ὓ ὅ Ὗὲίόὦ

Ȣ τȢω 

¢ƘŜǊŜŦƻǊŜΣ ǿŜ Ƴŀȅ ŎƻǊǊŜŎǘ ƻǳǊ ƻōǎŜǊǾŜŘ ǾŀƭǳŜǎ ōȅ ŀǇǇƭȅƛƴƎ ŀƴ ΨƻōǎŜǊǾŜŘ ŀōǳƴŘŀƴŎŜ 

correction factor,Ω ƛƴ ǘƘƛǎ ŎŀǎŜ Ŝǉǳŀƭ ǘƻΥ 

ὕ
ὔ Ὓ ὅ Ὄ Ὗὲίόὦ

ὔ Ὓ ὅ Ὗὲίόὦ
τȢρπ 
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While O values cannot be observed directly, they may be approximated using our 

forward model of standard composition: we will simulate the spectrum we expect to 

observe for our hypothesized standard composition and compute the relevant O value. To 

account for differences between our forward model and actual sample composition, we 

simulate O values as a distribution, centered around our computed value; we specify 

ǊŜƭŀǘƛǾŜ ŜǊǊƻǊǎ ƻŦ лΦр ҉ ŦƻǊ ǘƘŜ aҌм ŜȄǇŜǊƛƳŜƴǘ ŀƴŘ м ҉ ƻǘƘŜǊǿƛǎŜΣ ŀǎ ǘƘŜǊŜ ƛǎ ƳƻǊŜ 

uncertainty in this factor when we observe fewer ion beams. We direct the reader to 

Chapter 2 for further discussion.  

 

4.2.4.2 Presentation of Results 

²Ŝ ǊŜǇƻǊǘ ƻǳǊ ǊŜǎǳƭǘǎ ƛƴ ǘǿƻ ǿŀȅǎΥ όмύ ΨŘƛǊŜŎǘ ŎƻƳǇŀǊƛǎƻƴΩ ƳƻŘŜ όǎŜŎǘƛƻƴ оΦмύΣ ǿƘŜǊŜ 

the M+N relative abundance of each observed ion beam of the sample is compared to the 

ǎǘŀƴŘŀǊŘΤ ŀƴŘ όнύ ΨƛǎƻǘƻǇƻƭƻƎǳŜ ǊŜŎƻƴǎǘǊǳŎǘƛƻƴΩ ƳƻŘŜΣ ǿƘŜǊŜ ǘƘŜǎŜ ǊŜƭŀǘƛǾŜ ŀōǳƴŘŀƴŎŜǎ ŀǊŜ 

used to compute the abundances of individual isotopologues (section 3.2). 

Lƴ ΨŘƛǊŜŎǘ ŎƻƳǇŀǊƛǎƻƴΩ ƳƻŘŜΣ ǿŜ ŎƻƳǇǳǘŜ ŘŜƭǘŀ ǾŀƭǳŜǎΣ ƛƴ ǇŜǊ ƳƛƭΣ ōŜǘǿŜŜƴ ǘƘŜ 

observed M+N relative abundances for the sample and predicted standard values at that 

timepoint. For example, for the 13C substitution of the 61 fragment, we compute: 

‏ ȟ ρπππz
” ȟ

” Ȣ ȟ

ρȢ τȢρρ 

Here, 

” ȟ

ρ

ὔ

ὲ ȟ

ὲ ȟ ὲ ȟ ὲ ȟ ὲ ȟ

ȟ τȢρς 

i.e., the average M+N relative abundance of the quantity of interest across all N scans of 

the sample measurement. In contrast, ” Ȣ ȟ  is a predicted standard value from a 

linear regression across the average values of all four observed standards (hence the 

ǎǳōǎŎǊƛǇǘΣ ΨǇǊŜŘ,Ω ŦƻǊ ǇǊŜŘƛŎǘŜŘύΦ ²Ŝ ǳǎŜ ǘƘƛǎ ǇǊŜŘƛŎǘŜŘ ǎǘŀƴŘŀǊŘ ǾŀƭǳŜ ōŜŎŀǳǎŜ ƻǳǊ ǇǊŜǾƛƻǳǎ 

work using reservoir injection methods found isotope ratios vary systematically with 

acquisition number (equivalent to time, as each acquisition is the same length), making a 
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linear interpolation an effective method (Csernica et al., 2023). For each isotope, we obtain 

both ” ȟ , a M+N relative abundance, and „ ȟ ȟ , an associated confidence 

ƛƴǘŜǊǾŀƭΦ ²Ŝ ŎŀƭŎǳƭŀǘŜŘ ǇǊƻǇŀƎŀǘŜŘ ŀŎǉǳƛǎƛǘƛƻƴ ŜǊǊƻǊǎ ˋPAE for the standardized 

ƳŜŀǎǳǊŜƳŜƴǘ ōȅ ŀŘŘƛƴƎ ˋAE for the corresponding sample observation to „ ȟ ȟ  in 

quadrature, e.g.,: 

„  „ ȟ ȟ „ ȟ Ȣ τȢρσ 

When we present these results as a one number summary, e.g., in Figure 4.3, we 

ŎƻƳǇǳǘŜ ŀǾŜǊŀƎŜ ʵ ŀƴŘ ˋPAE values from the 3 sample replicates. Note that for some 

Orbitrap-Lwa{ ƳŜŀǎǳǊŜƳŜƴǘǎΣ ǳǎŜǊǎ ƘŀǾŜ ŀƭǘŜǊƴŀǘŜƭȅ ǊŜǇƻǊǘŜŘ ΨŜȄǇŜǊƛƳŜƴǘŀƭ 

ǊŜǇǊƻŘǳŎƛōƛƭƛǘƛŜǎΩ ˋERΣ ƻǊ ǘƘŜ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ƻŦ ǘƘŜ ŎƻƳǇǳǘŜŘ ʵ ǾŀƭǳŜǎ ŀŎǊƻǎǎ ǊŜǇƭƛŎŀǘŜǎ 

(Mueller et al., 2022a; Zeichner et al., 2022). However, reporting standard deviations across 

3 samples may understate our error bars for certain peaks (Csernica et al., 2023). We 

ǘƘŜǊŜŦƻǊŜ ŜƭŜŎǘŜŘ ǘƻ ǊŜǇƻǊǘ ŀǾŜǊŀƎŜ ˋPAE values. However, we do use experimental 

reproducibilities in our data screening (see section 2.7). Finally, we note that when 

calculating eq (11), any observed abundance correction factors would be applied to both 

sample and standard, and so cancel out; we therefore do not apply this correction.  

Lƴ ΨƛǎƻǘƻǇƻƭƻƎǳŜ ǊŜŎƻƴǎǘǊǳŎǘƛƻƴ ƳƻŘŜ,Ω ǿŜ ŎƻƳōƛƴŜ ƛƴŦƻǊƳŀǘƛƻƴ ŦǊƻƳ ƳǳƭǘƛǇƭŜ ƛƻƴ 

beams to compute the M+N relative abundances of individual isotopologues, then scale 

ǘƘŜǎŜ ǳǎƛƴƎ ŀ Ψ¦M+NΩ ǾŀƭǳŜ ǘƻ ƎƛǾŜ ǎƛǘŜ-specific or clumped isotope ratios. For this process, 

we only use fragments with confidently assigned structures (i.e., 56, 61, 102, 104, and 133). 

We here give an overview of our process; we direct the reader to our companion paper for 

additional discussion (Csernica and Eiler, 2023). 

²Ŝ ōŜƎƛƴ ōȅ ŘŜŦƛƴƛƴƎ ŀ ά¦-ǾŀƭǳŜέ ŀǎ ǘƘŜ Ǌŀǘƛƻ ōŜǘǿŜŜƴ ǘƘŜ ǎǳƳ ƻŦ ǘƘŜ 

concentrations of any set of isotopologues of a molecular and the concentration of the 

unsubstituted isotopologue of that same molecule. Specific types of U values (defined for 

methionine) include:  
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1) an isotopologue-specific U value, e.g., U13Cmethyl , where the numerator is the 

isotopologue with a single heavy substitution at the 13Cmethyl site:  

Ὗ
# 

5ÎÓÕÂÓÔÉÔÕÔÅÄ )ÓÏÔÏÐÏÌÏÇÕÅ
Ὑ Ƞ τȢρτ 

2) an element-specific U value, where the numerator includes all isotopologues with 

that heavy isotope substitution:   

Ὗ
# # # # 

5ÎÓÕÂÓÔÉÔÕÔÅÄ )ÓÏÔÏÐÏÌÏÇÕÅ
υz Ὑ τȢρυ 

where the coefficient 5 comes from the 5 carbon atoms included in the sum (note the 

combined alphabeta carbon site); 

3) A UM+N value, where the numerator includes all isotopologues with a cardinal 

mass increase of N relative to the unsubstituted isotopologue, e.g., for M+1 

Ὗ
!ÌÌ - ρ )ÓÏÔÏÐÏÌÏÇÕÅÓ

5ÎÓÕÂÓÔÉÔÕÔÅÄ )ÓÏÔÏÐÏÌÏÇÕÅ
Ȣ τȢρφ 

In Part 1, we show that isotopologue-specific U values are approximately equal to the 

corresponding site-specific isotope ratios, multiplied by the number of atoms at that site; 

e.g., Ὗ  ρz  2  (an analogous statement holds for eq 15) (Csernica and 

Eiler, 2023). Because U values are written in terms of isotopologues rather than isotopes, 

they are more appropriate for mass spectrometry experiments which observe 

isotopologues.  

