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ABSTRACT

Naturally occurring hydrocarbon fluids have economic, geological, and environmental
significance. Most of the natural hydrocarbon on Earth is formed by thermal alteration of
organic matter in the sedimentary basin. My dissertation study is motivated by this
question: can we track generation, transformation, storage, and destruction of these
subsurface hydrocarbon fluids with isotopic proxies? The conventional geochemical toolkit
includes relative compositional abundances, such as wetness and C1/(C2+C3) ratio, and
stable isotope ratios of *3C/*2C and 2H/*H, on both the bulk (material-average) and
compound-specific (molecular-average) levels. However, these signatures often rely on
empirical categorizations and calibrations, so they can be prone to ambiguities, errors, and
inconsistencies. This thesis presents a series of work that develops and refines stable
isotope proxies of gaseous hydrocarbon (C1-C5) molecules. My approaches overcome the
problems in mainly two ways. (1) | add new analytical techniques to acquire isotopologue
ratios of compounds. I establish two new analytical proxies, multiply substituted
isotopologues (clumped isotopes) of methane, and position-specific isotope ratios of
propane, using recently advanced high-resolution isotope ratio mass spectrometry. (2) I use
rigorous thermodynamic and kinetic constraints of isotope distribution in hydrocarbon
molecules to interpret isotopic data in natural samples. These constraints are determined by
theories and experiments. For thermodynamic control, | conducted catalytic exchange
experiments to calibrate equilibrium isotope effect for propane position-specific hydrogen

isotopes (Chapter 2) and compound-specific hydrogen isotope fractionation between



Vi

alkanes (Chapter 4) and tested quantum chemical calculations. For expression of Kinetic
isotope effects, | implemented a statistical approach, the kinetic Monte Carlo method, to
calculate the intramolecular and intermolecular stable isotope composition of alkanes
generated by radical cracking mechanism in catagenesis (Chapter 6). | measured position-
specific hydrogen isotopes of propane (Chapter 3) and methane clumped isotopes (Chapter
5) in natural gas samples from global reservoirs, and compiled compound-specific isotope
data in the literatures (Chapter 5 and 6). Results show similarities in isotope ordering of
these molecules, which is that gas formed at lower temperature/depth expresses kinetic
isotope effects, but gas formed or buried at higher temperature for longer times is in
equilibrium. The switch from kinetic control to thermodynamic control is likely a result of
thermally activated hydrogen exchange. This trend provides the foundation for tracking

generation and thermal evolution of subsurface hydrocarbons with stable isotope proxies.
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Chapter 1

Introduction

Low molecular weight (C1-C5) alkanes play important roles in Earth’s crust, hydrosphere,
and atmosphere. They are the major constituents of natural gas, a key energy and chemical-
engineering resource projected to have growing demand in the next two decades (EIA
2018). Also, natural gas is promoted as a cleaner ‘transition fuel’ to replace more polluting
and carbon-intensive coal and oil, before renewable energy overcomes technological and
economical hurdles. C1-C5 alkanes also participate in the global biogeochemical cycle, as
they can be produced and consumed by microbes in the shallow sediments or aqueous
environments. In the atmosphere, methane is a potent greenhouse gas, causing immense
radioactive forcing that is second only to CO2 (IPCC 2014). Finally, light alkanes can be
formed inorganically in submarine hydrothermal vents or fractured continental ultramafic

rocks, which can potentially provide organic substrates for pre-biotic chemistry.

The scope of this thesis inclines towards hydrocarbon in the crustal subsurface, where
overwhelming majority of alkanes are hosted on Earth. The primary goals of our study are
to use chemical and isotopic properties to (1) understand the mechanisms of natural gas
formation and (2) track the thermal evolution and fate of natural gas. These information are
critical for predicting where it forms in economic volumes and recognizing its release to the

environment. Also, they offer a window for probing basin geology, burial, and uplift with



hydrocarbons. Traditionally, geochemists have been extracting information from volatile
alkanes with mainly two types of analytical attributes: compositional proportions (molar
fraction of each compound) and stable isotope ratios (molecular average **C/*2C and D/H).
These properties have been linked to processes that produce and alter these light alkanes.
For example, *C/*2C and D/H of methane are commonly used to distinguish thermogenic
vs. microbial sources (Schoell, 1980; Whiticar et al., 1986). 3C/*2C of methane, ethane,
and propane correlate with thermal maturity (the progress of thermally activated
catagenesis reactions) of the source rock of natural gas (Berner and Faber, 1996). While
these methods have been successful at providing useful information, there are also
limitations. Most of these methods are based on empirical observations, so growth of the
known dataset often changes the interpretation of geochemical tools. In the application of
gas origin classification, a recent study (Milkov and Etiope, 2018) has shown that the actual
ranges of the isotopic values and compositional ratios of each genetic gas types are much
wider than previously thought, creating a lot of overlapping zone that can lead to
ambiguous interpretations. For the *3C/*2C—maturity relationships, a handful of calibrations

from different localities have been studied, but disagree with each other (Galimov, 2006).

| take two approaches to improve stable isotope geochemical toolkits. First, | add new
analytical proxies. I develop and investigate utilities of new isotopic measurements:
position-specific hydrogen isotope ratios of propane and clumped isotopes of methane.

Compared to conventional molecular-average isotope ratios, these new proxies specify the



location and number of isotope substitution in molecules, and are more informative as
constraints on chemical mechanisms and conditions of hydrocarbon forming reactions.
Measurements of these isotopologue ratios require high mass resolving power, which
became possible recently because of advances in modern mass spectrometry. | established
methodology for measuring this isotopic information with gas-source high-resolution sector
mass spectrometers. Second, | employ quantitative physical-chemical theories to interpret
isotopic information. Specifically, | determine how stable isotopes fractionate in alkanes at
both thermodynamic control (equilibrium isotope effect) and kinetic control, using
quantum chemical and experimental methods. Knowing these effects allow us to examine
the reversibility of hydrocarbon-formation chemistry in nature, which has been a subject of
debates in the past. The conventional wisdom suggests that petroleum formation is a
kinetic-controlled unidirectional process of breaking larger molecules to small molecules,
mediated by the irreversible thermal cracking mechanisms (e.g., Tissot and Welte, 1978;
Ungerer 1990). Field and experimental evidence lead several studies to challenge this view
and argue that catagenic chemistry is partially or fully in equilibrium (James, 1983;
Helgeson et al., 1993; Mango et al., 2009). Resolving this problem is essential for
associating properties and quantities of hydrocarbons with physical and chemical attributes
of their formation environment. Furthermore, isotopic geothermometer can be established
because isotope effects are temperature dependent. The addition of these constraints also

allow me to reexamine literature data of conventional compound-specific isotopic methods.



This thesis presents a series of subject-based projects that combine the two principal
ideas: new analytical techniques plus physical-chemical theories. Although my research is
on the context of hydrocarbon in sedimentary basins, the analytical methodology and
theoretical framework for interpreting isotopic data are also applicable to other types of

natural and artificial occurrences.

In Chapter 2, | present determination of equilibrium D/H fractionation factors between
central (-CH2-) and terminal (-CHzs) positions of propane, the smallest and most abundant
natural gas component that has non-equivalent chemical sites. We develop a method to
measure position-specific D/H differences of propane with molecular high-resolution gas
source mass spectrometry (the Double Focusing Sector mass spectrometer). We perform
laboratory exchange experiments using metal catalysts to exchange hydrogen isotope
distribution in propane. An equilibrated (bracketed and time-invariant) intramolecular
hydrogen isotope distribution is attained for propane with Pd/C catalyst at three
temperatures, 30<C, 100<C and 200 <C. We use this calibration to test the validity of prior
published theoretical predictions, which suggests that the most sophisticated of these
discrepant models (Webb and Miller, 2014) is most accurate; this conclusion implies that
there is a combined experimental and theoretical foundation for an ‘absolute reference

frame’ for position-specific H isotope analysis of propane.



In Chapter 3, | present a study that explore the controls on position-specific hydrogen
isotope distribution in natural propane. We analyze propane samples from 10 different
petroleum systems and from a shale hydrous pyrolysis experiment, with the same
techniques used in Chapter 2. Our results show that hydrogen isotope structure of
catagenic propane is largely controlled by irreversible processes, expressing kinetic
isotope effects (KIEs). Propane sampled from unconventional shale fluids and hot
conventional reservoirs have hydrogen isotope distribution at or close to equilibrium,
presumably reflecting hydrogen isotope exchange during high temperature storage (100-
150°C). In relatively cold (<100 °C) conventional gas accumulations, propane can
discharge from its source to a colder reservoir, rapidly enough to preserve disequilibrium
signatures even if the source rock thermal maturity is high. These findings imply that
long times at elevated temperatures are required to equilibrate the hydrogen isotopic
structure of propane in natural gas host rocks and reservoirs. We further show that
hydrogen in propane is exchangeable over laboratory time scales when exposed to clay
minerals such as kaolinite. This implies rather rapid transfer of propane from sources to
cold reservoirs in some of the conventional petroleum systems. Lastly, we found that
biodegradation of propane in the Hadrian and Diana Hoover oil fields (Gulf of Mexico)
results in strong increases in central—terminal hydrogen isotope fractionation, which

reflects preferential attack on the central position in enzymatic degradation of propane.



In Chapter 4, | follow the experimental methodology in Chapter 2 to facilitate hydrogen
exchange between light alkanes and calibrate intermolecular equilibrium isotope effects
(i.e., equilibrium isotope fractionation between compounds). | prepared two alkane
mixtures, one with C1/C2/C3 and another one with C2/C3/iC4/nC4/iC5/nC5, both of which
are out of hydrogen isotope equilibrium. I tested the catalytic performance of a few metal
catalysts, and eventually succeeded at attaining substantial hydrogen isotope exchange on
both alkane mixtures. | compared the experimental equilibrium values with theoretical
values and show that the harmonic theory of Urey-Bigeleisen-Mayor method is satisfactory
for analytical precision of our analytical techniques, gas-chromatography/pyrolysis/isotope-
ratio mass spectrometry (GC/Py/IRMS). The calibration of equilibrium isotope effects
allows us to re-examine natural gas data in the literature, which will be presented in the

next Chapter.

In Chapter 5, | explore isotope distribution in natural samples again, but shift to the subject
of methane clumped isotopes (multiply-substituted isotopologues) and compound-specific
hydrogen isotopes. We develop a method to measure relative abundances of 3CHsD and
12CH;D> (along with other more major isotopologues) with molecular high-resolution gas
source mass spectrometry (Ultra by Thermo Fischer Scientific). We analyze the stable
isotope compositions of a suite of thermogenic gas samples that are globally distributed
and cover a wide range in composition and thermal maturation, from dominantly

unconventional shale gas formations and a few conventional gas plays. We show that



methane generated at early thermal maturity has a stable isotope composition governed
by chemical kinetics, characterized by a pronounced deficit in A'?)CH2D: (relative
abundance of 2CH2D: that is standardized to stochastic concentration, see Chapter 5 for
full nomenclature). Methane from higher thermal maturity fluids increases in A?CH2D,
reaching equilibrium at vitrinite reflectance maturity (Ro) of approximately 1.5%
(equivalent to 170-210 <C peak burial temperature) and higher, which is interpreted to be
the result of isotope exchange erasing the disequilibrium signature of catagenetic
chemistry. We further examined hydrogen isotope fractionations among methane, ethane
and propane for a compiled global dataset and found that the intermolecular fractionation
exhibits a trend similar to that seen for the AY?CH2D2 value of methane, departing from
equilibrium at low thermal maturities and moving towards equilibrium as maturity
increases. These findings indicate that the inter- and intra-molecular hydrogen isotope
structures of components of thermogenic natural gas transition from chemical-kinetic
control at low thermal maturities toward thermodynamic control at higher thermal
maturities, which could be used to identify the exact thermal maturation stages for natural

gases and their associated fluids, especially for oil-associated gas at early maturation.

In Chapter 6, | present a theoretical and computational study to calculate molecular and
isotopic information of the hydrocarbons formed by kinetic processes in catagenesis. We
model the radical reaction network of thermal cracking with a kinetic Monte-Carlo method

(kMC), a stochastic formulation of reactive systems. My kMC model integrates realistic



precursors, elementary reactions and patterns of inheritance, so it is able to output
isotopologue abundances of hydrocarbons that are unavailable in conventional catagenesis
modeling techniques. A simulation of the kKMC model starts with initializing the parent
organic molecules with isotopic substitutions, and then subject them to ‘cracking’ reactions
(catagenetic thermal decomposition) in a many-step process. For each time step of the
model, we determine the rate constants of included reactions for all non-isotope-substituted
atomic sites in the parent molecules using an external kinetic database (reaction mechanism
generator), and then compute the rates of those reactions for isotope-substituted sites using
kinetic isotope effects (KIE). Every simulation composes a series of stochastic time steps,
capturing a possible route of thermal degradation. The numbers of each unique
isotopologue of product molecules of interest are tallied at the end. Our model results
generally resemble patterns of compound-specific and position-specific isotope
measurements of C1-C5 alkanes in natural gases. Via comparison of different chemistry
schemes, we suggest that thermal cracking in natural hydrocarbon formation is mediated by

full radical mechanisms.
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Chapter 2

Position-Specific Hydrogen Isotope Equilibrium in Propane

Xie H., Ponton C., Formolo M. J., Lawson M., Peterson B. K., LIoyd M. K., Sessions A. L.
and Eiler J. M. (2018) Position-specific hydrogen isotope equilibrium in propane.

