a oo
e REPORT

Modeling position specific carbon isotopologue fractionation of
thermogenic propane and precursors

Biao Jin'**** and Ping'an Peng'***

*Correspondence: jinbiao@gig.ac.cn(B.J.); pinganp@gig.ac.cn(P.P.)

Received: October 31, 2023; Accepted: February 24, 2024; Published Online: March 2, 2024; https://doi.org/10.59717/j.xinn-geo.2024.100054
© 2024 The Author(s). This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

GRAPHICAL ABSTRACT

Propane isotopologues Mathematical framework
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PUBLIC SUMMARY

= A mathematical framework to describe carbon isotopic evolution of thermogenic propane and its precursors.
= |nitial fraction and isotopic signatures of different propane precursors are quantified by our model.

= Source compounds distribution could impact position specific carbon isotopic signals of thermogenic propane.
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Position specific isotope analysis (PSIA) of thermogenic propane allows to
track carbon isotopic compositions at different molecular positions, and
thus providing new evidence to investigate propane's origin, fate, and
mechanisms of formation. However, the link between observed 8'3C PSIA
signals of propane and carbon isotopologue signatures of precursors in
source organics still remains unclear, and understanding the underlying
mechanisms requires a more sophisticated model. Here we developed a
mathematical framework to simulate position specific carbon isotopo-
logues of propane and its precursors based on mechanistic understanding
of thermogenic propane's bond-cleavage pathways. Besides, our model
also allows integrating multiple signals including temperature, and isotopic
characteristics of source compounds. Our model is validated by precisely
reproducing propane's experimental PSIA data obtained during cracking of
different kerogens, and also correctly quantified the initial carbon isotopic
signatures and the initial fraction of the different precursors in the source
materials. Our model allows to include more complex reaction mecha-
nisms to elucidate unknown reaction pathways, and could also guide and
optimize future experimental studies to test different hypothesis.

INTRODUCTION

Thermogenic degradation of sedimentary organic matter could release
natural gas hydrocarbons, including methane, ethane, propane, and butane
isomers.'” Meantime, natural gas molecules also degrade via abiotic thermal
degradation and/or biological reactions.®’ Propane is the shortest hydrocar-
bon containing two distinct carbon positions. The central and terminal carbon
atoms carry isotopic signatures from precursors, and also could undergo
different bond-cleavage pathways.”'"’ For instance, the difference on isotopic
signatures between central and terminal carbon positions of propane could
indicate the temperature of a basin or the extent of thermal cracking.'' " For
these reasons, development of position-specific isotope analysis (PSIA)
measurements allows to track isotopic compositions at different molecular
positions, and thus providing new evidence to investigate propane's origin,
fate, and mechanisms of formation.”'*'*

Given thermogenic propane's position-specific carbon isotopic evolution is
associated with both thermodynamic processes and kinetic reaction
networks, mechanistic interpretation of propane's PSIA signals is of primary
importance, and therefore requiring mathematical frameworks. Conventional
kinetic models were developed in previous studies to reproduce isotopic
trends of thermogenic hydrocarbons, indicating that carbon isotope fraction-
ation exclusively occurs at C—C bond cleavage positions.'”'" The reactive
carbon atoms of propane isotopically fractionate while other carbon atoms
inherit isotope compositions of precursors.'®'® Moreover, even 8'°C PSIA
signals of thermogenic propane is dependent on source materials character-
istics, how and on what extend these parameters of precursors will influence
propane's carbon PSIA patterns still remains unclear. Thus, resolving the
isotopomers' signature of thermogenic propane definitely require more
sophisticated models'“” in order to understand position specific isotope
fractionation of thermogenic propane.

The ultimate goal of our study is to establish a mathematical framework to
simulate position specific carbon isotopologue fractionation of thermogenic
propane and its precursors. To this end, it is hypothesized that two different
propane precursors occur in source materials, which are associated with C-C

bond cleavage at propane's terminal and central carbon positions (see
Figure 1). Both initial fraction and carbon isotopic signatures of different
precursors are allowed to be considered and defined in our model as input
parameters. The specific tasks are (i) to build a mathematical framework to
model reaction network of position specific isotopologues of both propane
and its precursors during different cracking stages; (ii) to validate the model
using experimental data; and (i) to quantify initial fraction and carbon
isotopic signatures of individual precursor in different kerogen.