We may use UM+N values in combination with M+N relative abundances to calculate 

isotopologue-specific U values for many sites in a molecule. Intuitively, we can think of the 

M+N relative abundances as specifying the distribution of heavy isotopes within a 

population (e.g., the population of M+1 isotopologues), and the U value as scaling this 

distribution onto an absolute scale. For example, suppose we know ”  and the UM+1 

value for methionine. We may calculate Ὗ  Ὑ  via: 

” Ὗz
ὅ  

ὃὰὰ ὓ ρ ὍίέὸέὴέὰέὫόὩί
ᶻ
ὃὰὰ ὓ ρ ὍίέὸέὴέὰέὫόὩί

ὟὲίόὦίὸὭὸόὸὩὨ ὍίέὸέὴέὰέὫόὩ

Ὗ Ὑ Ȣ τȢρχ
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In our methionine experiment, we compute the UM+N values in the following way. 

For UM+1, we approximate U13C using a previous EA-IRMS measurement of R13C (though if 

these data had not been available this property could have been measured using the 

Orbitrap) (Neubauer et al., 2018; Csernica et al., 2023). Then we compute  

Ὗ
Ὗ

”
 Ȣ τȢρψ 

For UM+2, we approximate U34S using a previous EA-IRMS measurement of R34S 

(Neubauer et al., 2018). Then we compute  

Ὗ
Ὗ

”
 Ȣ τȢρω 

For UM+3, we approximate U34S15N using a previous EA-IRMS measurements of R34S, 

assuming R15N is equal to AIR (which is likely wrong, but sufficient for sample-standard 

comparison), and assuming a stochastic distribution of clumped isotopes for 34S15N 

(Neubauer et al., 2018; Csernica and Eiler, 2023). Then we compute: 

Ὗ
Ὗ

”
 Ȣ τȢςπ 

For UM+4, we approximate U36S using a previous EA-IRMS measurement of R34S and 

assuming a mass law of 1.9 for the relationship between 36S and 34S (Neubauer et al., 2018). 

Then we compute: 

Ὗ
Ὗ

”
Ȣ τȢςρ 

We note that the UM+N values are identical for all fragments of a molecule; hence, 

we can constrain the UM+N value using observations of one fragment and use this to 

constrain the other fragments. We standardize and propagate error via a Monte Carlo 

method, which includes experimental errors on each M+N relative abundance, errors in 

UM+N values, and errors introduced by observed abundance correction factors (Csernica and 

Eiler, 2023). 

We close this section with some additional comments about this strategy. We 

reiterate that the reason we use M+N relative abundances is to have a consistent 
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denominator across multiple observed fragments. If we observed a peak (or set of peaks) 

ǿƛǘƘ ŎƻƴǎƛǎǘŜƴǘ ƛǎƻǘƻǇƻƭƻƎǳŜǎ ŀŎǊƻǎǎ ŀƭƭ ŦǊŀƎƳŜƴǘǎΣ ǿŜ ŎƻǳƭŘ ǳǎŜ ǘƘƛǎ ǊŀǘƘŜǊ ǘƘŀƴ Ψŀƭƭ aҌb 

ƛǎƻǘƻǇƻƭƻƎǳŜǎΩ ŀǎ ƻǳǊ ŘŜƴƻƳƛƴŀǘƻǊΦ CƻǊ ŜȄŀƳǇƭŜΣ ƛŦ ŀƭƭ ŦǊŀƎƳŜƴǘǎ ƛƴ ǘƘŜ aҌн Ŝxperiment 

retained the 34S substitution, it would be convenient to report ratios relative to 34S, e.g., 

 
 

,  
 

, and  
 
Ȣ We could use these to compute site-specific ratios relative to 34S, 

e.g., . These quantities could be scaled using Ὗ  to compute the 

corresponding U values, e.g., Ὗ Ὑ Φ hǳǊ ŎƘƻƛŎŜ ǘƻ ǳǎŜ άaҌb 

ǊŜƭŀǘƛǾŜ ŀōǳƴŘŀƴŎŜǎέ ŀƴŘ ά¦M+Nέ ǾŀƭǳŜǎ ǿŀǎ ƳŀŘŜ ōŀǎŜŘ ƻƴ ǘƘŜ ŘƛŦŦƛŎǳƭǘȅ ƻŦ ŦƛƴŘƛƴƎ ŀ 

ǎƳŀƭƭŜǊ ǎŜǘ ƻŦ ǇŜŀƪǎ ǿƘƛŎƘ ǿŀǎ ŎƻƴǎƛǎǘŜƴǘ ŀŎǊƻǎǎ ŀƭƭ ŦǊŀƎƳŜƴǘǎΦ !ƴŘΣ ǘƘŜ ά¦M+Nέ ǇǊŜǎŜƴǘ ŀ 

general approach that will be applicable in all future applications of the methods we 

present. However, experiments on different compounds with different sets of fragments 

may present opportunities for more intuitive and convenient alternatives; in some cases, it 

Ƴŀȅ ŀƭƭƻǿ ǳǎŜǊǎ ǘƻ ōȅǇŀǎǎ ǘƘŜ ΨƻōǎŜǊǾŜŘ ŀōǳƴŘŀƴŎŜΩ ŎƻǊǊŜŎǘƛƻƴ ŜƴǘƛǊŜƭȅΦ   

 

4.2.5 Controls on Precision 

As discussed above, the precision of our measurements is similar to the shot noise 

limit for the number of ions observed in each ratio, and therefore the number of ions 

observed across a measurement. The number of ions observed across a measurement is 

controlled by the number of ions observed in each scan as well as the duration of each scan; 

it is especially affected by the AGC (automatic gain control) target and resolution setpoints 

for each measurement (Table 4.2). Precision across different fragments is also affected by 

their relative abundances, which is controlled by the fragmentation energy, given as a 

normalized collision energy (NCE). We discuss each of these parameters in turn.  
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4.2.5.1 AGC (Automatic Gain Control) Target 

The AGC target controls the target number of ions to permit in a single scan. A 

higher number is desirable as it increases the number of ions per scan and therefore 

improves the precision of an isotope ratio for a given measurement duration. However, 

space-charge effects, i.e., effects on ion trajectories caused by the presence of charge in the 

Orbitrap, become more pronounced when more ions are present, and so too high a AGC 

target may compromise a measurement (Kharchenko et al., 2012; Eiler et al., 2017; 

Kaufmann and Walker, 2018; Grinfeld et al., 2019). Of particular interest here is the 

coalescence (or peak merging) effect, which causes closely spaced peaks (e.g., within 20 

ppm) to merge, especially when one of the peaks is substantially more abundant (e.g., a 

factor of 100) larger than the other peak. Setting the correct AGC target is therefore a 

tradeoff between faster measurement time and avoiding space-charge effects.  

 

4.2.5.2 Resolution 

The resolution refers to the nominal mass resolution  of the Orbitrap at m/z = 

200; mass resolution varies with m/z as (m/z)-1/2, and so resolution will be higher than the 

setpoint for lower m/z and lower for higher m/z (Makarov, 2000; Eiler et al., 2017). Scan 

time varies inversely with resolution, and so higher resolution will result in a longer 

measurement. Higher resolution also results in more pronounced space charge effects 

(Kaufmann and Walker, 2018; Hofmann et al., 2020). As with the AGC target there is a 

tradeoff between resolution of many different isotopic peaks and rapid/effective 

measurements.  

 

4.2.5.3 NCE (Normalized Collision Energy) 

The collision energy used to fragment methionine results in different relative 

abundances of the fragment ions, with higher mass fragments (133, 104) more abundant 

at lower collision energies and lower mass fragments (61, 56) more abundant at higher 
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collision energies. The precision with which the isotopic composition of each fragment can 

be measured can therefore be tuned by varying the collision energy.   

Our measurement strategy used a resolution of 120,000 and then tuned NCE and 

!D/ ǘƻ ƻǇǘƛƳƛȊŜ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǇŜŀƪǎ ƻōǎŜǊǾŜŘ ǎƛƳǳƭǘŀƴŜƻǳǎƭȅ ǿƛǘƘ ǇǊŜŎƛǎƛƻƴǎ ƻŦ ғ Ғо҉ 

for each M+N measurement (Table 4.2). A more targeted approach, e.g., a study solely of 

the isotopic composition of the 61 fragment, may tune these differently to expedite 

measurement.  

 

4.2.6 Data quality tests 

Due to the large number of mass spectrometric peaks observed over the course of 

the several M+N experiments we use in this study, we implemented an automated 

screening procedure to confirm accurate assignment and observation of each extracted 

peak. These iƴŎƭǳŘŜŘ ǘŜǎǘǎ ŦƻǊ ǇŜŀƪ ƭƻŎŀǘƛƻƴΣ ǘƻ ŎƻƴŦƛǊƳ ƛǎƻǘƻǇƛŎ ƛŘŜƴǘƛǘȅΣ ŀƴŘ ǘŜǎǘǎ ŦƻǊ ΨȊŜǊƻ 

scans,Ω ΨǎƘƻǘ ƴƻƛǎŜ,Ω ŀƴŘ ΨŜȄǇŜǊƛƳŜƴǘŀƭ ǊŜǇǊƻŘǳŎƛōƛƭƛǘȅ,Ω ǘƻ ŜƴǎǳǊŜ Řŀǘŀ ǉǳŀƭƛǘȅΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ 

identification of measurements compromised by nearly isobaric contaminants. 