Geochim. Cosmochim. Acta 238, 193-207. doi: 10.1016/j.gca.2018.06.025.

Abstract

Intramolecular isotope distributions can constrain source attribution, mechanisms of
formation and destruction, and temperature-time histories of molecules. In this study, we
explore the D/H fractionation between central (-CH2-) and terminal (-CHs) positions of
propane (CsHs) — a percent level component of natural gases. The temperature
dependence of position-specific D/H fractionation of propane could potentially work as a
geo-thermometer for natural gas systems, and a forensic identifier of specific thermogenic
sources of atmospheric or aquatic emissions. Moreover, kinetically controlled departures
from temperature dependent equilibrium might constrain mechanisms of thermogenic
production, or provide indicators of biological or photochemical destruction. We developed
a method to measure position-specific D/H differences of propane with high-resolution gas

source mass spectrometry. We performed laboratory exchange experiments to study the
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exchange rates for both terminal and central positions, and used catalysts to drive the
hydrogen isotope distribution of propane to thermodynamic equilibrium. Experimental
results demonstrate that D/H exchange between propane and water happens easily in the
presence of either Pd catalyst or Ni catalyst. Exchange rates are similar between the two
positions catalyzed by Pd. However, the central position exchanges 2.2 times faster than
the terminal position in the presence of Ni catalyst. At 200<C in the presence of Pd catalyst,
the e-folding time of propane-water exchange is 20 days and of homogeneous exchange
(i.e., equilibrium between central and terminal positions) is 28 minutes. An equilibrated
(bracketed and time-invariant) intramolecular hydrogen isotope distribution was attained
for propane at three temperatures, 30<C, 100<C and 200<C; these data serve as an initial
experimental calibration of a new position-specific thermometer with a temperature
sensitivity of 0.25%o per “C at 100 °C. We use this calibration to test the validity of prior
published theoretical predictions. Comparison of data with models suggest the most
sophisticated of these discrepant models (Webb and Miller, 2014) is most accurate; this
conclusion implies that there is a combined experimental and theoretical foundation for an
‘absolute reference frame’ for position-specific H isotope analysis of propane, following
principles previously used for clumped isotope analysis of CO2, CH4 and O2 (Eiler and

Schauble, 2004; Yeung et al., 2014; Stolper et al., 2014).

1. Introduction
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Non-statistical intramolecular distributions of stable isotopes have been recognized for
decades. A few years after the discovery of deuterium, Koizum and Titani (1938) first
studied deuterium transfer from the hydroxyl group to the benzene ring of phenol. The
first study to examine natural position-specific isotopic variations in materials relevant to
the Earth and life sciences measured the intramolecular carbon isotope variations of
biosynthetic amino acids (Abelson and Hoering, 1961). This subject grew dramatically
with the development of NMR techniques for measuring position-specific variations in D
and 1*C abundances in organic molecules (Martin and Martin, 1981; Caytan et al., 2007).
Such work has been applied to food-science, plant physiology, paleoenvironment
reconstruction, and environmental contamination (Remaud et al., 1997; Gilbert et al.,
2012; Ehler et al., 2015; Julien et al., 2015 and 2016). Intramolecular isotopic
fractionations can reflect temperatures of molecular synthesis, mechanisms of formation,

and/or source substrates (Martin et al., 2008; Eiler, 2013b).

Propane (CsHs) is a major constituent of thermogenic natural gas. It is also the smallest
alkane that has chemically non-equivalent positions, making it an attractive test case for
the broader subject of intramolecular isotopic ordering. Intramolecular isotope
fractionations in propane (most simply, differences in *3C or D content between the
central methylene and terminal methyl groups) have potential to constrain mechanisms
and conditions of its formation, the chemical and biological processes of its destruction,

and the conditions of its migration and storage in the sub surface, as well as to add
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forensic specificity to attempts to identify sources of fugitive atmospheric and aquatic
emissions. (Gilbert et al., 2016; Gao et al., 2016; Piasecki et al., 2018). An additional
motivation for this study is that recent theoretical models suggest the temperature
dependence of site specific hydrogen isotope fractionation in propane has promising
applications to geothermometry (Webb and Miller, 2014; Cheng and Ceriotti, 2016;
Piasecki et al., 2016b). Here we present an experimental study of the position-specific
fractionation of D/H ratios between terminal and central hydrogen positions in propane,
including methods of mass spectrometric analysis, kinetics of exchange for a range of
substrates and conditions, and initial calibration of the temperature dependence of the

isotope exchange reaction:

12CH,D—"*CH,~"*CH3 = '?CH3;—"?CHD—"?CH, €))

2. Background

Natural variations in the D/H ratios of hydrocarbons provide proxies for environmental
conditions and water sources of biosynthesis in biomolecules (Sessions 2016), source
substrates and thermal maturities of catagenetically-formed oil and gas compounds (Li et
al., 2001; Dawson et al., 2007), and forensic identification of environmental pollutants
(Reddy et al., 2012). These stable isotope proxies are unusual both for the high amplitude

of observed variations (reflecting the large relative difference in mass between H and D),
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and for relatively high susceptibility to isotopic exchange of compounds with

environmental water or other compounds after formation (Schimmelman et al., 2006).

Most prior research on the hydrogen isotope compositions of natural hydrocarbons has
analyzed the molecule-averaged D/H ratios of either individual compounds or bulk
organic matter. Such measurements observe the weighted average of D contents of the
analyzed compounds, across all non-equivalent molecular positions and for all
isotopologues. Thus, they do not contain any information that might be recorded in
position-specific and/or ‘clumped’ (multiply substituted) variations. A substantial amount
of prior research establishes that such intramolecular isotopic variations can constrain the
substrates, mechanisms, and conditions of molecular formation, storage and destruction
(e.g., Eiler, 2013b; Eiler et al., 2014). However, to-date there has been no effort to apply
these principles to hydrogen isotope distributions in natural hydrocarbon gases other than
methane. Here we develop a foundation to enable such studies of propane, with potential

for extrapolation to other hydrocarbons.

Assuming one could observe the position-specific H isotope variations in natural
propane, interpretation of such data would require at least two types of constraints: (1)
the temperature dependent central-terminal fractionation at thermodynamic equilibrium,
and (2) the rates of hydrogen isotope exchange between each position of propane and

other materials, at naturally relevant conditions. Such data will inform the interpretation
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of sample measurements in the context of each sample’s temperature-time history and
its approach to equilibrium. Equilibrium fractionations can serve either as a calibration
for thermometry in equilibrated propane, or as a reference frame for identifying and

interpreting kinetic fractionations in non-equilibrated propane.

The intramolecular isotope exchange equilibrium of interest to this study (Reaction 1) can
be approached by theoretical calculations or equilibration experiments. Three recent
studies have presented theoretical models of this reaction (Figure 2-Al; Webb and Miller,
2014; Cheng and Ceriotti, 2016; Piasecki et al., 2016Db), using similar statistical
mechanical approaches. Webb and Miller (2014) used both a Urey-Bigeleisen (i.e., rigid
rotator and harmonic oscillator) model and a Path Integral Monte Carlo (PIMC) method
to estimate the relevant equilibrium constant. Both methods are based on the potential
energy surface (PES) used in the Chemistry at Harvard Macromolecular Mechanics
(CHARMM) package. Piasecki et al. (2016b) used a Urey-Bigeleisen model, with a
density function theory (DFT) model of molecular structure and vibrations. Cheng and
Ceriotti (2016) used a Path Integral Molecular Dynamics (PIMD) approach, with a base
molecular structure and force field that were based on the Adaptive Intermolecular
Reactive Empirical Bond Order (AIREBO) force field, and which generated fundamental
vibrational frequencies that differed significantly from the results of the other studies for
some modes. The results of these studies are in substantial disagreement. Three of the

four models (Webb and Miller, 2014 (PIMD); Webb and Miller, 2014 (Urey-Bigeleisen);
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Piasecki et al. (2016b) (Urey-Bigeleisen)) indicate that deuterium will be enriched in

the central CHz groups over the terminal CHs groups by an amount that diminishes
monotonically with increasing temperature. In contrast, Cheng and Ceriotti, 2016 (PIMC)
predict that the terminal methyl groups will be D enriched relative to the center position,
with a more complex temperature dependence, increasing and then decreasing in
amplitude with increasing temperature, with an inflection point near 500 K. Thus, if we
can experimentally calibrate the position-specific D/H fractionation of propane as a
function of temperature, we will both establish a new geo-thermometer and

independently test the relative accuracies of these several statistical mechanical models.

The kinetics of position-specific hydrogen isotope exchange present a complex problem.
Many environmental factors such as temperature, pressure, co-existing gas and fluid
species, and availability and properties of catalytic substrates are all likely to affect
exchange rates. Studies of molecule-average D/H ratios in natural samples suggest that
aliphatic compounds are resistant to hydrogen isotope exchange at near-Earth-surface
conditions (Sessions et al., 2016); however, the estimated exchange half-life of 105~108
years at 100<C (Sessions et al., 2004) implies that either or both positions in propane
could be ‘open’ to exchange for a wide range of geological times in diagenetic,
catagenetic and/or metamorphic conditions. Reeves et al. (2012) reported that substantial
hydrogen isotope exchange between propane and water happened on the timescale of 300

days under simulated hydrothermal conditions (323 <C and 35-36 MPa). We are not
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aware of any constraints on the kinetics of D/H exchange in propane at the conditions
of catagenetic natural gas formation, migration, or accumulation (generally speaking, 50-

200<C and 0-250 MPa).

3. Nomenclature

We report hydrogen isotope compositions using 3D notation, which is defined as:

D
SD:M_L (2)

D
(H) Reference

where the D/H value is the molar ratio between deuterium (D or 2H) and protium (H or
'H). The 8D value is generally reported in units of per mille (%o), by multiplying the
quantity calculated in Egn. 2 by 1000. The reference material is either VSMOW
(D/H=0.00015576) or another material specified in the text. The position-specific
fractionation factor is the difference of D/H ratios between central position and terminal

positions:

D
(H)Central —1.

€central-terminal — (D

(3)

H)Terminal
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This quantity is also generally expressed in units of per mille after multiplication by
1000. Equation 3 assumes that D/H ratios of the central and terminal positions have been
measured against the same reference composition, e.g., VSMOW. No position-specific
standards are available for propane, making this approach problematic. We therefore also
report a parameter for the position-specific hydrogen isotope composition of propane that
can be directly related to our measurements, with minimal intervening calculations or
assumptions. We report sample D/H ratios vs. our reference standard, CITP-1, which
therefore has a dDcite-1 Of O for all measured or calculated properties. In practice, we

analyze the relative abundance of the singly D-substituted C2Hs" fragment ion and

molecular ion (CsHs"), obtaining the ratios, (CéH—;D) and (C3H—H7D) At the outset of this

AR C38

study, we had no constraints on this standard’s position-specific hydrogen isotope
composition, and so we recorded the difference in D/H ratio between the central and
terminal hydrogen sites simply as the measured difference in D/H ratio of the two

measured ion species, relative to our laboratory reference gas:

C,H,.D C;H,D
C2H5 Sampl C3H8 S 1
€Dcams_ = 1000 * P RE 1. 4
C2H5-C3HS8 C2H4D) (C3H7D) ( )
C2Hs CITP-1 C3Hg CITP-1
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Note that the difference in 6D between the C2Hs and CsHs species is directly related to
the difference in D/H ratio between the central and terminal sites, but exhibits only 15%
of the amplitude of € cptral—terminal P€CAUSE the C2Hs and CsHs ion species both contain
central and terminal hydrogens, simply in different proportions (Figure 2-1). Specifically,
the central position makes up 25% of the hydrogen atoms in the CsHs™ molecular ion, but
40% of the hydrogen atoms in the C2Hs" fragment ion (this fact is demonstrated
experimentally in in section 4.3). Therefore, both the amplitude and measurement error in
the difference in D/H ratios between the molecular and fragment ions is multiplied by
approximately a factor of 6.67 when converted into the amplitude and error in position-
specific D/H fractionation. When the value eDcans-cans IS zero, it means that the sample
has a central-to-terminal D/H fractionation identical to the reference propane (CITP-1).
Positive values of this index indicate that the sample is higher in €..ptral-terminal than the
reference gas, and thus further to the right with respect to reaction 1(more deuteration in

the central position), and vice versa.