MATERIALS AND METHODS
Reaction pathways and isotopologue speciation

Mathematical expression of propane isotopologues reaction kinetics is
described by tracking bond-cleavage pathways during both formation and
degradation of propane isotopologues. The reaction pathway is described as
follow:

R —CsH; — CyHg — CH: + C,H: M

where the precursor, R-C;H-, is forming propane via two pathways by cleav-
ing one terminal carbon atom or one central carbon atom in propane
molecules away from the two precursors, respectively (see pathway A and B
in Figurel). Pathway A and B are simultaneously forming different propane
isotopologues, and therefore influencing terminal and central carbon isotopic
compositions of propane yield during thermolysis reactions. The initial rela-
tive abundances of the position-specific carbon isotopologues of the propane’
s precursor (i.e. R-C-Cs) for pathway A or B are defined as:

AJ = X‘aﬁc : X?{ca (2)
B = y?ﬁc ' y?Zicb (3)

Considering the occurrence of three carbon isotopes in propane to be
cleaved from the precursor (R-C-Cj), as well as the carbon isotope at neigh-
boring bond cleavage positions of the precursor. Here we simplified the
precursor isotopologues into a molecule containing four carbon atoms
(C-Cy). Notably, every carbon atom in C-Cy is playing a unique role in our
model, contributing to position-specific carbon isotope fractionation during
bond-cleavage reactions. For this reason each isotopologue is defined in a
position-specific manner in Egs 2 and 3. Specifically, A and B are the relative
abundances of the j™ position-specific isotopologue containing a specific
number of '°C isotopes (i.e. “a”) out of total 4 carbon atoms and a specific
number of '°C isotopes (i.e. "b") out of total 4 carbon atoms for pathway A
and B, respectively. X and Y are determined by using initial carbon isotope
ratios in different precursors that are forming propane via pathway A and B,
respectively.

As it is demonstrated in Figure 1, the formed propane isotopologues might
carry different carbon isotopic compositions at both central and side carbon
positions. These propane isotopologues could break down by cleaving one C-
C bond, and thus leading to carbon isotope fractionation at both central and
terminal positions. The bond cleavage pathways of propane isotopologues
are described in Figure 1C.

Kinetic isotope effect during cleavage of C-C bond
Isotopologues of different propane precursors, R-C, and R-C,, may include
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Propane degradation

Figure 1. Reaction network and bond-cleavage pathways of thermogenic propane and its precursors' isotopologues Pathway A: terminal carbon cleaved from precursor A;
Pathway B: central carbon cleaved from precursor B; Pathway C: possible bond cleavage pathways for propane degradation. The number indicates two concurrent bond-cleav-

age pathways.

reactive C-C bonds with different carbon isotopic compositions, which are
12c-12C, 8c-"?C, ”C-"°C, and "*C-'°C, respectively. Following a first-order
kinetic, the reaction rates during cleavage of different C-C bonds are:

r, = *kprecursor' (aA)h G, (4)

]rs = *kprecursar . (as)’ 'ICB (5)

where ’ is the reaction rate for the ;" position-specific isotopologue, R-C,,
which is associated with pathway A or B, {C is the concentration of the
position-specific isotopologue, and a, and q; are the fractionation factors (i.e.
kiac/Kioc) at reactive positions for pathway A and B, respectively. The expo-
nents h and /indicate the number of '*C isotopes at a bond-cleavage position,
and this number could vary from 0 to 2.

In our example the pyrolysis temperature (i.e. T;) increases at a constant
rate (i.e. remp)- The rate constant at a specific temperature (i.e. k) is described
by Arrhenius equation:

E,,1 1
k=koep{ (1)} ©
dT,
W = Temp (7)

The position specific propane isotopologue, C,-C,-C, , could further react
by cleaving one C,-C,, bond, leading to position specific isotope fractionation
of propane. Following a first-order kinetic, the consumption rate of the ki,
propane isotopologue are:

“Toropane = —Koropane * (Aa)™+ (A6)" - “Coropane (8)

where ris the reaction rate for the k" position-specific propane isotopologue,
C,-C,-C,, which is associated with pathway A or B; G, is the concentration of
the K" position-specific propane isotopologue, and a, and a, are the fraction-
ation factors (i.e. k;30/ki00, a<1) at reactive positions side and central carbon
atoms, respectively. The exponent mand nindicate the number of '°C isotope
at a reactive C,-Cy, bond, ranging from 0 to 1. The first order reaction rate,
Korapane: Varies with reaction time and is correlated with reaction temperature
byeqs6and 7.

the following equation developed in the previous study:'®

kA AE,
a,—?—z-exp{fRTr} 9)

The fractionation factor a at an increasing temperature for methyl (i.e. a,),
ethyl (i.e. a,) and propyl radicals (i.e. a, and ggin egs 4 and 5), As/Arand AE,
are the fitted prefactor ratios and activation energy differences, respectively.
These parameters (see Table ST in supplementary information) were adopted
from a previous study'® and used as model input parameters to calculate
temperature-dependent carbon isotope fractionation factors for propane
formation and thermal degradation, respectively.