 

4.2.6.1 Peak Location 

We first test that each extracted peak is in the correct location in the mass spectrum 

(i.e., the correct m/z ratio), relative to the most intense peak of that molecular or fragment 

stoichiometry, to a tolerance of 2.5 ppm, relative. We choose to use a relative error rather 

than an absolute error in m/z ratio because, while the absolute mass error in the Orbitrap 

changes from day to day (and is typically on the order of a few ppm, relative)(Olsen et al., 

2005; Eiler et al., 2017), we find that the relative mass error  is consistent across peaks of 

the same fragment. For example, if the 13C peak of the 61 fragment has an absolute error 

of 1 ppm on Tuesday and 2 ppm on Friday, the D, 33S, and Unsub peaks of the same 

ŦǊŀƎƳŜƴǘ ǿƛƭƭ ƘŀǾŜ ŀƴ ŀōǎƻƭǳǘŜ ŜǊǊƻǊ ƻŦ Ғм ǇǇƳ ƻƴ ¢ǳŜǎŘŀȅ ŀƴŘ Ғн ǇǇƳ ƻƴ CǊƛŘŀȅΣ ŀƴŘ ǎƻ 

the relative mass error between the D and 13C peaks will be constant. In some cases, when 
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a low abundance peak is closely adjacent to a more abundant peak, space-charge effects 

may shift the position of the less abundant peak, increasing the relative mass error; this is 

ŀƭǎƻ ŎŀƭƭŜŘ ŀ ΨŎƻŀƭŜǎŎŜƴŎŜΩ ŜŦŦŜŎǘ (Gorshkov et al., 2012; Eiler et al., 2017; Hofmann et al., 

2020). We find a 2.5 ppm threshold is sufficiently large to allow observation of peaks with 

minor but consistent shifts due to coalescence, while sufficiently small to reject incorrect 

peaks or peaks experiencing greater coalescence.  

 

4.2.6.2 Acquisition Error to Shot Noise Ratio 

As discussed above (section 4.2.5), previous work has suggested that  ratios > 2 

indicate poor data quality. We therefore reject peaks where this ratio is greater than 2 (Eiler 

et al., 2017).  

 

4.2.6.3 Zero Scans 

If we fail to observe an expected ion beam in 0.1% or more of all scans, we reject it 

as not sufficiently abundant for reliable observation. For ion beams we accept with a 

nonzero number of zero scans we calculate ratios including all zero scans, specifying a value 

of 0 ions observed for such scans. Across all ion beams which passed this test, a total of 7 

substitutions had some number of zero scans; the most affected observation was the third 

standard replicate of 13C in the 74High fragment of the M+4 experiment, for which 11 out of 

13667 (0.08%) scans are zero scans.  

 

4.2.6.4 Experimental Reproducibility 

CƻǊ ŜŀŎƘ ƻōǎŜǊǾŜŘ ƛƻƴ ōŜŀƳΣ ǿŜ ŎƻƳǇǳǘŜ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ǊŜǇǊƻŘǳŎƛōƛƭƛǘȅ ˋER as 

ǘƘŜ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ƻŦ ǘƘŜ ǎǘŀƴŘŀǊŘƛȊŜŘ ʵ ǾŀƭǳŜǎ ŀŎǊƻǎǎ ŀƭƭ ǘƘǊŜŜ ǎŀƳǇƭŜǎΦ ¢ȅǇƛŎŀƭƭȅΣ 

ǘƘŜǎŜ ŀǊŜ ǎƛƳƛƭŀǊ ǘƻ ǘƘŜ ˋPAE ǾŀƭǳŜǎ ǊŜǇƻǊǘŜŘ ŦƻǊ ƛƴŘƛǾƛŘǳŀƭ ǎŀƳǇƭŜ ŘŜƭǘŀǎΦ LŦ ǘƘŜ ˋER are more 

ǘƘŀƴ ǘƘǊŜŜ ǘƛƳŜǎ ǘƘŜ ǎƛȊŜ ƻŦ ǘƘŜ ŀǾŜǊŀƎŜ ˋPAE values for a measurement, we conclude that 



 

 

164 

the observation drifted beyond our ability to standardize (due to nearly isobaric 

contaminants (see below), coalescence effects, or otherwise) and reject that peak.  

 

4.2.6.5 Nearly Isobaric Contaminants  

We close this section with some comments on the presence of nearly isobaric 

contaminants, i.e., contaminant peaks, originating from compounds other than 

methionine, with masses overlapping the methionine peaks. For example, if we observe the 

36S peak of the 104 fragment of the M+4 experiment at m/z 108.04713, and there is an 

unidentified contaminant peak at m/z = 108.04718, it may negatively affect our isotopic 

measurement; this will be especially detrimental if the contaminant differs in abundance 

between sample and standard. First, we note that the mass filtering of the M+N experiment 

helps to minimize such contamination, as only parent molecules with m/z in a range of 1 

are fragmented and observed. For example, a nearly isobaric contaminant peak in the M+1 

experiment must correspond to a parent molecule with m/z between 150.5-151.5; this 

parent molecule must then fragment at an energy of NCE = 60 (unitless) to form a peak 

which is sufficiently close to the methionine peak to not be resolved at our experimental 

resolution (>120,000). Second, previous analysis of such contaminants suggests they will 

result in drift in the isotope ratio measurements (e.g., Csernica et al. 2023, Appendix Figure 

5) (Csernica et al., 2023). We therefore rely on our drift tests, both within acquisitions 

όΨŀŎǉǳƛǎƛǘƛƻƴ ŜǊǊƻǊ ǘƻ ǎƘƻǘ ƴƻƛǎŜ ǊŀǘƛƻΩύ ŀƴŘ ōŜǘǿŜŜƴ ŀŎǉǳƛǎƛǘƛƻƴǎ όΨŜȄǇŜǊƛƳŜƴǘŀƭ 

ǊŜǇǊƻŘǳŎƛōƛƭƛǘȅΩύ ǘƻ ƛŘŜƴǘƛŦȅ ŀƴƻƳŀƭƻǳǎ Řŀǘŀ ǊŜǎǳƭǘƛƴƎ ŦǊƻƳ ǎǳŎƘ ŎƻƴǘŀƳƛƴŀƴǘǎΦ  

 

4.2.7 Data and Figure Availability  

Data, including .RAW files from our Orbitrap-IRMS experiments and .csv files 

generated by FTStatistic, is available on the Caltech data repository (T. Csernica, 2023a). 

Code for our data processing and the generation of Figures 4.2-4.7 is publicly available 

(Csernica, 2023a). In some cases, plots were further modified and/or joined using Affinity 
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Designer. Figure 4.1 was generated using PyMol and Microsoft Powerpoint, and Figure 4.2 

includes instrument screenshots and images generated using PyMol.  

 

4.3 Results and Discussion 

4.3.1 Summary of Results 

Across all measurements, we report 146 M+N relative abundances as constraints 

on the methionine isotome. Typical precisions are in the range of 0.3 ς о ҉Σ ŀƴŘ ƻǳǊ ŘŀǘŀǎŜǘ 

includes M+N relative abundances for peaks that correspond to isotopologues with 

ŀōǎƻƭǳǘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ όƛΦŜΦΣ ŀǎ ŦǊŀŎǘƛƻƴǎ ƻŦ ŀƭƭ ƳƻƭŜŎǳƭŜǎύ ŀǎ ƭƻǿ ŀǎ ҒмŜ-6 (see 

Supplemental Figure S4.3). Some of our M+N relative abundances constrain the same 

property (e.g., ”  and ”  both correspond to the M+1 relative abundance of 15N, or 

the abundance of M+1 isotopologues with a 15N substitution, which does not vary across 

fragment); when we account for such redundancies, we report 124 unique M+N relative 

abundances.  

 

4.3.2 Direct Comparison  

The most straightforward way to present our results is to directly compare each 

observed constraint in the sample to the standard; that is, in the form ‏ ρπππz

ρ όǎŜŜ Ŝǉ όммύύΦ ¢ƘŜǎŜ ΨŘƛǊŜŎǘ ŎƻƳǇŀǊƛǎƻƴǎΩ ŀǊŜ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ 4.3, as a heatmap 

showing the enrichment or depletion of sample (i.e, 13C-spiked methyl) with respect to 

standard for each ion beam. The size of each circle represents the experimental error for 

this constraint, and the color indicates the enrichment or depletion.  