The D/H ratios of the C2Hs" and CsHs" ions can be converted into D/H ratios of the
central and terminal hydrogen positions using principles of mass balance. Near the end of
this chapter, we use our equilibrium experiments to calibrate the true position-specific
composition of our reference gas, and at that point we re-calculate absolute

€central—terminal @Nd 6D values of the central and terminal positions of select
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experimental products in the VSMOW reference frame. The conversion equations are

presented in Appendix 2.
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Figure 2-1: An illustration of the relationship between site-specific hydrogen isotope
fractionation in propane and the isotopic contrast between molecular and ethyl fragment
ions. The x-axis shows the fraction of hydrogen in a measured species that comes from
the central site. The molecular ion contains 2/8=0.25 central hydrogen and the ethyl
fragment contains 2/5=0.4 central hydrogen. A line connecting these two values can be
extrapolated to obtain the endmember hydrogen isotope compositions of the central and

terminal sites. This extrapolation leads to a magnification of analytical errors, as shown.
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4. Experimental

We present a new method of mass spectrometric measurements constraining the position-
specific D/H ratios of propane samples. We apply that method to propane subjected to
incubations across a range of temperature-pressure conditions with a variety of substrates
and catalysts. This section summarizes the materials, instruments, and methods used in

these measurements and experiments.

4.1. Experimental Materials

4.1.1 Propane

We used two pure propane gas samples: (1) A reference propane, CITP-1, from a high-
pressure cylinder of high purity propane (>99%) purchased from Air Liquide (UN1978);
this is the same propane used as a reference standard by Piasecki et al., (2016a, 2018). Its
bulk 3Dvsmow is -17943%o, measured independently by GC-pyrolysis-MS. And (2)

98+ % pure CH3—CD2—CHs (‘PROPANE (2,2-D2, 98%)’) purchased from Cambridge
Isotope Laboratories, Inc. This second propane was used as a deuterated ‘spike’ to

examine the kinetics of the reaction:
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We generally added 20 ppmv (by volume) of CsHsD2to CITP-1 for equilibrium
calibration experiments on labeled gases, so that isotopic analyses of the products of
these experiments would be broadly similar in molecular average D/H ratio to CITP-1.
This is to minimize the effects of nonlinearity in instrumental mass fractionation (Dallas

etal., 2018).

4.1.2 Water

Some experiments were conducted with deuterium-enriched water. The water was
prepared by mixing 99.9 % D20 (Cambridge Isotope Laboratories, Inc.) and deionized
laboratory water by a ratio of 0.3 % volumetrically. We diluted this mixture with
deionized water (reported dDsmow = -83.8 %o) by a factor of 20.6 (by weight) in order to
measure its 5D on a water isotope spectroscopic analyzer (Los Gatos Research DLT-
100). The measured dDsmow of the diluted mixture is 471.240.9 %o, so the 5D of the
original mixture is 11419431 %o.. This labeled water was used to examine the kinetics of
hydrogen isotope exchange between water and propane through a reaction having a net

stoichiometry (see section 4.2):

CsHg + HDO = C3H,D + H,0. (6)

4.1.3 Metal Catalysts
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Some experiments were performed using either a Pd or Ni catalytic substrate. The Pd
catalyst is 10 wt. % Pd on carbon from Sigma Aldrich. It is matrix-activated and carbon-
supported. The reported surface area of the support is 750-1000 m?/g. The reported
average particle size is 15um. The Ni catalyst is 65 wt. % Ni from Sigma Aldrich. The
support is silica/alumina. The surface area was measured by 11-point BET analysis to be
155.93 m?/g. Catalysts were kept in an anaerobic chamber under an N2+3%H>

atmosphere.

4.2 Exchange Experimental Procedures

Isotope exchange experiments were conducted by incubating propane — either CITP-1,
or labeled propane (2,2 D2), or a mixture of the two, alone or in the presence of
deuterated water and/or one of the catalytic substrates (Table 2-1). Metal catalysts are
loaded in the anaerobic chamber to minimize oxidation and deactivation. Each mixture of
propane £water substrate was placed in a 1-2 cc Pyrex® tube. We prepared 50-70
umol of propane, and/or 500-600 pumol of water, and 40-60 mg of substrate for the
hydrous experiments and 20-30 mg of substrate for the anhydrous experiments in each
sample tube. The tube was then heated to a constant temperature between 30 and 200 C
in a resistance-heated furnace, for hours to weeks. The pressure inside the tube was not
controlled, but depended in a calculable way on the amounts of propane water in each

tube, the tube volume, and the temperature of the incubation. Prior to each experiment,
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any catalytic substrate used in that experiment was heated by torch flame (500-600 <C)
under vacuum to remove any adsorbed gas. We ceased heating when no detectable gas
released from the catalyst accumulated in the gas line (<0.001 mbar in a 110 mL space
for 10 seconds), which usually occurred 5-10 minutes after heating started. Then we
condensed propane and water into the tube by vapor transfer through a vacuum line, with
the tube immersed in liquid nitrogen. Once all reagents and catalysts were in the tube, it
was flame-sealed, removed from the vacuum line, and allowed to warm to room
temperature. Sealed tubes were then placed in a resistance-heated oven held at a constant,
monitored temperature during the incubation period. After incubation, tubes were
removed from the oven and quenched in liquid nitrogen. The tubes were then opened
using a tube cracker attached to a vacuum line, and propane was passed through a dry
ice-ethanol trap to remove remaining water vapor, and then condensed in a second glass
tube at -196<C (immersed in liquid N2). This second tube was then flame-sealed and

removed from the vacuum line for mass spectrometric analysis.

Table 2-1: A list of exchange experiments

Substrate Propane Water Temperature
Ni catalyst CITP-1 Heavy water 200°C
Pd catalyst CITP-1 Heavy water 200°C

Pd catalyst CITP-1 None 30°C, 100°C and 200°C
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Pd catalyst Spiked CITP-1  None 30°C, 100°C and 200°C

4.3 Mass spectrometry

All isotopic analyses of propane starting materials and experimental products were
performed using a high-resolution, doubly focusing, reverse geometry, sector mass
spectrometer with electron impact ionization source (a modified version of the Thermo
Fischer DFS™), This instrument and its use for high-precision isotope ratio analysis are
described in detail in Dallas et al. (2018). All measurements presented here used an
electron impact energy of 54 eV and a filament current of 1.0 or 1.5 mA. Typically, we
prepare 50-70 umol of propane for one sample and that results in a source pressure of

6<10""~9x10"'mbar.

Since this study only involves laboratory materials, our propane samples are mostly pure.
Nevertheless, we confirm each sample’s purity prior to isotope ratio acquisitions. First,
we scan across a narrow mass range (~0.1 Dalton) at m/z=28 to monitor N2 and CO,
which are the two most common contaminants. The most abundant ion species at nominal
mass 28 is C2H4™, so we evaluate concentrations of N2 and CO via normalizing their

signal to C2H4". We consider the sample contaminated by N2 or CO if [**N2*]/[*2C2H4™]
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or [*2C1%0*]/[**C2H4"] is higher than 1102, Second, we check the signal intensity of

the propane molecular ion, which is 2CsHs", for the sample and CITP-1 at balanced ion
source gas pressure, which can be read from the ion source gauge. Source pressure can be
easily adjusted by varying inlet bellow volume. If 2C3Hs* signal of the sample is within
95~100% of that of CITP-1, the discrepancy is smaller than the error of the source gauge
(35%) and we conclude that the sample is basically as clean as CITP-1. If a sample
satisfies both requirements, it is ready for isotope ratio measurements. If not, we
determine what the contaminant is by examining the full mass spectrum, and discard the

sample.

In order to constrain the position-specific isotope difference between terminal and central
hydrogen positions in propane (i.e., between CHs— and —CH2— groups), we require
two independent observations of molecular or fragment ion species that sample different
proportions of these positions (much as Yoshida (1999) and Piasecki et al. (2016a) have
shown previously for position-specific measurements of **N in N2O or *3C in propane).
The measurements presented here examine the D/H ratios of the full molecular ion
(CsHs") and the ethyl fragment ion (C2Hs"). We run the DFS mass spectrometer at a
tuning that delivers a mass resolution of 35,000 (FWHM), such that isobaric interferences

can be well separated (Figure 2-A2).
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If CaHs™ is produced by simple ionization and C2Hs" is produced by simple cleavage,

the full molecular ion has a ratio of terminal to central hydrogens of 3:1 and the ethyl
fragment ion 3:2. A crucial requirement of our mass-spectrometric approach is to
demonstrate that CsHs™ and C2Hs" consistently sample these expected population of
hydrogen sites from the original molecule. In order to test the validity of C3Hs*, we
analyzed a sample from a second tank of propane, EM-1, using both our DFS MID
method and independently using GC-pyrolysis-IRMS. The resulting 6D (VSMOW) is —
161.0 +£1.0 %o with the DFS and —163.6 £3.2 %o with the GC-pyrolysis-IRMS. A more
extensive test of these methods is in Ponton et al. (2017), which presented a cross-plot
between measured 6D values of natural propane samples using the DFS MID method and
externally reported values (generally from GC-pyrolysis-IRMS techniques). That study
confirms that the methods used here are consistent with independent constraints over a
range of propane isotopic compositions in natural samples. We assume that the C2Hs*
inherits 3 of its hydrogens from the terminal methyl group of propane and 2 from the
central CH:z group. We tested our assumption regarding the C2Hs* fragment ion by
labeling the central site with two deuterium atoms (creating a strong enrichment in the
otherwise rare species, CHsCD2CHs) and then measuring the ratio,
[CD2CH3*]/[**C'3CHs'] to determine whether it is present in the expected abundance.
Specifically, we added 333 ppmv of CH3CD2CHs into CITP-1 (known via measurements

of the final D/H ratio of the mixture by GC-pyrolysis IRMS). This leads to a predicted
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ratio of [CD2CH3")/[*3C*3CHs*] of 3.42. We measured this ratio at a range of source
pressures spanning those commonly encountered during sample measurements (Figure 2-
A3). It is observed that [CD2CH3*]/[**C**CHs"] is stable to less than 3%, relative, over
the source pressures of our measurements, and in all cases within 3%, relative, of the

predicted value.

We apply the electric scan method and the multiple ion detection (MID) method detailed
in Dallas et al., 2018. Briefly, the electric scan method involves scanning a narrow
window of the accelerating voltage, observing the ion intensity at several (typically ~100)
points across a mass range containing two or more ion peaks. Each scan typically takes
around 1 second, and we stack multiple scans to generate a peak shape curve. The
resulting peak shape curve is modeled as an additive function of the intensities of two or
more peaks, in which the mass differences between these peaks are constrained. The
output is interpreted through a peak-integration algorithm to obtain the ion intensity

isotopologue ratios such as [*?C2HsD*]/[**C*?CHs*] and [*2C3H7D*]/[*3C*2C2Hs"].

The MID method uses a different strategy. In this technique, ion intensities are measured
by ‘jumping’ the electric accelerating voltage to the mass of the target ion, ‘parking’ on
this mass for a certain time while determining its intensity, before jumping to the next
selected ion. By repeating cycles of electrical jumping, we can integrate intensities of all

ion peaks of interest over time. At the start of each cycle of analysis, the local mass scale
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is re-calibrated by two anchor peaks that envelope the target peaks. Therefore, the
target mass can be jumped to precisely. In practice we use one measurement to focus on
the ethyl ion isotopologues (including [*2C2Hs*], [**C*?CHs*] and [*?C2H4D*]) and
another measurement to observe the molecular ion isotopologues (including [*?CsHs™],
[13C'2C2Hs*] and [*2C3H7D™]). We use 2C2H4* and O2* as the anchor peaks for the ethyl
ion measurement, and *2CsH7* and 3C'?C2Hs" for the molecular ion measurement. With
these measured intensities, we can calculate isotope ratios of *3C/*?C and D/H

independently.

Since the electric scan method measures a ratio of two near isobaric species, one
containing D and the other containing *3C, it is important to investigate the possibility
that the carbon isotope compositions of our experimental products changed as a result of
our heating and reaction protocols. We found that exchange experiments in this study
appear to have negligible effects on altering carbon isotope compositions of either site, at
least to within limits relevant to this study. For example, a sample of CITP-1 which was
exposed to Pd catalyst at 200<C on 04/07/2016, had a measured shift (end product —
starting material) in 3*3C for the molecular ion of 0.49 +1.00 %o (2 s.e.) and for the ethyl
ion of -1.00 £1.00 %o (2 s.e.). Because CITP-1 is the dominant propane component
(>99.95 %) in every sample, it is a reasonable assumption that all propane samples
examined in this study are uniform and equal to CITP-1 in *C content at both positions;

thus, the ratios of D-bearing to *C-bearing species measured via electric scan constrain
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the sample/standard difference in D/H ratio for the ethyl fragment and molecular ion.
In this study, most of the results are obtained via the electric scan method. The MID

method is mainly used as an independent test of electric scan results.

Each measurement, using either the MID or electric scan method, comprises 10
acquisition cycles, each of which in turn spends 2.6 minutes observing the reference
material (typically CITP-1, unless indicated). We obtain 10 measured sample-reference
comparisons by bracketing the sample measurement with the adjacent CITP-1
measurements, and report the mean of these 10 bracketed comparisons. We report the
external error of the measurement as the standard error of the ten values, as a 1 s.e. error.

Each typically 1-hour measurement consumes 4—10umol of sample gas.