Reaction kinetics and position specific isotope ratio

The reaction rate of a specific propane precursor's isotopologue via path-
way A or B depends on the corresponding carbon isotopic compositions of
reactive C-C bonds, and consumption rates of the precursor via pathway A or
B is the summation of the relevant isotopologue-specific reaction rates (eqs
4 and 5). The mathematical expressions are given as:

16
dChprecursr

—_ J
g - ; Iy (10)
ACopecrsr o,
g = ; r, an

where C refers to temporal concentration of different propane precursors; ’ris
the reaction rate for the ;" position-specific isotopologue as defined in eqs 4
and 5.

A specific propane isotopologue could be formed by different precursors
via pathways A and/or B (see Figure 1). Simultaneously, the propane isotopo-
logues could break down at different rates according to their intrinsic carbon
isotopic compositions. This kinetic process is described in eq12. Concerning
temporal trend of propane concentrations (Cyropane). it is an interplay between
formation rates and consumption rates of all the propane isotopologues
(*Cyropane) as described in eq13.

2 2
dCpropane :
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Figure 2. Temporal trends of propane production and associated compound specific and position specific carbon isotope fractionation during thermolysis of Type I and II
kerogens The symbols represent the experimental data adopted in the previous study.’ The solid lines are the model simulated results.

16

k
Cpmpane.r = Z Cpmpane.r

k=1

(13)

The propane carbon isotopologues reaction kinetics and network during
formation and thermal degradation are described using the above mentioned
system of differential equations. Notably, “j " is only up to 2 due to the fact
that there are two precursor-isotopologues (C-Cs) forming a specific propane
isotopologue via Pathway A or B as it is demonstrated in Figurel. These
equations are programmed and solved using ODE solver of Matlab software.
The calculated propane isotopologues’ temporal concentrations are later
used to compute position specific and bulk carbon isotopic ratios of propane.
The position specific carbon isotopic ratios (R, and R,) and the bulk carbon
isotopic ratios (Rypane) Of Propane are computed by counting total number of
3C and "*C isotopes.”*

5
K
tot(wsca) kg] u Cpropane.r
at tOt(nC ) = (-l 4)
‘ k; (2 - U) 'kcpmpane.t
2 k
tot(wacb) g v Cpropane.r
Rb.r = tOt(”C ) = (1 5)
b
L1 Cpns
2 1
Rpropane.t = g : Ra.r + § : Rb! (1 6)

“u" indicates a total number of *C isotopes at the two terminal carbon
positions (us2) of different propane iostopologues; "v' indicates a total
number of "*C isotopes (v<1) at the central carbon position of different
propane isotopologues.

The calculated carbon isotopic ratios (R) are referenced to the isotope
ratios of the standard materials (Ry,) and are expressed in delta notation
(6™0):

R
Bn
GCZ—R

=1 [%) an

std

Experimental data. The carbon isotopic data of thermogenic propane
were obtained for different types of kerogens during pyrolysis simulations,

which was reported in a recent experimental study.'' The characteristics of
the target kerogens were summarized in Table S2. Specifically, the two kero-
gens have different organic contents (i.e. Type Il <Type I). The experimental
setup was heated at a constant rate (i.e. 20 ‘C/hour), and the temporal
compound specific and position specific carbon isotopic ratios of propane
yields were analyzed. The detailed description of experimental protocols and
analytical approaches are available in the previous publication." Briefly, the
relevant experimental parameters and data sets adopted for our modelling
studies were summarized in Table S2-S4.

RESULTS
Modeling carbon isotopologues of propane and precursors

Our model was applied to simulate carbon isotopic fractionation of
propane yields. As shown in Figure 2 (b1 and b2) the carbon isotopic compo-
sitions of terminal (i.e. 8'°C,, red lines and markers) and central carbon (i.e.
5"*C,, blue lines and markers) atoms and bulk propane (i.e. 8'°Cyy, dark lines
and markers) were precisely captured by our model. The mean squared error
(MSE) were calculated to evaluate the match between the simulated results
and the experimental data (see Table S5 and S6). The 8'°C, values increased
from -22.9% t0 -15.3%, from -27.9% to -13.4% for Type I and Il kerogen,
respectively. The 8'°Cy values increased from -28.0 % to -11.4 %, from -
34.0% to -3.3% for Type | and Il kerogen, respectively. The 8'*Cy values
are dependent on contributions of both pathways, and increased from -
23.9% t0 -12.8%, from -27.9% to -16.7% for Type | and Il kerogen, respec-
tively. At early stage carbon isotopic compositions of propane were
predominantly influenced by cracking Type | and Type Il kerogens through
both pathway A and B, leading to preferential cleavage of '>C-containing
bonds as well as vyield of isotopically lighter propane isotopologues (see
Figure 1).