Some features of this plot can be understood based on our knowledge of the 

sample. For example, in the M+1 map, we see an increase in the abundance of either the 

13C peak for fragments which retain the methyl carbon (133, 104, 61) or the unsubstituted 

peak for those which lose it (102, 56) (our results suggest that the mass 87 fragment ion 
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retains the methyl carbon site and 74High & 74Low lose it; we develop this argument further 

in section 3.5). Moreover, the size of this increase is more pronounced when this methyl 

site contributes relatively more to the observed fragment. For example, compare the 

results from the 102, unsub peak and the 133, 13C of the M+1 experiment. Both include the 

13Cmethyl carbon and are enriched in sample relative to the standard. However, the size of 

the increase is greater for the 102, unsub peak because the 13Cmethyl contributes relatively 

more to the 102, unsub peak. Quantitatively, the 102, unsub peak is formed by 

isotopologues containing either 33S, 13Cmethyl, or 2Hmethyl substitutions, and has a M+N 

ǊŜƭŀǘƛǾŜ ŀōǳƴŘŀƴŎŜ ƻŦ  Ғ лΦнурΦ Lƴ ŎƻƴǘǊŀǎǘΣ ǘƘŜ 13C ion beam of 133 is formed by 

isotopologues with a 13C at any site of methionine, and has a M+N relative abundance of 

ҒлΦунмΦ ¢ƘŜ 13Cmethyl site ǿƛǘƘ ŀ aҌb ǊŜƭŀǘƛǾŜ ŀōǳƴŘŀƴŎŜ ƻŦ ҒлΦмспΣ ŎƻƴǘǊƛōǳǘŜǎ Ғру҈ ƻŦ ǘƘŜ 

signal for the 102, unsub peak, but only 20% of the 133, 13C peak. Therefore, the size of the 

increase is smaller for the 133, 13C case. It also allows us to see a perhaps counterintuitive 

implication of working in M+N relative abundance space: although the abundances of most 

substitutions in the sample are unchanged relative to the standard (e.g., they have the same 

15N abundance), the M+N relative abundances of these may change. For example, for the 

M+1 experiment, ”  is less abundant in the sample because ”  has increased, even 

while the 15N composition of the sample and standard are the same. For M+N experiments 

where N>1, we caution against intuitive interpretations of contrasts between sample and 

standard; while these can be understood through clearly defined relationships between 

isotope proportions in the parent molecule and pi values of fragment ions, the 

interpretation is indirect. For example, the increase of 15N in the 56 fragment of the M+2 

experiment stems from the increase in 13Cmethyl
15N in the sample; in the 56 fragment, the 

methyl carbon is lost, so the 15N beam of the mass 56 fragment is higher in abundance. 

Because there are many peaks and their interpretations are indirect, we prefer to use 

forward modeling to interpret these results; we discuss this further in section 3.5.  
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Figure 4.3: A direct sample-ǎǘŀƴŘŀǊŘ ŎƻƳǇŀǊƛǎƻƴ ƻŦ мллΦп ҉ ƳŜǘƘȅƭ-labeled versus unlabeled methionine. 

9ŀŎƘ ŎƻƴǎǘǊŀƛƴǘ ƛƴ ΨŘƛǊŜŎǘ ŎƻƳǇŀǊƛǎƻƴΩ ƳƻŘŜ Ƙŀǎ ǘƘŜ ŦƻǊƳ ɿ ρπππz ρ (see eq (11)). The 

structure of each fragment is annotated next to the row for that entry. The presence of the methyl group can 
be traced intuitively through the M+1 data, where fragments retaining the methyl are enriched in 13C in the 
sample relative to the standard. The size of this increase is larger for fragments where the methyl contributed 
relatively more. For example, note that 13Cmethyl Ƙŀǎ ŀ aҌb ǊŜƭŀǘƛǾŜ ŀōǳƴŘŀƴŎŜ ŀǊƻǳƴŘ ҒлΦмспΦ ¢ƘŜ млнΣ ¦ƴǎǳō 
peak includes the 13Cmethyl isotopologue, as the methyl group is lost in this fragment. The peak has a total M+N 
ǊŜƭŀǘƛǾŜ ŀōǳƴŘŀƴŎŜ ƻŦ ҒлΦнур ŀƴŘ 13Cmethyl ŎƻƴǘǊƛōǳǘŜǎ Ғру҈ ƻŦ ǘƘŜ ǎƛƎƴŀƭΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ ƻōǎŜǊǾŜŘ ǎƘƛŦǘ ƛƴ 
direct comparison is large. In contrast, the 133, 13C peak, includes 13Cmethyl and has a total M+N relative 
ŀōǳƴŘŀƴŎŜ ƻŦ ҒлΦунмΦ ¢ƘŜǊŜŦƻǊŜΣ 13Cmethyl ŎƻƴǘǊƛōǳǘŜǎ ƻƴƭȅ  Ғнл҈ ƻŦ ǘƘŜ ǎƛƎƴŀƭΦ IŜƴŎŜΣ ǘƘŜ ǎƛȊŜ ƻŦ ǘƘŜ ƻōǎŜǊǾŜŘ 
shift in delta value is smaller for the 133 13C peak than the 102, Unsub peak. We caution against intuitive 
interpretation for M+2 and higher measurements; while it is possible to quantitatively interpret such data, 
many of the effects are indirect and better interpreted in the context of a forward model relating molecular 
isotopic composition to mass spectrum.  
 

4.3.2 Isotopologue-specific Reconstruction 

We also present a reconstruction of the abundances of specific isotopologues 

constrained via our measurements (Figure 4.4). Here, each data point is given as a delta 

value comparing isotopologue specific U values of the sample to the standard (i.e., ‏

ρπππz ρ). Note that these results rely on a detailed knowledge of methionine 
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fragmentation, and so we only use five fragments (133, 104, 102, 61, and 56) and do not 

distinguish between alpha and beta positions (see Table 4.3). The U values are calculated 

ōȅ ǎŎŀƭƛƴƎ ǘƘŜ aҌb ǊŜƭŀǘƛǾŜ ŀōǳƴŘŀƴŎŜ όˊύ ƻŦ ǘƘŀǘ ƛǎƻǘƻǇƻƭƻƎǳŜ ǳǎƛƴƎ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ 

UM+N ǾŀƭǳŜǎΦ Lƴ ǎƻƳŜ ŎŀǎŜǎΣ ǘƘŜ ˊ ǾŀƭǳŜǎ ŀǊƛǎŜ ŦǊƻƳ ŀ ǎƛƴƎƭŜ ƻōǎŜǊǾŀǘƛƻƴΦ CƻǊ ŜȄŀƳǇƭŜΣ 

”
 

 
 ” ȟ ȟ the observed M+N relative abundance of 13C13C in the 

61 fragment of the M+2 experiment. In other cases, they arise from linear combinations 

of multiple peaks. For example, ” ” ȟ ” ȟ ” ȟ Ȣ 

Additionally, isotopologues which are used to calculate the UM+N values (13C in M+1, 34S in 

M+2, 34S15N in M+3, and 36S in M+4) deserve special comment, and are indicated with 

underlines in Figure 4.4. When we calculate the UM+N value, e.g., via Ὗ
 
ȟ we 

include knowledge of the associated U value measurement (U13C, U34S, U34S15N, or U36S) in 

our computation. For example, our EA-IRMS measurements of 13C in the sample and 

ǎǘŀƴŘŀǊŘ ŦƻǳƴŘ ŀ ŘƛŦŦŜǊŜƴŎŜ ƻŦ мфΦс ҕ лΦм ҉ between sample and standard. This 

information is included in our calculation of UM+1. We then use this UM+1 to calculate the 

site-specific carbon results, e.g., Ὗ Ὗ ” . Therefore, the site-

specific carbon results must give a methionine which has an enrichment, across all 

ŎŀǊōƻƴǎΣ ƻŦ мфΦс ҕ лΦм ҉ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ ǎǘŀƴŘŀǊŘΦ CƻǊ bҔмΣ ōŜŎŀǳǎŜ ǘƘŜ ¦ ǾŀƭǳŜǎ ǳǎŜŘ 

(U34S, U34S15N, or U36S) corresponds to a single isotopologue, our reported values and 

errors are equal to the those for the U value. Because we did not explicitly measure U34S, 

U34S15N, and U36S, but rather assumed they were identical to the standard, we do not count 

these isotopologues as constrained by our model, and say we report 19 rather than 22 

ǾŀƭǳŜǎΦ IƻǿŜǾŜǊΣ ōŜŎŀǳǎŜ ǿŜ Řƻ ƻōǎŜǊǾŜ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ˊ ǾŀƭǳŜǎΣ ǿŜ ŎƻǳƭŘ ǳǎŜ ŀ 

different isotopologue to compute UM+N and report results for these isotopologues. For 

example, we could use U18O to compute UM+2, and then use this UM+2 to report a result for 

U34S. For this reason, we still report results for 34S, 34S15N, and 36S in our plot. Finally, we 

omit three isotopologues constrained via our algorithm: these are (with corresponding 

values and errors): 17Ocarboxyl (11 ± ом ҉ύΣ 2Hhydroxyl (-рм ҕ мсл ҉ύΣ ŀƴŘ 2Hprotonated (98 ± 85 
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҉ύΦ CƻǊ 17Ocarboxyl, the abundance is only constrained via closure; we have no direct 

observations of 17O in the M+1 spectrum, but the M+N relative abundance of 17Ocarboxyl is 

still constrained by the fact that the M+N abundance of all isotopologues must sum to 1. 