5. Results

5.1 Analytical Precision and Experimental Reproducibility

Mass spectrometric precision dictates the lower limit of our analytical uncertainty. Dallas
et al. (2018) showed that both the electric scan method and the MID method of isotopic
analysis using the modified DFS mass spectrometer system can approach shot-noise
error. Figure 2-A4 demonstrates that the measurement error of

[12CsH7D*]/[ 3C*2C2CHs"] is only slightly greater than counting statistics. Typically, in a
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1-hour D/H measurement, standard error of the ten acquisition cycles is on the order of
1%o. Converting the D measurements of the ethyl fragment and the molecular ion into
dDs of the positions leads to around 6% error in the central position and 3% error in the
terminal position (See Appendix 2 for conversion equation). Our long term analytical
precision can be established by evaluating replicate measurements of the CITP-1
reference standard vs. itself (zero-enrichment tests). The measured mean 8Dcsns value of
such tests from September 2015 to March 2017 is 0.11%o (indistinguishable from zero),

and 1 standard deviation is 1.73%o (n=12).

Analytical reproducibility for unknown samples is established by replicating
measurements of the same sample. For each sample, we repeat at least one 1-hour
measurement on either the ethyl ion or the molecular ion. Sometimes a comparison
between methods (electric scan method vs. MID method) is also conducted. We found

that the results are replicable between measurements to within analytical error. The large

A-B

2 2
O'A+O'B

majority of repeated measurement pairs have normalized error ( , John and Adkins,

2010) smaller than 1.

Other possible experimental and analytical artifacts could include: (1) isotope exchange
between propane and other pools of hydrogen, such as exchange with water vapor either
in the incubation experiments or during ionization in the source, and exchange with

absorbed hydrogen on metal catalytic surfaces; (2) loss of propane through thermal
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degradation, via decomposition reactions such as CsHs—C2Hs+CHa4 (Gilbert et al.,
2016); and (3) vapor loss of propane. The first source of error is controlled by passing
prepared propane samples through a dry ice-ethanol cold trap. The second and the third
sources of error are minimized by monitoring propane yields. We manometrically
quantify the amount gas at the beginning and end of each experiment. If the pressure loss
is higher than 3%, relative, we discard the sample (i.e., we only use experimental data
with gas yields >97%). The purity test, as mentioned in the previous section, can also

serve as a proof of sample validity.

We further characterized experimental reproducibility by repeatedly analyzing a gas
prepared by adding 20 ppmv (by volume) of CH3CD2CHsto CITP-1. Over the course of
~1 year, we repeatedly sampled the same mixture into Pyrex tubes and equilibrated them
in the presence of Pd catalyst at either 30<C, 100<C or 200<C. After exchange, the
majority (>99.9%) of deuterium exchanges to singly-deuterated propane (CsH7D; this is
confirmed by monitoring the CsHsD2 peak as a function of reaction time). We measured
these heated labeled gases against CITP-1. The main goal was to calibrate the position-
specific D/H fractionation thermometer, but these data also constrain our full procedural
experimental reproducibility. The difference in D/H between the equilibrated labeled gas
and CITP-1, obtained by measuring [*2CsH7D*] is summarized in Table 2-2, which

includes data of such measurements from May 2016 to April 2017.



Table 2-2: Experimental data set of equilibrated mixture (heated gas)

Experiment O6Dc3Hs 2s.e.
date
05/31/2016 38.1 15
07/31/2016 41.6 2.9
08/12/2016 37.0 3.1
08/13/2016 38.2 2.4
08/18/2016 35.2 2.6
08/20/2016 42.4 2.2
10/07/2016 37.7 2.0
11/01/2016 40.5 1.7
03/11/2017 38.9 1.8
04/03/2017 37.7 1.5

The measured replicate 6D values are essentially consistent with an average of 38.74%o
(1 standard deviation = 2.19 %o). The standard deviation does not differ significantly
from the long-term instrumental precision (1.73%o, from the zero-enrichment tests),
demonstrating that our catalyzed exchange experiments do not entail experimental

artifacts or errors significantly in excess of mass spectrometric errors. Both heated-gas

34
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and zero-test errors are higher than the average standard error of each individual
measurement (1.09%.). We suspect imperfect pressure balancing between samples and
standard as a possible cause, because the software we use to control the modified DFS

mass spectrometer does not support automatic pressure-adjustment.

5.2 C3Hg-H20 exchange

At 200 <C, propane (CITP-1) was found to incorporate hydrogen from water over
timescales of approximately 1-5 weeks in the presence of either the nickel catalyst or
palladium catalyst. When exposed to deuterated water (6D=11419431 %o) the D/H ratio
of both the central position and the terminal position increases (Figure 2-2). In the
presence of Ni catalyst, the central hydrogens exchange significantly faster than the

terminal hydrogens. In the presence of Pd catalyst there is little difference between
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exchange rates of the propane hydrogen positions. Hydrogen exchange in the presence

of Pd catalyst is more effective than with Ni catalyst.

11000
9000 |
7000 | —e—Pd, central H
—©—Pd, terminal H
3 5000 —e—Ni, central H
——Ni, terminal H
3000
1000 }
q
-1000 ' ' '
0 10 20 30 40

Time(d)

Figure 2-2 : 6D values (vs. VSMOW) for central and terminal hydrogens of propane after
reacting with deuterated water at 200 <C, in the presence of Ni catalyst or Pd catalyst. We
cannot confidently establish systematic errors associated with measurements of very D-

rich samples, but estimate it could be as high as 100%o for central H and 50%o for
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terminal H. The scale conversion from CITP-1 to VSMOW is done with the known

position-specific D/H ratios of CITP-1; see Appendix 2 for details.

5.3 Internal equilibration in propane

In these experiments, two kinds of propane samples were prepared: pure CITP-1 and a
mixture between CITP-1 and 20 ppmv centrally D2-labled propane (CH3sCD2CHs). The
CHsCD2CHs spike can provide a source of D to create a propane of different bulk
hydrogen isotopic composition. In addition, it is a robust tracer for H exchange of
propane, as its exchange with other propane molecules erases the excess of double-
deuterated propane. By monitoring the concentration of CsHeD2, we can assess the

exchange reaction progress.

For those samples prepared from the spiked mixture, we observe decay of CsHsD: at all
temperatures. (Figure 2-3) This proves that reaction 5 is progressing to the right,
presumably catalyzed by Pd/C catalyst. At thermodynamic equilibrium the molar fraction
of C3HsD: is predicted to be as low as 0.4 ppm. In these experiments we found that
concentrations of CsHeD2 reached this equilibrium value and stopped changing.
Therefore, this is a strong line of evidence that the final time-invariant stages of our time-

series represent the thermodynamic equilibrium state rather than the cessation of
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exchange due to other artifacts such as deactivation of catalyst via coke formation

(e.g., Albers et al., 2001). On this basis, we conclude that it is possible to equilibrate
internal hydrogen isotope ordering of propane using Pd catalyst on laboratory time scales
down to room temperatures. We also learned from these experiments that equilibrating D
distribution within propane molecules in the presence of Pd/C catalyst but without water
happens much faster than equilibrating the propane-water-Pd/C catalyst system. Using
first-order kinetics the lifetimes (e-folding times) of the excess CH3CD2CHs are fit to be
0.020 d at 200<C, 0.093 d at 100<C and 9.9 d at 30C (Figure 2-3). Fitting this
temperature dependence to the Arrhenius equation results in an activation energy of 44
kJ/mol (R?=0.97). Sakéay et al. (1978) studied hydrogen isotope exchange between
propane and D2 gas on Pd black catalyst (precipitated elemental Pd) and found an

activation energy of 58 kJ/mol, which is broadly comparable with our findings.
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Figure 2-3: The change in concentrations of the spike CH3CD2CHs during anhydrous
exchange experiments at three different temperatures. The spike concentrations are
normalized to their original value prior to the experiments, i.e.,
100%>{CH3CD2CHs]¢[CH3CD2CHsJo. The diamonds are experimental data and the lines

represent least square fits using first order kinetics.

We observe that propane samples of different initial isotopic composition (i.e., either
CITP-1 alone or the mixture of CITP-1 and CH3CD2CHzs) converge to almost identical
position-specific distribution (i.e., eDczns-c3ns) at each temperature (Figure 2-4). On this
basis, we conclude that exposure of propane to Pd catalyst reaches a time-invariant and
bracketed, and thus equilibrated, state. The central-terminal fractionation appears to
stabilize at a different equilibrium value for each of the three temperatures (Figure 2-3).

To the first order, eDc2ns-cans at equilibrium is lower at higher temperature. This
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indicates that D/H distribution within propane promotes greater enrichment of D in the

central H site at lower temperatures.
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Figure 2-4: Time-series for measures of propane site-specific hydrogen isotope

fractionation over the course of experiments in which propane is exposed to Pd catalyst at

each of three controlled temperatures. Two initial propane compositions are used: CITP-1

(solid squares) and CITP-1 spiked with 20ppmv CH3CD2CHs (solid circles). The vertical

axis represents the difference in dD between the ethyl fragment and molecular ions,

which is proportional to the difference in dD between the central and terminal hydrogen
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sites. The average analytical uncertainty, reported as 2 standard errors (£2.8%o), is

shown in the bottom right corner of each panel.

We further tested this conclusion by creating a third, more deuterated sample by spiking
the mixture with an additional 20ppmv CHsCD2CHs and exposing it to Pd catalyst at
200<C for 7 days. The CsHsD2 concentration of this sample collapsed to a stochastic
distribution, suggesting this mixture underwent quantitative D redistribution. Its eDcans-
csHs Is indistinguishable from the equilibrated original mixture and CITP-1. Table 2-3
lists the hydrogen isotope data for this sample and equilibrated samples of both the

unspiked CITP-1 and the original 20 ppmv CsHsD2 spiked mixture for comparison.

Table 2-3: Comparison of Equilibrium states of different propane samples at 200<C

Gas sample 8Dc3H8 vs. CITP-1 1s.e. €Dcous-c3u8 1s.e.
CITP-1 0 N/A 12.7 1.0
CITP-1+20ppmv spike 38.0 0.8 11.2 1.2

CITP-1+40ppmv spike 74.7 13 11.0 2.2
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6. Discussion

6.1 Position-specific exchange mechanisms

If the kinetics of hydrogen isotope exchange are treated using a pseudo first-order
approximation (Robert and Urey, 1939; Sessions et al., 2004), D/H exchange rate and

lifetime can be estimated through this expression:

e—kt — : — (6)

where F is the fraction of D among all hydrogen atoms (D/(D+H)). Ft is that fraction at
time t, Feis the fraction at equilibrium and Fi is the initial fraction. t is time, and k is the
exchange rate constant, and 1/k is the e-folding time (lifetime) of this reaction. Using this
equation to fit the data in Figure 2-2, we can obtain propane-water exchange reaction
lifetimes. The molecule-averaged lifetime of exchange between propane and water is 2.8
days in the presence of Pd catalyst and 30.5 days in the presence of Ni catalyst at 200 <C.
Exchange rates for central position and terminal position appear to be different: In the
presence of Ni catalyst, the central H exchange rate is faster than the terminal H exchange
rate by a factor of 2.2. In the presence of Pd catalyst, terminal H exchanges faster by a
factor of 1.3 — i.e., selectivity is detectable but reversed and less significant than for Ni
catalyzed exchange. Figure 2-5 illustrates this difference by plotting the progress of the

exchange reaction for the central site vs. that for the terminal positions. Our results for Ni
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catalyzed exchange are similar to what Kauder and Taylor (1951) discovered in

propane-D2 exchange. They found that the central position exchanges with D2 gas about 3

times as fast as the terminal position exchanges in the presence of Pt catalyst.

Table 2-4: Fitted Propane-water hydrogen isotope exchange life times (in days) for

different positions and catalysts at 200<C. R? indicates the goodness of fit of the first-

order rate law to the data.

Central R2 Terminal R?
position position
Pd catalyst 3.4 0.899 2.6 0.975
Ni catalyst 18.4 0.982 39.1 0.996

Three possible mechanisms have been proposed for the isotopic exchange of carbon-

bound hydrogen in the light n-alkanes. The first is a radical exchange mechanism, in

which the position-specific exchange rates are dependent on the bond dissociation

energies (BDE) for each position. The BDE difference between central position and

terminal position of propane is -10.7 kJ/mol (Luo, 2007). Under this scenario, we can

estimate the ratio of position-specific exchange rates using the Arrehnius equation,
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Eterminal~Ecentral

RT , (7)

Kcentral _ Acentral

kterminal Aterminal

where E stands for the activation energy for each hydrogen position, and A the frequency
factors for the positions. It has been shown that frequency factor ratios are generally close
to one (e.g., Ranzi et al., 1997), so we assume that the frequency factors are the same
between the central position and the terminal position. Taking the BDE difference into
account and assuming a temperature of 200 <C, we obtain that Kcentral/Kterminat = 15.2. The
central hydrogen exchange is strongly favored in this case since the secondary alkyl
radical (i.e., —CH --) is much more stable than the primary radical (i.e., —-CH2 9. A second
possibility is di-adsorption, which includes aa, aff and ay types(Sattler, 2018). Bond
(2006) suggests that af is the favored exchange mechanism for small straight-chain
alkanes. Under this mechanism, each swap of hydrogen atoms involves one central
hydrogen position and one terminal hydrogen position. Since the symmetry number ratio
between central position and terminal position is 2/6, Kcentral/Kterminai=3. Thus, this
mechanism also predicts faster central exchange and slower terminal exchange. A third
possibility is ionic exchange, which is involves the dissociation of either proton or
hydride (Schimmelmann et al., 2006; Sattler, 2018). Alexander et al. (1984) reported that
alkyl H exchange happens exclusively on the position adjacent to the position that is
more stable for carbocation. Since the secondary carbocation is much more stable than

primary, the mechanism favors the exchange on the terminal position. Robertson et al.
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(1975) studied ionic exchange between propane and D2 on the surface of y-alumina
and found that the central position of propane exchanges 170 times faster than the
terminal position. Hence, ionic exchange is the only plausible mechanism that would

prefer terminal exchange over central exchange.