Along with the elevated temperature destruction of propane molecules
becomes increasingly more important, which preferentially cleaves '’C-
containing bonds in propane molecules, and therefore resulting in stronger
isotope fractionation at central carbon position due to “diluted” carbon
isotopic effects at two terminal carbon positions. Thus, the temporal 8'°C,
values are gradually approaching the 8'°C, curves (see Figure 2 panel b1 and
b2). At late stage breakdown of propane molecules becomes predominant,
and therefore leading to a sharp increase of both bulk and position specific
carbon isotopic ratios. Our model precisely reproduced carbon isotopic trend

4 The Innovation Geoscience 2(1): 100054, March 19, 2024
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Table 1. The model predicted initial parameters for propane’s precursors in different kerogens.
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Parameters

Type | Kerogen

Type Il Kerogen

8" *Cprecursor [%]

8" *Cprecursors [%]
0'*Chui, measurecs [%]
0" *Chulk, predicted [%o]
fao [%]

fao [%]

-16.50
-24.00
-20.70
-20.86
41.85
58.15

-19.44
-29.75
-25.53
-25.30
40.70
59.30

*: data is obtained from the previous study''
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Figure 3. Temporal trend of site preference (SP) values, and 3'°C, and 5'°C, correlations of propane released during cracking of Type | and Il kerogens The symbols repre-
sent the experimental data adopted in the previous study.” The solid lines are the model simulated results.

of propane at different reaction stages for both Type | and Il kerogens. More-
over, the amount of released propane molecules relies on both formation and
destruction processes, which is expressed as a percentage of actual propane
yields over the total amount of extractable propane in a specific kerogen
sample. The propane yields exclusively by pathway A or B could be quanti-
fied by our model (i.e. red lines or blue lines in Figure? panel a1). The peak of
propane yields appears when central carbon isotopic ratios are equivalent
with the values at terminal carbon positions (i.e. propane site preference (SP)
value equals zero). Besides, the temperature variations during cracking are
also considered in our model in order to simulate temperature-dependent
reaction rate constants and carbon isotopic fractionation factors (see egs 6
and 9) at each time step. Hence, the simulated multiple signals, including
propane yields, position specific and bulk carbon isotopic ratios, and temper-
atures, agree well with the experimental data. Importantly, this validated
modelling approach could provide mechanistic predictions of position
specific carbon isotopic evolution of thermogenic propane, and also the
contributions of the two concurrent pathways are dependent on the initial
fraction of the precursors (see Table 1). The relevant results will be discussed
in detail in the following paragraphs.

Interpretation of reaction mechanisms and source characteristics

The simulated position specific carbon isotopic ratios of propane (i.e. 5*C,
and 8'C, in Figure2, panel b1 and b2) were used to calculate temporal SP
values (see Figure 3, panel al and a2) as well as to explore the 8'°C, and

8'°C, correlations (see Figure 3, panel b1, b2, ¢1 and ¢2). The model simu-
lated values well captured the temporal experimental data. Generally, propane
yields are following two main stages: i) the two concurrent pathways are
competing until the SP values approach zero; i) propane destruction process
becomes predominant and alter the temporal trend of SP values. Notably, the
two stages are clearly visualized and characterized in Figure 3 (b1 and b2),
where the slopes shift significantly at the time that 8°C, and &'°C, values
become identical.

Kerogens are characterized and classified according to their initial fraction
of long-chain aliphatic hydrocarbons and side-chain hydrocarbons. These
features of kerogens might influence observed intra-molecular carbon
isotopic compositions of thermogenic propane. Indeed, the observed molec-
ular and intra-molecular carbon isotopic ratios of propane are an interplay
between the above mentioned concurrent reaction pathways (see pathway A
and B in Figure 1), where Pathway B preferentially produces propane
molecules containing '*C at central carbon position, while Pathway A prefer-
entially produces propane molecules containing '*C at terminal carbon posi-
tions. Besides, destruction of propane molecules at late reaction stage is
increasingly playing an important role by preferentially cleaving '?C-contain-
ing C-C bonds of the produced propane, gradually elevating both molecular
and position specific carbon isotopic ratios.

