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Abstract

In the past decade some special isotopic compositions of hydrocarbon gas have been measurable and frequently reported, including the
clumped isotopic compositions of methane (A"*CHsD and A*CH,D,), clumped isotopic composition of ethane (A**C,Hs), and position-specific
(“intra-molecular”) carbon or hydrogen isotopic compositions in propane or normal butane. As for the interpretation on the data measured from
natural gas, most previous works assumed isotopic equilibria, so that these special isotopic compositions can be applied as “geothermometers”
of oil and gas accumulations. This assumption contradicts the well-established understanding on petroleum systems, that is, the generation and
cracking of hydrocarbons are kinetically controlled (both time and temperature are governing factors), non-equilibrated and continuous
processes. There is no single temperature point of hydrocarbon generation, migration, or accumulation. The concepts of “geothermometers”
and “equilibrium temperature” are inapplicable to an oil or gas reservoir.

To understand the dependence of clumped and position-specific isotopic compositions on geological and geochemical factors, this work
conducts chemical and numerical analyses on isotope distributions during the formation and alteration of oil and gas reservoirs, including
biogenic and thermal generation, thermal cracking, and thermochemical sulfate reduction. Because hydrogen atoms in a hydrocarbon molecule
come from two precursors during its generation reaction, isotopic compositions involving hydrogen/deuterium (bulk hydrogen isotopic
composition 8D, clumped isotopic compositions A”*CHsD and A*?CH,D,, and position specific D) demand more kinetic analysis on reaction
steps and have more complicated fractionation patterns than the carbon isotopic composition §*3C. Results show that major factors controlling
special isotopic compositions are still the same as those controlling conventional ones (§*C and 8D) of hydrocarbon gases: precursor, thermal
history, and accumulating efficiency (continuous vs. instantaneous accumulation). Temperature is not the only factor determining specific
isotopic compositions. Clumped and position-specific isotopic compositions may reverse at high thermal maturity, the same as &"°C of ethane
and propane, and are even less possible to be applied as “geothermometers”.

Overall, chemical kinetic analyses and numerical simulations are more demanding to interpret clumped or position-specific isotopic
compositions than to interpret §**C of natural gas. While these special isotopic compositions may provide more reaction details during
hydrocarbon generation, preservation and alteration, oversimplified assumptions and correlations should be avoided during the interpretation.
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ACES|-| Special iIsotopes and analytical methods
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Abundances of methane molecules with = Difference in 813C between the middle and the
two isotopically heavy atoms (double end carbon atoms
substituted) O3C igdie — 013Copg

Non-substituted: 1°CH,

Difference in dD between the hydrogen atoms
connecting to the middle and the end carbon
atoms

6Dmiddle - 6Dend

Conventional isotope
Concepts (bulk isotope):

Single substitution

12CH,D and '3CH,

“Clumped isotope”:
Double substitution
12CH,D, and '3CH;D

13CH,D and 12CH,D,: Unresolved (stolper = PSI 813C after offline enzyme C; cleavage

(Gao et al., 2016)
Mass Spectroscopy etal., 2014), Resolved (Young et al., 2017) | .
_ 13C,Hj; (Clog et al., 2017; for interpretation see PSI 813C after online C; pyrolysis
Analytical Peterson et al., 2018) (Gilbert et al., 2016)

methods Laser Spectroscopy 13CH3D (Ono etal., 2014)

Nuclear Magnetic

13 .
Resonance (NMR) PSI 8°C and PSI 8D (Liu et al., 2018)
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@ Interpretation towards temperature:

g
29 SEPT - 10CT M ONLINE AND ON DEMAND ContradICtS petrOIeum geOIOgy

o Most previous interpretations: calculating an “equilibrated temperature” as
the generation or charging temperature