We plotted the predicted trajectories for these mechanisms in a plot of the 6D of CH2
groups vs. oD for methyl groups in Figure 2-5. We conclude from the data presented in
Figure 2-5 that metal-catalyzed exchange is a mixture of multiple mechanisms. The Ni
catalyzed exchange experiments has Kcentral/Kterminai=2.2, closely approaching the
predictions of the o di-adsorption mechanism (Keentrai/Kterminai=3), suggesting it
dominates on that catalyst, but is perhaps accompanied by a minor contribution of ionic
exchange. This is consistent with Bond’s (2006) review. The Pd catalyzed experiments
suggest a greater role for ionic exchange and reduced importance of radical or of di-
adsorption mechanisms. However, other combinations of these three mechanisms are

permitted by our data.
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Figure 2-5: Evolution in the 8D of terminal and central hydrogen sites of propane,

observed in our experiments, and predicted trajectories for three proposed mechanisms of

hydrogen isotope exchange: (1) radical exchange, (2) afp di-adsorption, and (3) ionic

exchange. The hydrogen isotope composition of propane in equilibrium with water vapor

is calculated using results of Piasecki et al., 2016b and Richet et al., 1977.

6.2 Position-specific hydrogen isotope fractionation at thermodynamic equilibrium

We conclude that our exchange experiments examining internal hydrogen isotope

exchange of propane constrain the equilibrium central-terminal fractionation to be the
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final, common value to which both the CITP-1 and spiked CITP-1 experimental series
converge. This allows us to obtain the equilibrium eDc2ns-c3ns Values. In order to
determine when the propane samples are equilibrated for each temperature, we use the
exchange rates learned from observing decay of CH3sCD2CHs (Figure 2-3). We use the
filter of >5 e-folding times to select the equilibrated samples, which is equivalent

to >99.3% completion of exchange reaction. As a result, we have 6 data points for 30<C,
7 for 100°C and 8 for 200°C. We average these ‘equilibrated’ experiments at each

temperature.

Figure 2-6 presents our experimental data along with all four previously published
theoretical predictions for the center-terminal hydrogen isotope fractionation in propane,
using units that allow us to directly compare all five sets of constraints (four models and
our data) on a common plot. A comparison of these data is informative despite the fact
that our measurements describe only relative differences between experimental products
and an intralaboratory standard. In the left panel of Figure 2-6, we re-normalize all four
theoretical predictions and our experiment to each of their fractionation at a temperature
of 200°C, and then examine the changes in predicted and observed values for the
fractionation at lower temperatures. Three of the four predictions are within 2s.e. errors
of our experimental data: both models presented by Webb and Miller (2014) and the
model presented by Piasecki et al. (2016b). Cheng and Ceriotti’s result falls outside the

2s.e. error limits of our data at both 30°C and 100°C.
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Figure 2-6: The measured equilibrium site-specific hydrogne isotope fractionation in
propane plotted vs. temperature and compared to various theoretical predictions. The left
panel shows the difference between the ethyl and molecular ions, which is normalized to
such difference at 200<C in order to remove the dependence on the assumed
intramolecular D/H fractionation in the CITP-1 standard. The right panel expresses these
same data as the equilvant difference in D/H between the central and terminal positions,
assuming the central position of CITP-1 hasa 6Dyspmow = - 208.3%0 and the terminal
position of CITP-1 has 6Dysmow = — 169.2%o0. (See text for details). Error bars reflect 2
standard errors of the mean of the equilbrated samples at each temperature. (n=6 for 30<C
data, n=7 for 100<C data and n=8 for 200 <C data). The path-integral methods (PIMC and
PIMD) only report fractionation factors for 3-6 temperature points, so we fitted their data
to second order polynomial functions to interpolate fractionation factors at all

temperatures in this range.
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There are several possible explanations for the difference between the Cheng and Ceriotti
model and the other three we consider, but there is reason to believe it reflects an error in
the potential energy surface (PES) in the model of Cheng and Ceriotti. The models of
Webb and Miller (2014) and Cheng and Ceriotti (2014) used path-integral methods, but
employed different PESs for integration. Cheng and Ceriotti (2014) used the Adaptive
Intermolecular Reactive Empirical Bond Order (AIREBO) force field whereas Webb and
Miller (2014) used the Chemistry at Harvard Macromolecular Mechanics (CHARMM)
PES. These two models derive dramatically different vibrational frequencies for the
fundamental modes of propane. In Table 2-Al we list the vibrational frequencies of
propane isotopomers derived from the two PESs (AIREBO and CHARMM), as well as
those predicted by a density function theory with a B3LYP-6311G** basis set, shown for
comparison. The CHARRMM frequencies are generally consistent with those predicted
by B3LYP-6311G**. In the modes 5-19, there is a large difference between frequencies
calculated by the AIREBO model and the other two model estimates. AIREBO
frequencies can be as much as 500 cm™* higher than CHARRMM frequencies. Such a
conflict is beyond the magnitude of common errors. Additionally, we compared AIREBO
frequencies of ?CsHs with spectroscopically measured fundamental modes for propane
(Table 2-Al) and the same discrepancy exists. The AIREBO frequencies are much higher

than observation in the middle frequency range. We suggest that the AIREBO PES used
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by Cheng and Ceriotti is likely responsible for the discrepant behavior of Cheng and

Ceriotti’s PIMC calculations.

Three observations suggest that our experimental data serve as a calibration of the
propane D/H position-specific thermometer: Our findings are time-independent after an
initial exchange period; our findings are bracketed (independent of initial composition);
and the temperature-dependence of the fractionation we observe is consistent with the
consensus of several theoretical predictions (recognizing the one discrepant prediction).
We conclude that at thermodynamic equilibrium, D prefers to be in the central position of
propane, and the central-terminal enrichment decreases with increasing temperature. The
model that most closely matches our experimental findings is the PIMC model presented
by Webb and Miller (2014). If we use our experimental products as a reference frame
(following the reasoning behind the clumped isotope absolute reference frames for COz,
CHa, N20 and Oz (Eiler and Schauble, 2004; Yeung et al., 2014; Stolper et al., 2014)), we
can calculate the hydrogen isotope structure of CITP-1: 8Dcentral_smow = —208.3£6.6%o

and 6Dterminal_smow = —169.2+3.5%0 and €central—terminal = -47.138.9%eo.

6.3 A kinetic model of metal catalyzed exchange processes
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Our experimental findings indicate hydrogen isotope exchange involving propane
molecules over laboratory time scales at temperatures of 30-200 °C in the presence of
Pd/C catalyst. However, it is difficult to use these results as precise constraints on the rate
constants of this exchange both because some combinations of time and temperature have
little data coverage (e.g., 30 °C at short times), and because multiple reaction mechanisms
may be involved in re-distributing D within and between propane molecules.
Nevertheless, it is worth asking whether our results are consistent with a defined set of
exchange reactions having rates and activation energies broadly consistent with the
results of our kinetic experiments (above). For this reason, we present a hypothesized
model for the mechanisms and rates of H isotope exchange in propane, and examine

whether that model is internally consistent and matches our experimental findings.

We constructed a three-box model to simulate the exchange kinetics and equilibria. The
three boxes represent three hydrogen pools: the central position of propane, the terminal

position of propane and absorbed hydrogen on a catalytic metal surface.

In this model, we describe hydrogen isotopic exchange on a Pd surface as governed by

the following isotopic exchange reactions:

CH5CD,CH; + Pd—H & CH;CHDCH; + Pd—D (k1,8)

CH;CHDCH; + Pd—H 2 CH,CH,CH; + Pd—D (k2,9)
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Please note that each of these reactions represent net reactions of several elementary
steps. For example, the forward reaction of k1 is combined from of two elementary steps:
CH3CD2CH3+ Pd— CH3CDPdCH3s + Pd-D and CHsCDPdCHs + Pd-H— CH3CHDCHs +
Pd. We define kn and K to be the forward rate constants and equilibrium constants for

the n'" reaction. The following differential equations can be derived:

d[CH;CD,CH k
LCH - 2CHs] _ k,[CH5CD,CH;][Pd — H] — K—1 « [CHyCHDCH5][Pd — D]  (11)
1
d[CH;CHDCH k
[CH = sl _ —k,[CH5CD,CH,][Pd — H] + K—1 « [CH3CHDCH;][Pd — D]
1
k
—k,[CH;CHDCH,][Pd — H] + K—z « [CH5CH,CH;][Pd — D] (12)
2
d[CH;CH,CH,D]

k
™ = —k3[CH;CH,CH,D][Pd — H] + K_z * [CH3CH,CH;][Pd — D] (13)
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d[Pd—-D k
1

k
+k,[CH;CHDCH,][Pd — H] — K—Z « [CH5CH,CH;][Pd — D]
2

k
+k;[CH;CH,CH,D][Pd — H] — K—3 + [CH5CH, CH;][Pd — D]. (14)
3

We numerically solved this family of equations with MATLAB®. The unknown
variables in this model include ki, k2, k3, K1, K2, K3 and relative sizes of the absorbed
hydrogen reservoir. The constraints that permit us to solve for these variables are as

follows:

First, exchange rate constants of the central position and the terminal position have been
reported in Section 6.1. We assume the reaction rate ratio between the central position
and the terminal position does not depend on whether or not water is present and is
independent of temperature. Therefore, we can apply the same relationship, ka/ks=0.76
(Table 2-4), here. Second, ko2/k1 is an H/D secondary kinetic isotope effect, because it
describes the effect of isotopic substitution on one of the central positions on the
dissociation rate of the other. For covalent C-H bonds, the secondary kinetic isotope
effect is close to unity, commonly in the range of 0.8~1.2 (e.g., Lu et al., 1990), so we set
ka/k1 equal to 1 in the model. Finally, for this purpose the effect of isotope clumping (i.e.,

the propensity of heavy isotopes to bond together) is trivial. We approximate that
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equilibrium concentrations of isotopologues follow the stochastic rule. This

approximation adds a constraint on the equilibrium constants: K2/Ki1=4.

With these controls, there are four free variables left: ki, K1, Ksand the relative size of
the surface hydrogen reservoir. We fit the model to the experimental data set (i.e., time
variations in abundances of the various measured species). Results are shown in Figure 2-
7. The model outputs are consistent with the data within experimental precision. This
model predicts that CHsCHDCHs will rise faster than CH3CH2CH2D when CH3CD2CH3
is being consumed. It is because the first step of CH3sCD2CHs exchange with the catalyst-
bound H pool generates a CHsCHDCH3s molecule. This leads to faster changes in the
eDc2ns-cans Value of spiked gas relative to un-spiked gas, with even a slight overshoot in
the early period of spiked gas exchange. The faster rise of éDcaHs-c3ns value of spiked gas

is well observed in experimental data. (Figure 2-7).

We re-iterate that the details of our model are under constrained with respect to time and
temperature sampling points and should be considered only an approximate statement
about the rate constants for D/H exchange within and between propane molecules.
However, this exercise shows that our experimental findings are internally consistent
with a simple and intuitive description of the family of reaction steps involved in this

process.
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Figure 2-7: Fits of our three-box model to experimental results. The solid circles and
solid squares represent the position-specific hydrogen isotope fractionation of spiked
CITP-1 and pure CITP-1, respectively. The solid blue lines and solid red lines represent
the optimized model for position-specific hydrogen isotope fractionation of spiked CITP-
1 and pure CITP-1, respectively (converted into the units used for the Y axis, i.e.,

expressed as the difference between ethyl and molecular ions, normalized to CITP-1).