Because we lack a direct constraint and because the error bars obtained via closure are 

exceptionally large for this isotope, we do not consider this isotopologue to be 

meaningfully constrained. Additionally, the two hydrogen sites are exchangeable in 

solution, and we do not anticipate meaningful isotopic information from these 

observations. Therefore, we do not include any of these isotopologues.  

/ƻƳǇŀǊŜŘ ǘƻ ΨŘƛǊŜŎǘ ŎƻƳǇŀǊƛǎƻƴΩ ƳƻŘŜΣ ΨƛǎƻǘƻǇƻƭƻƎǳŜ ǊŜŎƻƴǎǘǊǳŎǘƛƻƴΩ ƳƻŘŜ 

offers fewer constraints and broader error bars. However, it puts the data in a form that 

may be easier to understand and interpret. The resulting errors combine error from many 

sources, including: (1) error on the U value used to compute UM+NΤ όнύ ŜǊǊƻǊ ƻƴ ǘƘŜ ˊ ǾŀƭǳŜ 

used to compute UM+NΤ όоύ ŜǊǊƻǊ ŦǊƻƳ ŀƴȅ ˊ ǾŀƭǳŜǎ ǳǎŜŘ ǘƻ ŎƻƳǇǳǘŜ ǘƘŜ ƛǎƻǘƻǇƻƭƻƎǳŜ-

ǎǇŜŎƛŦƛŎ ˊ ǾŀƭǳŜǎΤ όпύ ŀŘŘƛǘƛƻƴŀƭ ŜǊǊƻǊ ŦǊƻƳ ǘƘŜ ƻōǎŜǊǾŜŘ ŀōǳƴŘŀƴŎŜ ŎƻǊǊŜŎǘƛƻƴ ŦŀŎǘƻǊǎΦ 

¢ƘŜ ŜǊǊƻǊ ōŀǊǎ όмˋύ ŦƻǊ ŜŀŎƘ ƛǎƻǘƻǇƻƭƻƎǳŜ ŘƛŦŦŜǊ ǿƛŘŜƭȅ ŘǳŜ ǘƻ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ƛƴŘƛǾƛŘǳŀƭ 

measurements used to constrain each. For example, 13Cmethyl
13Calphabeta

 includes results 

from three fragment observations (104, 61, and 56), while 13Cmethyl
13Cgamma only includes 

one (61); therefore, 13Cmethyl
13Calphabeta has broader error bars. Our observations 

overestimate the isotopic enrichment for both 13Cmethyl
13Cgamma and 13Cmethyl

13Cgamma
34S, 

which we suspect is due to a scale expansion, similar to effects observed previously for 

Orbitrap measurements,(Hilkert et al., 2021) although it may reflect a real enrichment of 

clumped isotopologues containing the 13Cmethyl
13Cgamma bond. Of the clumped 

isotopologues we report data for, the 13Cmethyl
13Cgamma

34S includes atoms which share a 

bond, and therefore may experience more significant thermodynamic effects, while the 

others do not. Finally, we note that many of the errors we report in Figure 4.4 are 

correlated and should not be considered independent. For example, values for 13Cmethyl 

and 13Cgamma have a correlation coefficient of Ғ -0.88.  These correlations arise from the 

dependence of each recovered value on the UM+N scaling constant, the coupled nature of 
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M+N relative abundance space (i.e., because the sum of all M+N relative abundances in a 

given fragment is 1, an increase in the M+N relative abundance of one peak requires a 

decrease in the M+N relative abundance of others), and from the common ion beams 

used to constrain each value. For example, 13Cmethyl may be calculated using ” ȟ

” ȟ while 13Cgamma may be calculated using ” ȟ ” ȟ ” ȟ ); the two 

are inversely related based on the content of ” ȟ ” ȟ . We provide 

correlation coefficients for all isotopologues we constrain in the supplement (Figure S4.4).  

 

Figure 4.4: Reconstructed site-specific and clumped sample standard comparisons for isotopologues which 
our observations constrain explicitly. Results are presented as delta value comparisons of U values for sample 

and standard, i.e., for isotopologue i, ɿ ρπππz ρȢ Isotopologues which are used to calculate 
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the UM+N values used in the computation of the Ui values are indicated with underlines. Our observed error 
bars are broader for isotopologues which combine observations from many fragments. While these results 
give fewer constraints with broader error bars than the direct observations, they may be easier to rationalize 
and interpret in the context of physical and chemical properties.  
 

4.3.3 Completeness of Isotopologue Reconstruction  

A central question of our investigation into high dimensional isotomics is: how many 

dimensions of isotopic complexity are measurable, and how close does the experiment we 

present here get to that limit? We first address this question by quantifying the 

coƳǇƭŜǘŜƴŜǎǎ ƻŦ ƻǳǊ ƻōǎŜǊǾŀǘƛƻƴǎ ŦƻǊ ōƻǘƘ ΨŘƛǊŜŎǘ ƻōǎŜǊǾŀǘƛƻƴΩ ŀƴŘ ΨƛǎƻǘƻǇƻƭƻƎǳŜ 

ǊŜŎƻƴǎǘǊǳŎǘƛƻƴΩ ƳƻŘŜǎ ƻŦ ƳŜŀǎǳǊŜƳŜƴǘ όFigure 4.рύΦ IŜǊŜΣ ǘƘŜ ΨŘƛǊŜŎǘ ƻōǎŜǊǾŀǘƛƻƴΩ Ǉƭƻǘ ǳǎŜǎ 

ŀƭƭ у ŦǊŀƎƳŜƴǘǎΣ ǿƘƛƭŜ ǘƘŜ ΨƛǎƻǘƻǇƻƭƻƎǳŜ ǊŜŎƻƴǎǘǊǳŎǘƛƻƴΩ ƳƻŘŜ ƻƴƭȅ ǳǎŜǎ ǘƘŜ р ŦǊŀƎƳŜƴts we 

can confidently assign to sites in the parent molecule structure.  

CƻǊ ΨŘƛǊŜŎǘ ŎƻƳǇŀǊƛǎƻƴΩ ƳƻŘŜ όCƛƎǳǊŜ 4.5, top), we show the number of ion beams 

for which we report data versus the theoretical maximum number, assuming we quantified 

every substitution of every observable fragment. As the order of the M+N experiment 

increases, the fraction of recovered beams dŜŎƭƛƴŜǎΣ ǘƻ ŀ ǊŜŎƻǾŜǊȅ ǊŀǘŜ ƻŦ Ғмл҈ ŦƻǊ ǘƘŜ aҌп 

experiment (we discuss ways to improve this recovery rate in section 4.2).  

Lƴ ΨƛǎƻǘƻǇƻƭƻƎǳŜ ǊŜŎƻƴǎǘǊǳŎǘƛƻƴΩ ƳƻŘŜΣ ǿŜ ǇǊŜǎŜƴǘ ǘƘǊŜŜ ƳŜŀǎǳǊŜǎ ƻŦ ǘƘŜ 

ŎƻƳǇƭŜǘŜƴŜǎǎ ƻŦ ƻǳǊ ƻōǎŜǊǾŀǘƛƻƴǎΥ ǘƘŜ ƴǳƳōŜǊ ƻŦ ΨƻōǎŜǊǾŜŘΩ ƛǎƻǘƻǇƻƭƻƎǳŜǎ όƛΦŜΦ, those for 

which we report a comparison in Figure 4.пύΣ ǘƘŜ ƴǳƳōŜǊ ƻŦ ΨǇƭŀǳǎƛōƭȅ ƻōǎŜǊǾŜŘΩ 

isotopologues (i.e., those for which we could report a comparison assuming that we 

ƻōǎŜǊǾŜŘ ŀƭƭ ǇƻǎǎƛōƭŜ ƛƻƴ ōŜŀƳǎύ ŀƴŘ ǘƘŜ ƴǳƳōŜǊ ƻŦ ΨǳƴƻōǎŜǊǾŀōƭŜ ƛǎƻǘƻǇƻƭƻƎǳŜǎΩ όƛΦŜΦ, 

those which exist but could not be constrained by any combination of the observed ion 

beams). The M+1 experiment observes every singly-substituted isotopologue, in part 

because we defined our isotopologues based on their distinguishability in the M+1 

experiment. However, the fraction of observed isotopologues decreases precipitously for 

higher order (M+2, M+3, M+4) experiments. This decline occurs principally because these 

experiments measure fragment ions that contain two or more rare isotope substitutions 
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that are spread across some larger number of atomic sites; thus, several structurally non-

equivalent isotopologues contribute to the measured fragments.  