( )

o Contradiction to petro|eum geo|0gica| oSt previous interpretations: Gas generation not at a single temperature!
. . . Assuming equilibrium between isotopologues: 20
and geochemical observations: 3CH, + 12CHD € “CH,D +12CH, i _
_ _ _ _ 12CH,4D + 2CH,D €= 12CH,D, + 12CH, H % Blogaric Ges
- Gas generation/expulsion is continuous; Temperature FlEE. 7o
no single “generation” or “charging” 1 -
temperature : 3% : 22| |2 =5
. . &, . 8 |g|° oil g
o If it were a temperature equilibrated at some Q"”’br/bo,/ 3
. : ey /)7@ 3 5 170
final state in geology, why it's not the \_ i | ]
. .§ s Thermogenic Gas
temperature of: > 4 §'§ (Tissot & Welte, 1984) | =

- Reservoir (especially after cooling due to \ Clumped isotope ratios /
uplift and erosion)

o Production

o Sampling/Storage
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ACE.| | |sotope distribution during gas generation

29 SEPT - 1 0CT k ‘ONLINE AND ON DEMAND

o If there is no any interfering factors, clumped isotope distribution is random:

4 N

Picking up 4 H or D atoms to form a methane molecule

13CH,D_ (13CH4) <1ZCH3D)
TCH, ~ \2CH,) \"™2CH,

12CH,D, _ 3 (12CH,D 2 n atoms of H, D/H = x, then xn atoms of D
Ways to form a CH,: (Z) = m
. (N\ (XN n!
to form a CH3D (3)( 1 ) = m Xn

| !
to form a CH,D;: (3)(*3) = 2!(,'»7;2)! '2!(()):22)!

Because n is extremely large,
CH,;D/CH, = 4x; CH,D,/CH, = 6x?
(CH,D,)(CH,) _ 3

(CH,D)Z 8

\_ /
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ACE.l | cCiumped isotopic composition: Definition

29 SEPT - 1 0CT R ‘ONLINE AND ON DEMAND

o Clumped isotopes defined as deviation from random distribution

("*CH3D)("*CH,)
13 = — 0
A3CH3D (5CH,) (2CH.D) 1| % 1000%yo
13CH, + 12CH D ©& 3CH,D + 12CH
12CH.D 12CH 3 4 3 3 4
A'2CH,D, = ( (1220|24)(D)2 J / 5 —1] x 1000%o 12CH,D + 12CH,D €¢ 12CH,D, + 12CH,
3

o Not defined as deviation from thermodynamically equilibrated distribution
> Avoiding presumptions of isotope exchange and equilibrating in many previous papers

> Deviation from random distribution and deviation from equilibrium are mathematically equivalent

o As the definitions are not relative to a fixed isotope standard (PDB in 813C or SMOW in dD),
mixing is not linear
5. = (ady+bdy)(a+b) V7 ...... it works

Amix = (@A, + Db Ag)/(a+ b) X ...... it doesn’t work!
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ACE} Kinetic isotope effect (KIE):

[SEPM & BCAGS

1101 X m oo Deviation from random distribution
oNormal KIE: G)tential Ea(H) < Eo(D), normal KIE \
e \__Jrenr
o 13C-12C or D-C breaks slower than £ [R---DJ*
Transition state
12C-12C or H-C bonds
Ea(H)
> Products more negative in 3C and &D than precursors Ea0)
oInverse KIE: Opposite to normal KIE N/ *H Reactant
- Due to special reaction steps or transition states S acion coodrae”
> Not rare in biochemical reactions 1 E.(H)>E,(D), inverse KIE
Potential X )
- Possible in thermal cracking, but not well acknowledged in energy AN /{g;;;g}*
petroleum geochemistry Jransition state
o Causing isotope reversal with respect of thermal maturity (“rollover”) £, (D) EaH)
or 83Ccyy > 81°Ccpg > 8%°Crarg > 8°Cicamino
> Not a signature of “abiotic synthesis gas” N
\b/ Eg Reactant

k Reaction coordinate '/
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CONVENTION