6.4 Implications for the interpretation of data for natural propanes

This study examines hydrogen isotope exchange of propane in the presence of artificial
metal catalysts that are not common in nature. Therefore, it is reasonable to consider
whether propane is too refractory to H isotope exchange to equilibrate its isotopic
structure in natural settings. Interpretation of the bulk molecular D/H ratio of propane
(and other natural gas hydrocarbons) assumes this property is immune to hydrogen

isotope exchange between hydrocarbon molecules and molecular positions (e.g., Tang et
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al., 2005; Ni et al., 2011). However, our findings indicate that intramolecular exchange
of H between terminal and central positions in propane under anhydrous conditions
occurs orders of magnitude faster than exchange between propane and water in the
presence of metal catalysts. Thus we might expect that propane in natural crustal
environments could internally re-equilibrate its position-specific hydrogen isotope
structure even in the absence of changes in molecule averaged 6D. We should also
consider that even if propane fails to reach H isotope exchange equilibrium with co-
existing hydrous compounds in geological conditions, our findings indicate that partial
exchange may lead to a signature in hydrogen isotope site preference that constrains the
thermal stress (time-at-temperature) and/or exposure to catalysts propane experienced
since its formation. We show that intermolecular hydrogen isotope exchange rates (i.e.,
between propane and water) can differ between central and terminal hydrogen positions,
depending on the co-existing catalysts. In particular, the central position exchanges
hydrogen isotopes approximately twice as fast as the terminal position when Ni catalyst
is present. The difference in exchange rates of the positions can lead to significant
variance in central-to-terminal fractionation as propane approaches equilibrium with
water (or perhaps another hydrous compound; Figure 2-5). Interpretation of natural
propane samples’ position-specific D/H will have to take this phenomenon into account.

Future studies should examine the exchange kinetics for propane in the presence of
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natural catalysts (e.g., minerals or rocks) to establish whether these conclusions based

on metal catalyzed experiments are truly generalizable.

More generally, we anticipate that several processes will complicate the interpretation of
position-specific hydrogen isotope fractionation in propane as a thermometer to natural
systems. Radical chain reactions involving other hydrocarbons (Xiao, 2001) and
microbial gas degradation (Jaekel et al., 2014) are two common processes that likely
involve irreversible, isotopically fractionating elementary kinetic steps. In fact, we should
expect that some small amount of propane destruction by irreversible ‘cracking’ occurred
during our experiments, but had no apparent isotopic effects because the accompanying
equilibration reactions happened on much faster timescales than propane destruction (this
is demonstrably obvious; our experiments lose a negligible fraction of propane over a
time scale equivalent to many e-folding times of exchange — see Figure 2-3). It also
should be noted that even in natural systems dominated by irreversible elementary kinetic
reactions, an interconnected network of such reactions can drive systems to or near
equilibrium molecular and isotope distributions if they indirectly interconvert different
compounds (and their isotopic forms). Such systems are said to have reached ‘metathetic
equilibrium’, and are hypothesized to be common in natural gas forming systems (Mango
et al., 2010). This study provides a foundation to test these hypotheses with
measurements of position-specific hydrogen isotope fractionations in propane from

natural gases and pyrolysis experiments. Our reference propane, CITP-1, which comes
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from a commercial gas supplier, is significantly D-depleted in the central position
relative to its terminal position (€central—terminal = -47.138.9%o). Its position-specific D/H
distribution is far from internal equilibrium. This finding is comparable to NMR results
from Liu et al. (2018), where they measured 8Dcentrai- 8Dterminal = —26.438.8%o in a
commercially obtained propane. These data suggest that some common process can
easily generate large position-specific disequilibria. This phenomenon strengthens the
prospect of applying this tool to study the origin and evolution of natural propane, as it
suggests that both non-equilibrium and equilibrium signatures are possible (and thus

might distinguish between different formation mechanisms and environments).

7. Conclusions

We have developed a method to analyze position-specific D/H variations of propane via
high-resolution mass spectrometry. The same methodology, which involves measuring
D/H ratios of specific fragment ions, should be amenable to the measurement of other

small hydrocarbon molecules.

In a series of incubation experiments, we measured catalyzed hydrogen exchange kinetics
of propane. Our results document differences in effectiveness between Ni and Pd

catalysts and differences in the relative rates of exchange for the two non-equivalent
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hydrogen positions. The exchange rates we observe do not exactly match any one
previously proposed mechanism, suggesting our experiments involved exchange by two
or more mechanisms. We also observed that the exchange between propane and water is
slower than propane internal exchange in an anhydrous environment. We experimentally
produced propane with an equilibrated position-specific hydrogen isotopic structure. The
position-specific hydrogen isotope equilibrium in propane was shown to be time-
invariant, composition-bracketed, and mass-balanced to within a few percent at three
temperatures. Our results are able to discriminate between several different theoretical
predictions, ruling out the one that predicts terminal position D enrichment. We conclude
that our data serve as a calibration of the position-specific propane D/H thermometer. In
the range of natural gas formation and storage, the fractionation factor is highly sensitive
to temperature (around 0.25%o per “C at 100 <C). With commercially available multi-
collector high resolution mass spectrometers (e.g., Eiler et al., 2013a), we anticipate that
we will be able to improve the precision of position-specific measurements by
approximately an order of magnitude relative to the work presented here, and therefore
should be able to apply this thermometer with a precision of 2~5<C in the range of

geological relevant temperatures.
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Appendix 2

Converting 8Dc2+s and 8Dcsns iNto absolute position-specific D/H ratios based on our

calibration.

Neglecting the trivial effects of non-stochastic distribution of multiply D-substituted

isotopologues in the un-spiked gases, we have:

4
<C2H4D) ~ > (D-I-LH)CZHS (%) D

_ C2HS _ o, (_)
CzHs ( H )5 H/ cous
D+ H/c2us

7
(C3H7D) ~ 8 x (D‘l‘LH)Cﬂ-Ig (ﬁ)cms s, (B)
C;Hg / (L)S B C3H8
D+ H/c3ns

Therefore,

(D) 1 (C2H4D) 1 06Dcyus + 1000 <C2H4D>
= — % = — %k *
C2H5 O 5

H C,H: 1000 C,Hs

CITP-1

8Dcans + 1000 (D)
= * | =
1000 H/ consccrrp-1)



(D) 1 <C3H7D> 1 8Dcspg + 1000 <C3H7D)
— = — %k = — k *
cs3Hg 8 8

Hlcans 8 \ C3Hg 1000 CsHg / cippy

0Dc3pg + 1000 (D)
= * | — .
1000 H/ c3uscrrr-1)

In section 6.2, we concluded that

D
(—) = 0.00012696
H/ c2nscrtr-1)

D
(—) = 0.00012786.
H/ c3uscrrr-1)
so we can calculate D fractions based on dDs:
SDCZHS + 1000 (2)
( D ) _ 1000 H/ canscrre-1)
1000 H/ c2uscire-1)

0D¢3ug + 1000 (D)
H/ c3ns(crrr-1)

( D ) _ 1000
D + H/¢c3us " 8Dc3pg + 1000 (D

1000 H)C3H8(CITP—1)

In section 4.3 we demonstrated that these ions inherit the isotopic composition of the

molecule, so
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(651 =5 (657~ *(5550)
D + H/central D + H/c2nus D+ H/c3us

(657 =355, ~3550)
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Figure 2-A1: Comparison of model predictions of the temperature dependence of the central-to-
terminal hydrogen isotope fractionation factors for propane. PIMD stands for “Path Integral

Molecular Dynamics” and PIMC stands for “Path Integral Monte Carlo”.
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Figure 2-A3: Tests of our hypothesis regarding the sources of hydrogen (central vs. terminal
sites) in the ethyl fragment ion. The X-axis is the intensity in units of counts/s. and the Y-axis is
the relative concentration of *C,HsD.. We varied the pressure in the ion source to generate a
range in ion intensity. Open squares are measurements and the horizontal solid line is calculated

based on the known mixing ratio of CH3CD,CHjs in the analyzed gas.



0.0040

0.0035

0.0030

Standard error
© o o
o (@] o
o o o
= N N
(&3] o ol

0.0010

0.0005

0.0000

Figure 2-A4: The results of a test of whether the measurement error is limited by counting
statistics. The plots show the external error of the measured [*2C3H;D*]/[ **C*2C*?CHg™ ratio,

made via the electric scan method; the dashed curve indicates the predicted evolution of errors

\ e Data
! = = Prediction
“-.

\ e

\
e \°

\N °
\ o
\\..'o..
~ °
~ :0.-0:0......

1 3 5 7 9 11131517 19 21 23 25 27 29 31
Number of cycles

75

across multiple analytical cycles for the case where errors are shot noise limited. Each cycle is 2.3

minutes.
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Appendix Tables

Table 2-A1: A comparison of harmonic wavenumbers (in cm™) of the vibrational modes
of the D-substituted isotopomers of propane derived from different theoretical models.
Data for AIREBO and CHARMM are from private communications with Michael Webb.
Data for B3LYP-6311G** are from Piasecki et al., 2016. Data for spectroscopic

observation of CH3zCH2CHs is from Shimanouchi, 1972.

CH3CH2CH3 CH3CH2CH2D (gauche) CH3CHDCH3
AIREBO  CHARM  B3LYP- Observa B3LYP- CHARM . o
Mode# M 6311G** tion* | AIREBO ~ CHARMM  6311G** | AIREBO M garge
1| 2332801 2322719  219.3189 216 | 2148174 2113712 201.6949 | 2332581  232.2682 210.3100
2 | 2018998 2527020  269.3751 268 | 281.8471 2438475 2506141 | 2871524  249.8656 265.5630
3 | 4835978  357.1896  366.3376 369 | 4709414 3505004 3551954 | 4809210 3555481 364.2611
4| 9281719 7947737 7550908 748 | 9254947 7411732 7071277 | 9117060  696.0663 670.0738




1089.9861

869.4822

870.5537

869

1009.2690

789.7555

843.4579

992.7312

835.8072

77

807.7772

6 | 1121.4818 941.1163 914.6184 922 1096.6659 915.7384 869.2711 1059.8019 866.8711 866.2395
7 | 1323.9384 955.4877 933.0299 940 1213.7890 937.9711 915.3735 1215.4265 941.1710 929.0753
8 | 1361.5076  1038.1633  1057.1314 1054 1337.1719 1016.4346 1051.0626 1336.3636 965.4336 1003.4322
9 | 14341405 1090.6866  1175.4568 1158 1412.3653 1079.7758 1131.1886 1410.1030 1052.9224 1148.3138
10 | 15255459  1096.4099  1213.4906 1192 1489.7217 1084.2881 1175.5615 1411.8567 1092.8598 1168.3591
11 | 1616.9838  1192.9895  1319.0383 1278 1610.5415 1191.5593 1292.2171 1483.0419 1099.2627 1148.3138
12 | 1833.0848  1347.2850  1369.3555 1338 1650.4847 1257.6407 1313.4902 1659.2029 1298.2072 1168.3591
13 | 1837.8554  1374.6729  1406.3648 1378 1770.5301 1269.4655 1337.9457 1767.6480 1309.9798 1184.3088
14 | 1889.5793  1376.1386  1422.7910 1392 1833.6242 1348.4257 1379.8585 1888.8074 1374.6354 1348.3862
15 | 1895.2791  1426.2129  1491.5498 1451 1862.0255 1375.3538 1415.2113 1895.1594 1376.0552 1350.1473
16 | 1908.9366  1432.9691  1494.1528 1462 1892.3633 1414.8275 1475.4962 1908.9350 1432.9683 1405.0679
17 | 1917.0021  1433.5834  1499.4081 1464 1911.0449 1429.8859 1495.5279 1916.1495 1433.1805 1422.7455
18 | 1965.9111  1433.6414  1509.0365 1472 1923.1246 1433.6123 1502.0424 1960.7536 1433.3214 1491.1184
19 | 1991.8852  1455.6168  1515.3801 1476 1981.5624 1453.5816 1510.8227 1973.9382 1435.0417 1498.2997
20 | 2829.4751  2888.9245  3013.9862 2887 | 2140.8002 2159.2835  2237.7277 2144.3139 2142.9936 1508.3642
21 | 2829.5387 2897.6960  3014.6985 2887 | 2829.5067 2890.9130  3014.0343 2829.4396 2895.7061 2225.9348
22 | 2864.8661  2907.4242  3018.5641 2962 | 2864.0677 2903.4671  3016.7095 2829.6950 2897.6880 3014.6950
23 | 2928.6849  2931.8140  3034.3976 2967 | 2867.7599 2922.3180  3031.3726 2899.2754 2918.0661 3018.2585
24 | 2930.1024  2958.4968  3071.6452 2968 | 2929.0335 2931.8128  3045.7754 2928.5264 2958.4792 3025.1715
25 | 2931.0105  2959.2253  3081.2045 2968 | 2930.0352 2959.1896  3076.8782 2931.0054 2959.1787 3071.6369
26 | 2931.2744  2960.4246  3083.4092 2973 | 2931.0517 2959.4802  3081.6484 2931.0904 2959.7395 3081.2034
27 | 2932.3160  2961.0526  3084.0759 2977 | 2931.8757 2961.0206 ~ 3083.7942 2932.1337 2960.5053 3083.9920
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Chapter 3
Position-specific Distribution of Hydrogen Isotopes in Natural Propane:

Effects of Thermal Cracking, Exchange Equilibration and Biodegradation

Xie H., Ponton C., Formolo M. J., Lawson M., Ellis G. S., Lewan M. D., Ferreira A. A.,
Morais E. T., Spigolon A. L. D., Sessions A. L. and Eiler J. M. (2020) Position-specific
distribution of hydrogen isotopes in natural propane: Effects of thermal cracking,
equilibration and biodegradation. Geochim. Cosmochim. Acta 290, 235-256. doi:

10.1016/j.g9ca.2020.09.009.