At this point, it is worth emphasizing that our presentation methodsτ'direct 

ŎƻƳǇŀǊƛǎƻƴΩ ƳƻŘŜ ŀƴŘ ΨƛǎƻǘƻǇƻƭƻƎǳŜ ǊŜŎƻƴǎǘǊǳŎǘƛƻƴΩ ƳƻŘŜτare two extremes. When we 

ǎƘƻǿ Řŀǘŀ ƛƴ ΨƛǎƻǘƻǇƻƭƻƎǳŜ ǊŜŎƻƴǎǘǊǳŎǘƛƻƴΩ ƳƻŘŜΣ ǿŜ ŀǊŜ ǇǊŜǎŜƴǘƛƴƎ ŜƛǘƘŜǊ ƛƴŘƛǾƛŘǳŀƭ 

constraints or linear combinations of constraints which give a unique expression for a single 

isotopologue. For example, 13Cmethyl
13Cgamma is uniquely constrained by the measurement of 

13C13C in the 61 fragment of the M+2 experiment, while 13Cmethyl
13Calphabeta results from the 

linear combination ” ȟ ” ȟ ” ȟ . In some cases, our data may be used to 

report intuitive sums of isotopologues which do not correspond to a single isotopologue 

and so do not appear in Figure 4.5. For example, the linear combination 13Ccarboxyl
13Calphabeta 

+ 13Ccarboxyl
13Cgamma is constrained via ” ȟ ” ȟ . We note that this is simply a more 

complex version of an established practice of reporting sums of isotopologues in molecular 

Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊȅΤ ŦƻǊ ŜȄŀƳǇƭŜΣ ǘƘŜ ŎǳǊǊŜƴǘ ƭƛǘŜǊŀǘǳǊŜ ǊŜǇƻǊǘǎ ǘƘŜ ɲ47 value in CO2 

measurements as the enrichment of the sum of all mass-47 isotopologues of CO2 (13C18O16O 

+ 12C18O17O + 13C17O17O) relative to their stochastic distribution (Eiler and Schauble, 2004; 

Eiler, 2011). ²Ŝ ŀƭǎƻ ƴƻǘŜ ǘƘŀǘ ǘƘŜ ǉǳŀƴǘƛǘƛŜǎ ǿƘƛŎƘ ǿŜ ŜǾŜƴǘǳŀƭƭȅ ǊŜǇƻǊǘ ŀǎ ΨƛǎƻǘƻǇƻƭƻƎǳŜǎΩ 

may vary based on our definition of the sites of the molecule. For example, in generating 

the bottom row of Figure 4.5, we treat the alpha and beta carbons and alpha and beta 

hydrogens as combined sites, as they are not analytically distinguishable via our 

measurement; hence, in the M+1 experiment, we report constrained Calphabeta and Halphabeta 

isotopologues. If we instead treated them as distinct, we would report observing 11 of 15 

ƛǎƻǘƻǇƻƭƻƎǳŜǎΣ ΨŦŀƛƭƛƴƎΩ ǘƻ ŎƻƴǎǘǊŀƛƴ /alpha, Cbeta, Halpha, and Hbeta. However, the combined 

versions of these, Calpha + Cbeta and Halpha + Hbeta, remain constrained. In this context, our 

results shown in Figures 4.4 and 4.5 for isotopologue reconstruction mode are a 

conservative estimate of the more intuitively understandable properties which we observe 

(see the supplement, section S.4 for further discussion).  
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We conclude that it is often useful to present results of M+1 experiments in 

ΨƛǎƻǘƻǇƻƭƻƎǳŜ ǊŜŎƻƴǎǘǊǳŎǘƛƻƴΩ ƳƻŘŜ ŀǎ ƛƴŘƛǾƛŘǳŀƭ ƛǎƻǘƻǇƻƭƻƎǳŜǎΣ ōǳǘ ǘƘŀǘ ǊŜǎǳƭǘǎ ƻŦ ƘƛƎƘŜǊ 

ƻǊŘŜǊ ŜȄǇŜǊƛƳŜƴǘǎ Ƴŀȅ ōŜ ƳƻǊŜ ǳǎŜŦǳƭƭȅ ǇǊŜǎŜƴǘŜŘ Ǿƛŀ ΨŘƛǊŜŎǘ ƻōǎŜǊǾŀǘƛƻƴΩ ƳƻŘŜ ƻǊ ŀǎ 

linear combinations of these which constrain groups of isotopologues with similar 

properties. For this reason, it is important to understand how different isotopic 

compositions map onto the observed composition space; we address this question further 

below, in section 3.5. 

 

Figure 4.5: Completeness of observation for the M+N experiments presented here. Top: The number of ion 
beams we observe relative to the possible number of ion beams we could have observed across these 8 
fragments of methionine, assuming perfect resolution and abundance sensitivity. Bottom: The number of 
ƛƴŘƛǾƛŘǳŀƭ ƛǎƻǘƻǇƻƭƻƎǳŜǎ ǿŜ ŎƻƴǎǘǊŀƛƴ ƛƴ ΨƛǎƻǘƻǇƻƭƻƎǳe-ǊŜŎƻƴǎǘǊǳŎǘƛƻƴΩ ƳƻŘŜΣ ǊŜƭŀǘƛǾŜ ǘƻ ōƻǘƘ ǘƘŜ ƴǳƳōŜǊ ƻŦ 
isotopologues we could constrain assuming observation of all ion beams, and the total number of 
isotopologues for that population. These results vary based on the sites (and therefore isotopologues) we 
define for methionine, and do not capture linear combinations of the measured constraints which are readily 
interpretable but do not correspond to individual isotopologues (e.g., 13Ccarboxyl

13Calphabeta + 13Ccarboxyl
13Cgamma). 

Note the isotopologue-specific results are computed using only the 5 fragments for which we have more 
confident structures. Especially for higher-order experiments, the number of isotopologues we may observe 
is small relative to the isotopologues present, and most fruitful interpretation will occur in terms of more 
complex data products.  
 

4.3.3 Feasibility of Usefully Measuring Additional Dimensions 

With an understanding of how many dimensions are theoretically observable, we 

next examine the practical concerns regarding their observation by simulating the number 

of observable ion beams under a range of conditions (Figure 4.6). We focus on two main 

ŦŀŎǘƻǊǎ ŀŦŦŜŎǘƛƴƎ ǘƘŜ ƴǳƳōŜǊ ƻŦ ƻōǎŜǊǾŀōƭŜ ōŜŀƳǎΥ мύ ǘƘŜ hǊōƛǘǊŀǇΩǎ ŀōƛƭƛǘȅ ǘƻ ǊŜǎƻƭǾŜ 

ōŜǘǿŜŜƴ ƴŜŀǊƭȅ ƛǎƻōŀǊƛŎ ǇŜŀƪǎΣ ŀƴŘ нύ ǘƘŜ hǊōƛǘǊŀǇΩǎ ŀōƛƭƛǘȅ ǘƻ ŘŜǘŜŎǘ ƭƻǿ ŀōǳƴŘŀƴŎŜ ƛƻƴǎΦ 
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Our treatment of abundance limits requires some discussion, as there are two related but 

distinct issues:  First, there is 2a) the dynamic range of ion beam intensities that can be 

simultaneously observed the Orbitrap, i.e., the ratio of the intensity of the least abundant 

peak relative to the intensity of the most abundant peak in a spectrum,  
 

, 

where S is signal intensity, as defined above. In typical use cases, the dynamic range of an 

Orbitrap is > 1:5000 (2e-4) (Makarov et al., 2006a, b; Kaufmann and Walker, 2016; Bills et 

al., 2021). Second, there is 2b) the detection limit, or the concentration of the lowest ion-

count ion beam of a M+N experiment that can be observed, expressed as a fraction of all 

ions of all isotopologues observed in that M+N experiment, or  
 

В
Ȣ (Murray 

et al., 2013) The detection limit will be set by the smallest number of counts (calculated by 

multiplying the signal to noise ratio by several quantities which are constant throughout an 

experiment, eq (1)) required for observation; this has been previously estimated as 

Ғол(Olsen et al., 2005)Σ ōǳǘ ŦƻƭƭƻǿƛƴƎ Ŝǉ όмύΣ ǿŜ ŦƛƴŘ ŀ ǾŀƭǳŜ ƻŦ Ғнл (Csernica et al., 2023). 

Across all fragments and peaks of methionine for which we present data, we observe 

ҒплΣллл ƛƻƴǎ ǇŜǊ ǎŎŀƴ ƛƴ ǘƘŜ aҌм ŀƴŘ aҌп ŜȄǇŜǊƛƳŜƴǘǎ ό!D/ Ґ нŜрύ ŀƴŘ ҒсрΣллл-70,000 

ƛƻƴǎ ǇŜǊ ǎŎŀƴ ƛƴ ǘƘŜ aҌн ŀƴŘ aҌо ŜȄǇŜǊƛƳŜƴǘǎ ό!D/ Ґ рŜрύΦ ¦ǎƛƴƎ ƻǳǊ ǾŀƭǳŜ ƻŦ Ғнл Ŏƻǳƴǘǎ 

ǇŜǊ ǎŎŀƴ ŦƻǊ ƻōǎŜǊǾŀǘƛƻƴΣ ǿŜ ŜǎǘƛƳŀǘŜ ŘŜǘŜŎǘƛƻƴ ƭƛƳƛǘǎ ƻŦ ҒрŜ-п όнŜрύ ŀƴŘ ҒоŜ-4 (5e5) for 

the AGC settings we use here. As we do not include either contaminant peaks or methionine 

peaks which we excluded from our analysis due to poor data quality, the actual values of 

ions per scan are larger, and so our estimates of the detection limit are upper bounds.  