Our model takes into account propane yields via different reaction path-
ways as well as the initial characteristics of different precursors, and there-
fore providing mechanistic interpretation of position specific carbon isotopic

92USI0s099 uoljpoAouUu| ay |
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Figure 4. Simulated 8'°C, and 5'°C, correlations of propane released during crack-
ing of Type | kerogen containing different fraction of precursor A and precursor
B The darker lines stand for higher initial content of precursor A but lower content of
precursor B in kerogen.

evolution of propane. At early time carbon isotopic compositions at central
carbon position (i.e. 8'°C,) vary along with C-C bond cleavage from the
precursor (i.e. pathway B). The produced propane molecules are still carrying
initial carbon isotopic signatures of precursor B in their terminal carbon posi-
tions, and later these propane molecules are mixing with the ones formed via
pathway A. Similarly, carbon isotope fractionation at terminal carbon posi-
tions (i.e. 8'°C,) is caused by C-C bond cleavage from alkanes (i.e. pathway
A). The central carbon atoms of the produced propane via pathway A are
carrying the original carbon isotopic signature of precursor A. Thus, the
measured position specific carbon isotopic ratios of propane (i.e. 8'°C, and
8'%C,) are influenced by both reaction pathways, where mixing of propane
isotopologues released via the two reaction pathways together with bond-
cleavage induced apparent carbon isotope effects are contributing to tempo-
ral variation of the observed 8'°C, and 8'*C, patterns of thermogenic propane.
Our model describes the above mentioned mechanisms and processes by
tracking evolution of individual propane and its precursor's isotopologue.

The observed position-specific carbon isotopic profiles of propane were
influenced by both original carbon isotopic signatures and initial fraction of
precursor A and B. Here, our model could quantify the initial parameters of
the two precursors. Specifically, the initial fraction and carbon isotopic signa-
tures of different precursors are defined as model input parameters, and
these parameters are optimized and quantified by reproducing the observed
position-specific carbon isotopic trends of thermogenic propane. Based on
our model evaluations Type | and Il kerogens contain similar fraction of both
precursors, and precursor B is more abundant by about 10% than precursor
A. This indicates that a stronger enrichment of '*C at central carbon posi-
tions of propane isotopologues. Moreover, the two precursors are carrying
different original carbon isotopic signatures, and the maximum difference is
about 5.8% (see Table 1). Notably, the predicted bulk carbon isotopic signa-
tures of Type | and Il kerogens are the weighted mean of precursor A and
precursor B, and are consistent with the measured bulk carbon isotopic
signatures of different source materials. This demonstrates that the simu-
lated initial fraction and carbon isotopic signatures of the different precur-
sors are valid.

Based on the same model and parameters optimized for kerogen | ,we
conducted scenario modeling by adjusting initial content of different precur-
sors (0% to 100%) in order to investigate how initial fraction of precursor A
and precursor B could influence obtained 8'°C, and &'°C, signals. As shown
in Figure 4, the darker lines represent higher initial fraction of precursor A,
resulting in a horizontal line at 100% precursor A. This is due to cleavage of
carbon atom only at terminal carbon positions via pathway A. The lines are
trending vertical accompanied by increasing initial content of precursor B,
where propane yield via pathway B is contributing increasingly more. At late
reaction time destruction of propane become dominant, and thus resulting in
identical carbon isotopic behavior of propane released at different initial

conditions. The simulated results indicated that initial fraction of different
precursors could significantly influence obtained 5'*C, and &'°C,, signals, and
meanwhile initial fractions of precursor A and precursor B in a certain kero-
gen could be characterized and resolved through the observed 8'°C, and
5'3Cy, correlations.

CONCLUSIONS

This study established a mathematical framework to describe reaction
network as well as kinetics of position specific carbon isotopologues of ther-
mogenic propane and its precursors, and thus providing a robust approach
for mechanistic interpretation of both bulk and position specific carbon
isotopic evolution of propane. The simulated results agree well with the
experimental data, and thus the modelling approach is validated and ready
for different applications. Notably, the model correctly linked the observed
PSIA signals with the initial fraction and carbon isotopic signatures of specific
precursors in source materials. Thus, our model could serve as a valuable
tool to quantify underlying parameters such as source organics isotopic
compositions and formation temperature that could impact position specific
carbon isotopic evolution of thermogenic propane. Moreover, our model
allows integrating more complex reaction mechanisms to elucidate unknown
reaction pathways as well as to guide and optimize future experimental stud-
ies for testing different hypothesis.
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