Abstract

Intramolecular isotope distributions, including isotope clumping and position specific
fractionation, can provide proxies for the formation temperature and formation and
destruction pathways of molecules. In this study, we explore the position-specific
hydrogen isotope distribution in propane. We analyzed propane samples from 10
different petroleum systems with high-resolution molecular mass spectrometry. Our
results show that the hydrogen isotope fractionation between central and terminal
positions of natural propanes ranges from -102%o to +205%o, a much larger range than

that expected for thermodynamic equilibrium at their source and reservoir temperatures
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(36-63%o0). Based on these findings, we propose that the hydrogen isotope structure of
catagenic propane is largely controlled by irreversible processes, expressing kinetic
isotope effects (KIEs). Kinetic control on hydrogen isotope composition of the products
of thermal cracking is supported by a hydrous pyrolysis experiment using the Woodford
shale as substrate, in which we observed isotopic disequilibrium in the early stage of
pyrolysis. We make a more general prediction of KIE signatures associated with kerogen
cracking by simulating this chemistry in a kinetic Monte-Carlo model for different types
of kerogens. In contrast, unconventional shale fluids or hot conventional reservoirs
contain propane with an isotopic structure close to equilibrium, presumably reflecting
internal and/or heterogeneous exchange during high temperature storage (ca. 100-150°C).
In relatively cold (<100 °C) conventional gas accumulations, propane can discharge from
its source to a colder reservoir, rapidly enough to preserve dis-equilibrium signatures
even if the source rock thermal maturity is high. These findings imply that long times at
elevated temperatures are required to equilibrate the hydrogen isotopic structure of
propane in natural gas host rocks and reservoirs. We further defined the kinetics of
propane equilibration through hydrogen isotope exchange experiments under hydrous
conditions; these experiments show that hydrogen in propane is exchangeable over
laboratory time scales when exposed to clay minerals such as kaolinite. This implies
rather rapid transfer of propane from sources to cold reservoirs in some of the

conventional petroleum systems. Propane is also susceptible to microbial degradation in
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both oxic and anoxic environments. Biodegradation of propane in the Hadrian and
Diana Hoover oil fields (Gulf of Mexico) results in strong increases in central-terminal
hydrogen isotope fractionation. This reflects preferential attack on the central position,

consistent with previous studies.

1. Introduction

Natural propane and other volatile hydrocarbons in the subsurface are of great economic
value and environmental significance. Compositional and stable isotope properties of
these gases have been widely used to help trace their origins and fates (e.g., Berner and
Faber, 1996; Whiticar, 1999). Recent studies of the intramolecular isotope structures of
these gaseous compounds bring novel constraints to these processes (Stolper et al.,
2014a; Wang et al., 2015; Young et al., 2017; Eiler et al., 2018; Piasecki et al., 2018;
Clog et al., 2018; Xia and Gao, 2019). These new methods are revealing fundamental

geochemical processes that control the geological distributions of hydrocarbons.

Propane (CsHs, or CH3—CH2>—CHp3) has two chemically non-equivalent sets of atomic
sites: the central CHz group and the terminal CHs groups. The carbon and/or hydrogen
isotope differences between these two positions have been analyzed by GC-pyrolysis-

GC-irMS (Gilbert et al., 2016; Li et al., 2018), biochemical degradation with GC-irMS
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(Gao et al., 2016), high resolution direct molecular mass spectrometry (Piasecki et al.,
2016a; Xie et al., 2018) and Nuclear Magnetic Resonance (Liu et al., 2018). It has been
shown that site-specific isotopic measurements are able to differentiate abiotic propane
sources from common thermogenic propane (Suda et al., 2017), track thermal maturation
(Piasecki et al., 2018; Liu et al., 2019; Julien et al., 2020) and identify residues of
subsurface microbial degradation (Gilbert et al., 2019). Position-specific hydrogen
isotopes are especially interesting because hydrogen may undergo isotopic exchange at
the conditions of some gas reservoirs, potentially driving propane to intramolecular
hydrogen isotope equilibrium. The temperature dependence of equilibrium isotope
fractionation between the central and terminal hydrogen positions has been theoretically
predicted (Webb and Miller, 2014; Piasecki et al., 2016b) and experimentally calibrated
(Xie et al., 2018). Therefore, position-specific hydrogen isotope distribution in propane
can potentially work as a ‘geothermometer’ that could track the equilibration temperature
at which propane has been generated and/or stored. And, because the approach to
equilibrium may be time dependent, it is possible that site specific hydrogen isotope
fractionation may serve as a kind of ‘geospeedometer’ for evaluating gas reservoir
storage times. This kinetic property in the carbonate geothermometer has been shown to
have significant value for constraining thermal histories of rock samples (e.g., Passey and
Henkes, 2012; Shenton et al., 2015; Stolper and Eiler, 2015; Lawson et al., 2018;

Mangenot et al., 2019; Ingalls, 2019). If such a property was demonstrated in propane, it
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would provide an opportunity to assess the thermal histories of fluids that migrate

within sedimentary systems.

In this study, we explore what controls the position-specific hydrogen isotope distribution
in propane via natural observations and laboratory experiments. We present a dataset of
measurements of propane from produced natural gases in 10 different, globally
distributed petroleum systems. In addition, we report isotope exchange experiments and
hydrous pyrolysis experiments designed to investigate the timescales and mechanisms of
isotope exchange and the position-specific isotope effects of thermal cracking. Finally,
we construct a model of the position-specific isotopic fractionations associated with
kerogen cracking as a means of interpreting and extrapolating from laboratory cracking
experiments. We show that the geochemistry of the source rock determines the primary
position-specific hydrogen isotope signature in propane immediately after formation by
kerogen cracking, that exchange in relatively hot reservoirs brings the position-specific
hydrogen isotope structure of propane close to equilibrium, and that biodegradation in
shallow reservoirs leads to distinctive central — terminal hydrogen isotope

fractionations.

2. Samples
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We examined natural gas samples from 18 different wells belonging to the following
10 petroleum fields: Diana Hoover (U.S. Gulf of Mexico), Galveston 209 (U.S. Gulf of
Mexico), Genesis (U.S. Gulf of Mexico), Hadrian North and South (Gulf of Mexico),
Hogsback (Wyoming, USA), Eagle Ford (Texas, USA), Briggs (Texas, USA), Santa
Ynez Unit (SYU) (California, USA), Sleipner Vest (North Sea, Europe), and Potiguar
basin (Brazil). Sampled well depths range from 1880 to 4618 meters with reservoir

temperatures ranging from 42<C to 143<C.

All the gas samples come from conventional reservoirs (where gas migrated from the
source rock is trapped in permeable formation) except those from the Eagle Ford shale
(where gas is retained in the impermeable source rock). One of the samples from Eagle
Ford (Las Raices 22H) and samples from Sleipner Vest and Hogsback are non-associated
gases (free gas not dissolved in oil). The rest of our samples are oil-associated solution

gases.

3. Methods

3.1. Nomenclature

The hydrogen isotope fractionation between central and terminal positions of propane (or,

the ‘central—terminal fractionation”) can be expressed by the epsilon notation:
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D

De_t = 1000 HC—1 1

SC_T— * D ) ()
H/p

where (5) and (g) are the hydrogen isotope ratios of the central and terminal
C T

positions, respectively. Neglecting the non-statistical distribution of multiply deuterated

propane (a trivial contribution to overall D abundance in natural samples, e.g., a 10 %o

enrichment in the doubly deuterated propane would only increase eDc-1 by 0.005%o), the
above nomenclature is equivalent to the following function based on the concentrations

of specific singly-deuterated isotopomers:

(2)

3[CH,CHDCH
sDC_T=10OO*< LCH sl _ )

[CH,DCH,CH;]

where 3 is the symmetry number ratio between CH;CHDCH3 and CH,DCH,CH;. Note
that D/H is synonymous to the 2H/*H nomenclature suggested by IUPAC (Dukov, 2007).
We opt to use D instead of 2H throughout this chapter for consistency with our previous

publications.

3.2. Sample purification
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Propane is generally a minor component (<5%) of natural gases and needs to be

isolated prior to mass spectrometric analysis. We perform an initial purification via
cryogenic distillation using a vacuum line consisting of calibrated volumes, cryogenic
traps and a liquid-helium-cooled cryostat (CTI-Cryogenics and Janis Research Co.).
Using a previously described protocol of cryostat cooling and warming cycles (Stolper et
al., 2014b; Piasecki et al., 2016a) Hz, He, N2 are pumped away and pure fractions of CHa,
and C2He are isolated. The residual fraction containing CO:2 and the series of >Czalkanes
is transferred into a second glass vacuum line where CO: is removed by adsorption to an
Ascarite 11 (NaOH-coated-silica) trap as described by Piasecki et al. (2016a). This refined
gas fraction is collected in a pre-evacuated glass U-tube with a valve and

polytetrafluoroethylene (PTFE) septum.

The final sample preparation step uses gas chromatography with cryogenic fraction
collection to isolate propane from the remaining >C4 alkanes. Samples for this study are
prepared on a HP 5890 gas chromatograph instrument equipped with a Restek
ShinCarbon packed column (ST 80/100, 2 mm ID, 1/8” OD, 2 m length). The gas sample
is transferred from the glass u-tube into the GC injector (splitless) via gas-tight syringe
(15-20 ml injections). Pure He at 30ml/min is used as the carrier gas and the GC oven
was kept isothermal at 40 °C for 90 min. Under these conditions, the retention time for

propane is 24.4 min. From 22-26 min after the sample injection all column gas flow is
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diverted into a LNz trap to collect the purified propane. The LN2trap is then connected

to the glass vacuum line and the propane transferred into a flame-sealed glass tube.

Piasecki et al. (2016a) tested the cryogenic separation and Ascarite 1l clean up with
artificial mixtures of propane, ethane and CO2. They concluded that both procedures are
highly efficient (>97% recovery) and observed no carbon isotope fractionation of the
purified propane when compared to the starting propane. We carried out additional tests
using a laboratory reference gas mixture simulating a natural gas composition (80% Ci,
10% C2, 5% Cs, and 5% CO2) and found that the cryogenic separation and CO2
adsorption procedures together have a recovery efficiency for propane of 93-103%. We
observed no significant difference in molecular hydrogen isotope ratio between the
starting propane and the final propane isolate. We conclude that this propane purification

procedure is effectively quantitative and isotopically non-fractionating.

Upon analysis, each sample is carefully examined for contamination via a wide-range
mass scan on a double focusing sector mass spectrometer (the Thermo Scientific DFS
described below). The most common contaminants are butane (C4H1o" at m/z=58.0777),
ethane (C2Hs" at m/z=30.03017) and CO2 (m/z=43.98943). We consider a propane
sample gas to be clean when ion beams corresponding to each of the contaminants are

less than 1% of that for propane, which has been tested in Piasecki et al. (2016a). In cases
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where severe contamination is identified, we either repeat the cryogenic and CO2

cleanup procedures (above) until the gas is nominally pure or discarded the sample.

3.3. Measurements

3.3.1. Position-specific hydrogen isotope analysis

We analyze purified propane samples for their position-specific hydrogen isotope ratios
on the Thermo Scientific Double Focusing Sector (DFS) mass spectrometer. Propane
gases are introduced to the ion source through the bellows and metal capillaries of a dual-
inlet system adapted from a Thermo Scientific Delta Plus IRMS. All sample
measurements are made by sample/standard bracketing, referenced to an intra-laboratory
working gas, CITP-1. CITP-1 has a 8D of -179%o and €Dc-1 of -26%o (Xie et al., 2018).
The DFS can render very high mass-resolution (M/AM ~ 80-100,000), though we operate

it at resolutions of 35,000 (full-width half-maximum definition) for propane analysis.

Each sample measurement examines two isotopologue ratios, [C2HsD]/[C2Hs] (i.e., the
D/H ratio of the C2Hs fragment ion) and [C3H7D]/[CsHs] (the D/H ratio of the full
molecular ion), to constrain position-specific hydrogen isotope distribution. Each isotope
ratio measurement is made using either of two mass-spectrometric methods: electric scan

or multiple ion detection (MID). In an electric scan analysis, we vary the accelerating
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voltage across a narrow range to rapidly scan the isotopologue ions of interest across

the single detector. We derive the peak areas of each isotopic species by fitting the shape
and height of the resulting mass spectra (i.e., a plot of intensity vs. mass) and use them to
calculate isotopologue ratios. In an MID analysis, the magnet current is repeatedly
jumped to translate two or more ion beams into positions where they intercept the
detector, and the intensity ratios of these measurements constrain the abundance ratios of
the species of interest. Both [C2H4D]/[C2Hs] and [C3H7D]/[C3sHs] ratios can be

determined directly by this method.