Recently, Bills et al. have demonstrated improvements in both dynamic range and 

detection limit by employing an external data acquisition system (Bills et al., 2021). Their 

system employs absorption mode (aFT) rather than the typical enhanced mode (eFT) with 

a noise thresholding step; this change increases the accessible dynamic range to at least 5e-

5. Additionally, they process data by coadding many transients (microscans); the default 

software permits 10 microscans, while they demonstrate as many as 10,000. (We note that 

ǇǊƻŎŜǎǎƛƴƎ ƛƴ ŜC¢ ƳƻŘŜ ǿƛǘƘ άǎŜǊǾƛŎŜ ƳƻŘŜέ ŀŎŎŜǎǎ ŜƴŀōƭŜǎ Ҕмл ƳƛŎǊƻǎŎŀƴǎ ǿƛǘƘ ǘƘŜ 
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default software). The signal to noise ratio will increase as the square root of the number 

ƻŦ ƳƛŎǊƻǎŎŀƴǎΤ ƻǳǊ Řŀǘŀ ƘŀǾŜ ҒмлΣллл ƛƴŘƛǾƛŘǳŀƭ ǘǊŀƴǎƛŜƴǘǎΣ ǎƻ ŀ ŦŀŎǘƻǊ ƻŦ Ғмлл ƛƴŎǊŜŀǎŜ ƛƴ 

ǘƘŜ ŘŜǘŜŎǘƛƻƴ ƭƛƳƛǘ ǘƻ ǾŀƭǳŜǎ ƻŦ ҒрŜ-с ƻǊ ҒоŜ-6 are plausible (Eiler et al., 2017).  

In cases of such low detection limits, we believe that the dynamic range will not be 

limiting, for the following reason: in our experiments, our largest observed ion beam has < 

моΣллл Ŏƻǳƴǘǎ ǇŜǊ ǎŎŀƴ όaҌмΣ aҌоΣ aҌпύ ƻǊ ҒнрΣллл Ŏƻǳƴǘǎ ǇŜǊ ǎŎŀƴ όaҌнύΦ hōǎŜǊǾing a 

single ion in such a scan gives a ratio of S/N values of  Ғ пŜ-5 in the most limiting case. 

While this is different than an intensity ratio, we find that relative S/N ratios and relative 

ƛƴǘŜƴǎƛǘȅ Ǌŀǘƛƻǎ ŀǊŜ ǎƛƳƛƭŀǊΣ ŀƴŘ ŎƻƴŎƭǳŘŜ ŀ ŘȅƴŀƳƛŎ ǊŀƴƎŜ ƻŦ ҒпŜ-5 would be sufficient to 

observe a peak with a single ion in a scan. We assume that if the dynamic range is not 

limiting in an individual scan, it will not be limiting in coadded scans. As our requisite 

ŘȅƴŀƳƛŎ ǊŀƴƎŜ ҒпŜ-5 is near the demonstrated limit of 5e-5, we proceed by considering 

only the detection limit. 

Our results are shown in Figure 4.6, depicting the number of observable ion beams 

for various M+N experiments under a range of resolutions and detection limits. We include 

ŦƻǳǊ ŘŜǘŜŎǘƛƻƴ ƭƛƳƛǘǎΤ ǘƘŜǎŜ ŀǊŜΥ ΨпŜ-4,Ω ǎƛƳƛƭŀǊ ǘƻ ǘƘŜ ǾŀƭǳŜǎ ŦƻǊ ƻǳǊ ŜȄǇŜǊƛƳŜƴǘǎΤ ΨмŜ-4,Ω 

ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ŀ ǎƳŀƭƭ ƛƳǇǊƻǾŜƳŜƴǘΤ ΨмŜ-5,Ω another order of magnitude improvement; 

and Ψ5e-6,Ω a plausibly achievable increase by coadding 10,000 transients. Our resolution 

values give the resolution setpoint of the mass spectrometer at m/z = 200. Actual Orbitrap 

resolution scales as the inverse square root of the m/z ratio, and so is higher for lower 

masses, including methionine fragments, which we account for in these simulations (e.g., a 

setpoint of 120k at 200 m/z gives an actual resolution of Ѝς*мнлΣллл Ғ мтлΣллл ŀǘ млл ƳκȊύΦ 

Our experimental results for the M+1, M+3, and M+4 experiment are similar to those in the 

ΨмнлƪΣ пŜ-пΩ ŎƻƭǳƳƴΤ ŦƻǊ ǘƘŜ aҌн ŜȄǇŜǊƛƳŜƴǘΣ ƻǳǊ ǊŜǎǳƭǘǎ ǇƭŀŎŜ ǳǎ ƛƴ ΨмнлƪΩ Ǌƻǿ ǿƛǘƘ ŀ 

detection limit between 4e-4 and 1e-4. In all cases, we see that improvements to the 

detection limit generally offer better returns than improvements to resolution. For the 

higher order M+N experiments, even a small improvement to detection limit yields 

substantial gains; going from 4e-4 to 1e-4 leads to a >50% increase in the number of 
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observed peaks. The best avenue for improving high-dimensional measurements is to 

improve our ability to observe low abundance peaks. Future experiments in this vein 

therefore should explore coadding multiple transients as a way to increase the number of 

observable peaks. We make one additional comment about the absolute abundance of 

these peaks. Assuming useful ion yield of 10-5 (our results have values of 10-6 to 10-9, in part 

because of the high flow rates used for reservoir injection, but 10-5 is plausible for Orbitrap-

IRMS) (Eiler et al., 2017) ŀƴŘ м ˃aƻƭ ƻŦ ǎŀƳǇƭŜΣ ƻƴƭȅ ǇŜŀƪǎ ǿƛǘƘ ŀōǳƴŘŀƴŎŜǎ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜƛǊ 

isotopologue population of greater than 2.7e-6 (M+1), 3.7e-6 (M+2), 6.1e-5 (M+3), and 

5.1e-4 (M+4), (i.e., peaks above that detection limit in Figure 4.6), will yield 1 million 

ƻōǎŜǊǾŀōƭŜ ƛƻƴǎΣ ǎǳŦŦƛŎƛŜƴǘ ŦƻǊ ǇǊŜŎƛǎƛƻƴǎ ƻŦ Ғм ҉Φ ¢ƘŜǊŜŦƻǊŜΣ ƛǘ Ƴŀȅ ƴƻǘ ōŜ ǇƻǎǎƛōƭŜ ǘƻ ǘŀƪŜ 

advantage of all observable peaks at this high precision without using sample sizes larger 

ǘƘŀƴ м ˃aƻƭ ƻǊ ƛƳǇǊƻǾƛƴƎ ǳǎŜŦǳƭ ƛƻƴ ȅƛŜƭŘΦ 

We close this section with some additional comments on the scope of our 

simulation. First, we do not evaluate the additional ion beams which may be observed by 

tuning the heights of fragments differently via a change in fragmentation energy. For 

example, under our experimental conditions, the M+1 experiment has a fragmentation 

energy (NCE) of 60 (unitless), causing the 56 and 61 fragments to be most abundant. At a 

lower fragmentation energy, e.g., 10, the 133 fragment is more abundant. By varying the 

fragmentation energy, more peaks may be observed, even if other measurement 

conditions are unchanged; our figure therefore underestimates the number of observable 

peaks. Second, we do not analyze possible MSn strategies which perform multiple cycles of 

isolation and fragmentation. In our experiment, we mass select a single population of 

isotopologues, then observe all fragments of that population; hence, the detection limit is 

set by the abundance of a particular peak relative to all peaks observed for that population. 

On an appropriately configured platform (i.e., one capable of MSn analysis where n is 3 or 

more), a user could perform an additional mass selection step for a fragment of interest, 

allowing more peaks of that fragment to be observed, and improving on the recoveries 

indicated here (albeit, at the cost of not observing as many fragments simultaneously). 
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Third, we do not account for space-charge or transient decay effects which may influence 

the ion beams. Space-charge effects such as coalescence may cause closely adjacent peaks 

to merge, especially when a large number of ions are present in the Orbitrap (i.e., when 

using a higher AGC target), decreasing the number of observable ion beams (Grinfeld et al., 

2019). Transient decay effects refer to the tendency of low-abundance ion beams to decay 

more rapidly than higher abundance ones, suppressing their measured intensity, especially 

at higher resolutions (Hofmann et al., 2020). This may cause some low abundance ion 

beams to not be observed, again decreasing the number of observable ion beams. Because 

of these limitations, our figure is not intended to be the final word on number of observed 

peaks, but rather a first-order approximation of how adjustments in mass resolution and 

detection limit can increase the amount of data constrained by an experiment.  

 

Figure 4.6: Simulated numbers of observed peaks in M+N experiments at a range of mass resolutions and 
detection limits. Simulations include all 8 fragments as well as the full molecule. A peak is considered 
ΨƻōǎŜǊǾŀōƭŜΩ ƛŦ ƛǘ ƛǎ ƴƻǘ ǎƻ ŎƭƻǎŜ ƛƴ Ƴŀǎǎ ǘƘŀǘ ƛǘ ƳŜǊƎŜǎ ǿƛth a more intense peak at the target resolution and 
has an abundance relative to all simulated peaks greater than the detection limit. Our experimental results 
are similar to the 120k, 4e-4 box for all experiments except M+2; this is in the 120k row with a detection limit 
between 4e-4 and 1-e4. Substantial gains in the number of peaks observed are possible with small increases 
in detection limit, which can be achieved by coadding multiple transients.  
 