Because an electric scan examines only a narrow mass range (~0.1 AMU), it is capable of
constraining [C2H4D]/[*3C*2CHs] but not [C2H4D]/[C2Hs], and similarly constrains
[C3H7D]/[**C*?C2Hs] but not [CsH7D]/[C3Hs]. For this reason, electric-scan data can be
interpreted as constraints on the site-specific hydrogen isotope structure only when
combined with independent constraints on the ratios: [**C*2CHs]/[C2Hs] and
[3C2C,Hg]/[C3He]. In two samples, we combined [C2H4D]/[**C*2CHs] and/or
[C3H7D]/[**C*2C2Hs] ratios measured by electric scan with [*3C*2CHs]/[C2Hs] and/or
[3C2C,Hg]/[C3He] ratios measured for the same gases from Piasecki et al. (2018). In
another four samples, we combined [C2H4D]/[**C*2CHs] and [CaH7D]/[**C2C2Hg] ratios
measured by electric scan with [**C*2CHs]/[C2Hs] and [**C?C2Hs]/[C3He] ratios

measured by MID method (above). Data for the rest of the samples are acquired by MID
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method directly. Specific methods for data acquisition of each sample are labeled in

Table 3-1.

Regardless of the mass spectrometric method used, we typically prepare 50 umol of
propane for each sample. Acquisition of either [C2H4D]/[C2Hs] and [C3H7D]/[C3sHs]
ratios lasts 1 hour, achieving a standard error of around 1%o (Table 3-1). eDc-t is
calculated from constraints on [C2H4D]/[C2Hs] and [C3sH7D]/[CsHs] ratios using the data

processing methods detailed in Xie et al. (2018).
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Table 3-1: Position-specific hydrogen isotope measurement results for natural gas samples analyzed in this study. 6Dmolecutar and 8Dethyi are the
hydrogen isotope values of the molecular ion and the ethyl fragment, respectively, normalized to those of the reference gas (CITP-1). GOM= Gulf

of Mexico. MID= multiple ion detection.

Sample Basin Well dDmolecular error Method SDethyi error Method eDer error
SD1 Diana Hoover-GOM SD1 81.2 0.7 MID 106.3 1.7 MID 108.0 10.2
DB2 Diana Hoover-GOM DB2-ST4 72.2 1.8 MID 111.6 3.0 MID 205.3 18.4
Las Raices 21H Eagleford Las Raices 21H 100.5 1.3 MID 118.1 1.1 MID 58.7 9.4
ISIH_R Eagleford Irvin South 82.1 11 E-scan+Piasecki 91.0 17 E-scan+Piasecki 6.1 11.6
GI-BD7 Galveston Island-GOM BD7 76.3 0.7 MID 105.4 1.6 MID 135.0 9.2
GenAl12_ST4 R Genesis-GOM 5909 A12 ST4 72.9 0.6 MID 84.3 0.8 MID 22.2 5.6
GenA15_ST1 Genesis-GOM 5909 A15 ST1 64.1 0.8 MID 93.8 0.9 MID 1415 6.4
KC919 Hadrian-GOM Hadrian-6 78.7 0.9 MID 97.4 13 MID 67.5 8.6
KC5499_R Hadrian-GOM Hadrian-2 109.1 0.8 MID 139.6 0.6 MID 138.0 51
KC5500_R Hadrian-GOM Hadrian-2 123.1 0.7 MID 165.2 1.8 MID 209.9 9.7
H68-23 Hogshack H68-23 75 1.6 MID 15.7 13 MID 5.6 12.1
PT-2 Potiguar 53.9 1.6 E-scan+Piasecki 45.0 1.0 E-scan+Piasecki -101.9 115
B17-T2 Spleipner Vest 15/19 B17 41.7 11 E-scan+MID 63.1 15 E-scan+MID 49.2 10.6

B14-T2 Spleipner Vest 15/19 B14 51.0 0.8 MID 69.1 2.2 E-scan+MID 66.6 13.7
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3.3.2 Gas compositional analysis and compound-specific isotope analysis

A separate split of each gas sample was sent to Stratum Reservoir Services (formerly
Isotech Laboratories) in Champaign, Illinois for both molecular compositional analysis
and compound-specific isotope analysis (8*3C and 8D). For molecular compositional
analysis, gas samples were injected into a GC system equipped with both thermal
conductivity detector and flame ionization detector. Relative precision was typically #5%
relative for Ci1-Cs hydrocarbon abundance and #10% relative for C4-Cs hydrocarbon

abundance.

A gas-chromatography pyrolysis isotope-ratio mass spectrometer (GC-P-IRMS) system
was used for 8D analysis. In a GC-P-IRMS, gas mixtures were separated by the GC and
pyrolyzed to Hz for D/H ratio measurement with an IRMS. Typical precision for these
analyses is +5%o. We report 8D values vs. the Vienna Standard Mean Ocean Water
(VMOW) standard. A gas-chromatography combustion isotope-ratio mass spectrometer
(GC-C-IRMS) system was used for 'C analysis. The GC system separates the
individual hydrocarbons that are then combusted by a cupric oxide furnace into CO2 for
C/A2C ratio measurement with an IRMS. Typical precision for these analyses is £0.3%o.

We report §3C values vs. the Vienna PeeDee Belemnite (VPDB) standard.
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3.3.3 Methane clumped isotope analysis

For each gas sample, a separate aliquot is taken and cryogenically purified to recover
methane, which was then measured for Ais on the prototype 253 Ultra at Caltech (Eiler et
al., 2013). Gas purification and handling protocols, mass spectrometry methods, and

protocols for data standardization follow Stolper et al. (2014b).

3.3.4 Well temperature measurements

A borehole temperature is measured at each natural gas well using standard petroleum-
industry methods. However, the measured temperature is usually colder than actual
formation temperature, due to invasion of drilling fluid. During drilling the borehole
temperature reaches steady state in which cooling effects of the drilling fluid are balanced
by the heat flow from the surrounding warmer formation. Therefore, we apply the Horner
correction (Dowdle and Cobb, 1975) to raw measured bore-hole temperatures, or a 10C

increase when the Horner correction is not available.

3.4. Pyrolysis experiments
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Hydrous pyrolysis can simulate formation of petroleum from source rock, as well as
effects of maturation and expulsion (Lewan et al., 1979; Lewan, 1985; Lewan, 1997,
Lewan and Ruble, 2002; Spigolon et al., 2015). In this study, hydrous pyrolysis
experiments were done at the United States Geological Survey in Denver, Colorado. The
experimental equipment, starting materials and protocols have been previously described
in detail by Stolper et al. (2014a) and Piasecki et al. (2018). Briefly, an organic rich
sample from the Woodford Shale was heated under a helium environment. The shale was
heated stepwise at 330, 360, 390, and 415<C for 72 hours at each temperature to simulate
maturation. Mixed gases were sampled at each temperature. Experimental procedures
followed Lewan (1997). We extracted and analyzed propane from these mixed gas

samples with the same methods in sections 3.2. and 3.3.1.

3.5 Isotope exchange experiments

In isotope exchange experiments, we incubated propane (CITP-1) with a deuterium
source that is either deuterated water (diluted to 6D=11419+31 %o) or CH3CD2CHs3
(‘propane 2,2-D2, 98%’ from Cambridge isotope laboratory), in the presence of one of
three catalytic substrates described below. In the hydrous experiments, we prepared 50—
70 umol of propane, 500-600 umol of D20 and 40-60 pg of catalysts in each 1-2 ml

Pyrex® tube. In the anhydrous experiments, the deuterated water is replaced with pre-
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mixed 170 ppmv of CH3CD2CHs into CITP-1. The three catalytic substrates were
kaolinite (from Wards Natural Science Establishment Inc.), montmorillonite (from Clay
Minerals Society, University of Missouri; detailed in Sessions et al. (2004)) or pulverized
Green River Shale powder. Prior to each experiment, the substrate clay minerals were
heated by torch flame (est. 500-600 <C) under vacuum for 10 mins to remove any
adsorbed gas. The organic-rich Green River Shale powder was heated only with a heat
gun at 100-150<C under vacuum to prevent thermal degradation of organic matter. Each
sealed Pyrex tube containing propane xwater + catalyst was then heated at a constant
temperature (160 or 200 <C) in a resistance-heated furnace, for hours to weeks. After
incubation, tubes were quenched in liquid nitrogen and then thawed and opened to a glass
vacuum gas line. Propane was passed through a dry ice-ethanol trap (-72<C) to remove
remaining water vapor and then condensed in a second glass tube at -196<C (immersed in
liquid N2). This second tube was then analyzed on the DFS mass spectrometer as

described above.

4. Results

Table 3-1 lists the position-specific hydrogen isotope compositions and Table 3-2 lists
other geochemical data for the studied propane samples. 33C values of propane range

from -34.8 to -22.7%o and 6D values of propane from -169 to -74%o.. Gas dry ratios



97

(C1/(C2+Cg3)) range from 1.4 to 76. These relatively wide ranges in composition reflect
the diverse source kerogens and maturities of these gases. Note that we report two
independent measurements of molecular-average 6D: one based on our direct mass
spectrometric measurement of the molecular ion and one based on compound-specific
GC-P-IRMS. These data are consistent with one another within their respective external
errors (Figure 3-A1). The 8*3C and 8D values of methane in the sample gases indicate
that most are thermogenic in origin (Figure 3-1). Exceptions are gases from the Diana
Hoover, Hadrian and Genesis wells (all from the Gulf of Mexico), which might contain a
component of microbial methane (see supporting data and discussions in Thiagarajan et
al., 2020a, b). Theses samples’ compound-specific carbon isotope patterns of C1-C5
alkanes (i.e., methane through pentanes) show negative anomalies of methane’s §*°C,

which also support contribution of microbial methane (Figure 3-A2).

The central-terminal hydrogen isotope fractionation in propane from subsurface
reservoirs displays a very wide range, from -102 to +205%o. This is 11 times larger than
the range of equilibrium isotope effects at the temperatures of gas generation and storage
in conventional reservoirs (estimated central—terminal fractionations of +36 to +63%o;
Webb and Miller, 2014, Xie et al., 2018). The observed range is also much greater than
previously studied gases from the Woodford shale, Eagle Ford shale, and Spraberry
Formation of Permian Basin (Liu et al., 2018; Liu et al., 2019; Zhao et al., 2020).

Samples from the Gulf of Mexico (Diana Hoover, Hadrian North and South, Genesis,



Galveston) have the most positive central-terminal hydrogen isotope fractionations,
whereas a sample from the Potiguar Basin has the most negative central-terminal

hydrogen isotope fractionation.

98



99

Table 3-2: Compound-specific isotope compositions and other geological and geochemical information of natural gases analyzed in this study.

Sample Basin Well Well TCT %C3 Gas type A error  Cl/(C2+C3) $%Cci 8Dci 8%Ccz 8Dz 8Ces  dDcs  Gas isotope maturity Ro%
SD1 Diana Hoover-GOM SD1 59 2.04 Conventional oil associated 5.34 0.25 15.68 -56.6 -203.2 -28.8 -122.6 -26.6 -116 15
DB2 Diana Hoover-GOM DB2-ST4 54 1.88 Conventional oil associated 4.86 0.24 17.10 -53.7 -195.0 -28.9 -26.5 15
Las Raices 21H Eagleford Las Raices 21H 143 4.05 Unconventional non-associated 2.52 0.23 5.28 -40.7 -181.3 -24.6 -22.7 2.4
ISIH_R Eagleford Irvin South 141 5.32 Unconventional solution gas 2.39 0.22 434 474 -260.1 -32.2 -29.3 1.0
GI-BD7 Galveston Island-GOM BD7 89 0.761 Conventional solution gas 3.59 0.39 25.45 -41.8 -164.7 -26.5 -128.9 -24.7 -118 1.9
GenAl2_ST4_R Genesis-GOM 5909 A12 ST4 79 4.41 Conventional solution gas 5.73 0.25 8.19 -63.2 -204.9 -333 -158.2 -29.6 -128 0.9
GenAl15_ST1 Genesis-GOM 5909 A15 ST1 66 4.33 Conventional solution gas 4.09 0.25 7.12 -54.7 -209.1 -31.6 -150.0 -28.0 -122.7 11
KC919 Hadrian-GOM Hadrian-6 64.4 7.88 Conventional solution gas 4.14 0.25 3.20 -55.6 -247.7 -40.5 -160.1 -32.0 -117.6 0.4
KC5499 R Hadrian-GOM Hadrian-2 48.3 0.471 Conventional oil associated 5.56 0.24 77.58 -58.0 -178.3 -39.7 -28.8 0.4
KC5500_R Hadrian-GOM Hadrian-2 422 1.067 Conventional oil associated 5.98 0.26 42.86 -60.4 -177.0 -40.4 -30.2 0.4
H68-23 Hogsback H68-23 100 3.12 Conventional non-associated 3.26 0.36 9.20 -36.9 -185.7 -31.0 -178.9 -28.7 -166.9 1.2
PT-2 Potiguar 71 18.2 Conventional oil associated 3.03 0.27 1.42 -48.3 -206.8 -38.0 -196.3 -34.8 -134.9 0.5
B17-T2 Spleipner Vest 15/19 B17 121 4.64 Conventional non-associated 2.64 0.25 557 -39.9 -217.3 -28.0 -27.0 1.6
B14-T2 Spleipner Vest 15/19 B14 123 427 Conventional non-associated 2.68 0.25 5.97 -39.8 -221.0 -28.7 -27.1 15
B1-T1-Alr Spleipner Vest 15/19 B1 123 18.2 Conventional non-associated 221 0.25 5.50 -40.9 -230.9 -29.1 -27.3 14
5A-5L SYU-Pe