4.3.4 Hypothesis Testing 

We now turn to the question of how to use our measured constraints to evaluate 

different hypotheses, focusing on data interpretations that use the directly observed 

composition space of our methods (i.e., intensity ratios of ion peaks, rather than calculated 

proportions of isotopologues). Here, we rely on forward modeling of the sample-standard 
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comparison to determine how closely an observed isotopic fingerprint matches a 

hypothesized contrast between the sample and standard isotomes. We first simulate 

measurements of both sample and standard using hypothesized isotomes. We then 

compare the observed (OBS) and simulated (SIM) sample-standard comparisons for each 

ion beam, e.g., ‏ ȟ ρπππz ȟ ȟ

ȟ ȟ
ρ (where Ὑ ȟ ȟ

ȟ ȟ

Ȣ ȟ
). 

Explicitly written out, the terms of the fraction are as follows. For the observed dataset: 

Ὑ ȟ ȟ

ρ
ὔ
В

ὲ ȟ

ὲ ȟ ὲ ȟ ὲ ȟ ὲ ȟ ȟ

 

” ȟ ȟ

τȢςς
 

where ὲ ȟ gives the counts observed for the 15N peak of the 56 fragment in scan i, and an 

average is taken across all N scans of the sample. The standard value ” ȟ ȟ  is the 

predicted value of the standard at the timepoint of that sample observation, computed via 

a linear fit to the four observed standard replicates (see section 2.5). And for the simulated 

dataset: 

Ὑ ȟ ȟ

ὔ 
ὔ Ὄ ὅ Ὗὲίόὦ

ὔ 
ὔ Ὄ ὅ Ὗὲίόὦ

τȢςσ 

Where ὔ  gives the concentration of the 15N peak in the 56 fragment. For the 

simulation, we do not simulate N scans and then average across them, but only simulate 

the abundance of each peak. Note that for this comparison, we are not using UM+N values 

or observed abundance correction factors. In this case, if the observed and simulated 

datasets match exactly, the resulting ‏ ȟ  will have a value of 0.  

 To demonstrate this approach in practice, we begin with a simple use case: testing 

the fragmentation geometries of the 87 fragment of methionine to determine whether or 

not it contains the methyl carbon, using our experimental measurements that compare 13C-

labeled to unlabeled methionine. We proceed by calculating different simulated datasets 

for both cases and then comparing; results are plotted in Figure 4.7A. We quantify the fit 
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by calculating weighted root mean square errors (WRMSE) for each case, where the weights 

are equal to  for each observation (favoring observations with smaller error bars). 

We see substantially better agreement with the results if the 87 includes the methyl carbon 

(WRMSE = 4.41) compared to if it loses it (WRMSE = 45.01), suggesting that the 87 fragment 

is formed via decarboxylation of the 133 fragment (Figure 4.2) without significant 

recombination.  

We next expand on this idea, to a use case that involves higher dimensionality 

measurements (i.e., combining data for multiple fragment ions). To do so, we compute the 

OBS vs SIM comparison for our experimental data (neglecting the 87, 74High, and 74Low ion 

beams, but including all five confidently assigned ion beams) using both 1) our computed 

methionine composition (Table 4.3) and 2) a perturbed version of the same. To compute 

(2), we drew delta values for each site from a normal distribution centered around the delta 

ǾŀƭǳŜ ƛƴ όмύ ǿƛǘƘ ŀ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ƻŦ р ҉ ŦƻǊ /Σ bΣ h ŀƴŘ { ƛǎƻǘƻǇŜ Ǌŀǘƛƻǎ ŀƴŘ нл ҉ ŦƻǊ 

hydrogen isotope ratios. We present results from this test in two ways. First, in Figure 4.7B, 

we compare the squared values of    for each variable and final WRMSE values, of 4.5 

(computed) and 9.8 (perturbed) (due to the large number of variables, the squared 

variables are easier to visualize and closely related to the reported WRMSE values). The x-

axis gives a somewhat arbitrary ΨǾŀǊƛŀōƭŜ ƴǳƳōŜǊ,Ω ǿƘŜǊŜ ǾŀǊƛŀōƭŜǎ ŀǊŜ ƴǳƳōŜǊŜŘ ōȅ aҌb 

experiment (hence low variable numbers correspond to M+1 and high variable numbers 

correspond to M+4). We observe a large spike in the observed dataset for M+4, fragment 

61, 13C13C34S; this is closely related to the value for the 13Cmethyl
13Cgamma

34S isotopologue 

reported in Figure 4.4 and may be the result of a scale expansion which is not adequately 

corrected for by a single standard. The resulting WRMSE value gives us a one-number 

summary which can indicate how well different hypotheses fit our data. Second, in Figure 

4.7C, we provide global maps of the values of ‏  at each observed position for both 

methionine compositions. Here, each point is a single ‏ ȟ with the size of the point 

indicating the error bar and the color indicating the value. In both cases, larger deviations 
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in ‏  are concentrated among observations with lower M+N relative abundances as 

these are observed with larger error bars. As with Figure 4.3, we caution against too 

intuitive an interpretation, as the isotopologues each experiment samples and the coupled 

nature of M+N relative abundance space makes the drivers of individual shifts nonobvious. 

However, we suggest that these visualizations can complement the one-number summary 

approach of Figure 4.7B by demonstrating which ion beams are most relevant for 

distinguishing between competing hypotheses, aiding experimental design by indicating 

which peaks are most important to measure. We anticipate developments will go beyond 

our WRMSE approach to test hypotheses, incorporating more advanced methods to 

account for our error bars and M+N relative abundances; our intention here is to present 

an example of one style of hypothesis testing, not a definitive algorithm for doing so. This 

broader style of hypothesis testing is applicable to many problems in chemical forensics, 

such as food authentication, the identification of human remains, or determining the 

sources of drugs and chemical weapons (Ehleringer et al., 2000; Primrose et al., 2010; 

Bartelink et al., 2014; Cerling et al., 2016). 

We have one final comment to make about Figure 4.7B. A possible criticism of high-

dimensional isotomics is that measuring such a high number of dimensions is not useful, 

because observation of a small subset set of features should be sufficient to distinguish 

forensically. While this may be true in some cases, we note that (1) observing a larger 

number of dimensions may allow one to distinguish between compounds more rapidly, (2) 

our high-dimensional methods demonstrate the options available for study, but do not 

require that all dimensions be observed in every case, and (3) it may not be obvious, a priori, 

which of the many observable features of the mass spectrum will offer the greatest 

potential for forensic discrimination.  

For instance, we note that the deviation between our prediction and the perturbed 

methionine was larger for the M+3 and M+4 than the M+1, implying the (possibly counter-

intuitive) conclusion that M+3 and M+4 results are more useful for distinguishing samples 

than the M+1 (Figure 4.7B). This is a natural consequence of the nature of combined 
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substitutions. Consider two samples, A and B, where A is heavier in 13/ ōȅ мл҉ ŀǘ ǘǿƻ 

different carbon positions, and the two are otherwise identical. Their 13C13C content will 

ŘƛŦŦŜǊ ōȅ Ғнл҉ όǇǊŜŎƛǎŜƭȅΣ нм ҉ύ ǊŜƭŀǘƛǾŜ ǘƻ each other, assuming no clumped isotope 

effects. Therefore, observing the combined 13C13C content relative to each other will give a 

larger signal than observing either carbon individually. If the precision of the 13C13C 

measurement is comparable (and in our case, it is) it is better to target 13C13C than 13C. If 

the 13C content of A and B differed in opposite directions, it could have the inverse effect, 

such that 13C was a larger signal than13C13C. However, at least for this instance, we find that 

observing combined substitutions leads to many larger signals. Further, we emphasize that 

this principle is statistical, and therefore applies even for atoms which are nonadjacent and 

would be expected to exhibit minor (or no) clumped isotope effects. For example, it holds 

for the carboxyl and methyl carbons of methionine, although they are on opposite sides of 

the molecule. Because of this effect, if one is designing a measurement to distinguish two 

compounds and only wishes to measure a small set of features, the best features to study 

may be unconventional and arise from higher order M+N experiments, like those we 

describe here.  
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Figure 4.7: A: A simple case of hypothesis testing applied to the structural interpretation of the 87 fragment 

of methionine. Black circles show the ɿ  values computed assuming the fragment does not include the 
methyl group; blue squares show the same assuming it does include the methyl group. Inclusion of the methyl 

group is a superior fit to the experimental data. B: Squared values of  from a hypothesis test that compares 

observed M+N data and two hypothesized methionine isotopic structures; one computed (Table 4.2) and one 
ǿƘŜǊŜ ŜǾŜǊȅ ǎƛǘŜ ƛǎ ǇŜǊǘǳǊōŜŘ ōȅ ŘǊŀǿƛƴƎ ŦǊƻƳ ŀ ƴƻǊƳŀƭ ŘƛǎǘǊƛōǳǘƛƻƴ ǿƛǘƘ ˋ Ґ р ǇŜǊ Ƴƛƭ όˋҐнл ŦƻǊ ƘȅŘǊƻƎŜƴ 
sites), centered around the computed value. C: Data from the same hypothesis test as B, now plotted as 
individual points to allow visualization of where deviations occur. These plots complement the one-number 
summary calculated via WRMSE.  
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