QEE KIE during thermal generation of methane
) 4 B+ N

Hydrogen on methyl experiences _ _ A-12CH, » 12CH,
secondary DKIE Cz_ipplng hydrogen experiences
primary DKIE: strong &0
13C KIE / +
CH, C oo H CH, A-12CH,D
A B A- + B
\ Transition state /
_ _ _ _ A-12CHD, » 12CH,D,
o 13C fractionation: simple; model established (Tang et al., 2000)
o H/D fractionation and clumped isotope distribution
- Hydrogen has two sources (methyl and capping hydrogen atom) A-13CH, 51 » 13CH,
> Two kinds of deuterium KIE: primary and secondary DKIE 8,
> Dramatically more entangled than 13C
B-H
A-13CH,D » 13CH,D
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ACE Hydrogen isotope exchange

29 SEPT - 1 0CT A ONLINE AND ON DEMAND

o Influences &D, A3CH,D and A*”CH,D, of methane
? 272 / Free radical \
e . . CH,
o Often oversimplified and inappropriately assumed to CHj: Y CH,
be equilibrated, for example:
CH, + HOD €= CH,D + H,0 CH, CH,6 vH CHy
Should be evaluated by investigating detailed reaction Initiation: methane converting to methyl radical; e.g.
steps CH,D, + Y- > CH,D- + YD
. ] Propagation: hydrogen exchange between methane
o Free radicals on kerogen or pyrobitumen catalyze and methyl radical: e.g.
hydrogen exchange reactions 2CH;D + *2CH,D- — ®CHg- + 2CH,D,
. . _ _ 13CH,D + 12CH, — 13CH,D- + 12CH,
> Possible at high thermal maturity or high temperature Termination: methyl radical converting to methane; e.g.
- Accelerate the cracking of ethane and propane in dry gas CH, +¥D = CH,D + Y-
CH,D- + YH = CH,D + -

window (Xia & Gao 2018) \ /
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ACE Clumped isotopes of methane from lab pyrolysis

'ZOSDT-IOUTRONUNEANDONDM

. 300 ' ' ' -25
o Methane from coal pyrolysis: clumped N o et (st T
. . . O
isotope disequilibrium revealed e | PV
(Shuai et al., 2018) g 200 AR <
S ° /O\(‘@? z
. . . o rxe -
o Kinetic model (parameters well constrained) 2 .| TR 5 P
. < ® 0
can explain all the observed phenomena - ® o w0l
(Xia & Gao, 2019) . s | | | | |
o Jump of D at high temperature: 400 >90 600 400 >0 600
hydrogen exchange (kerogen as catalyst) Te) T(c)
© Clumped iSOtOpeS: 100 Hyldrogen excﬁange 2
between CH, and
- Kinetically governed 180 [ residual kerogen ~ 1}
3 S
o Depletion (anticlumping): £ -200 a5
because methyl and capping H from two sources 06 250 5 O
o Equilibrating due to hydrogen exchange © q )
-300 T
- Clumped isotope not a geothermometer . “Anti-clumping” e
-350 -2
400 500 600 400 500 600
T (°C) T (°C)
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[ACE:

Clumped isotopes of methane in thermogenic gas

o Like other ratios in petroleum geochemistry
(e.g. GOR, C,,%, wetness, iC,/nC,),
isotope ratios are governed by:

- What chemical reactions occurred: Cracking?
Biodegradation? Sulfate reduction?

o Reaction extent:
Transformation ratio (TR) or thermal maturity (Ro)

> Precursor compositions

o Extent of accumulation (instantaneous or cumulative?)

o Data can be explained in kinetic isotopic
fractionation; not necessarily equilibrated

o Specialty of clumped isotopes:
not simply increase or decrease with thermal
maturity (nonmonotonic)

o Reason: anticlumping; hydrogen exchange; non-linear
mixing

Last 10% cumulated ,'/
-251 /
:/l
[ Last 50% cumulatéd o

Gas samples:, o

| Bakkenor /
Marcellus,”
Ve

613CCH (%0)

No expulsion

(or 100% cumulative)

15 2
R, (%)

0.5 1

2.5

No expulsion
6 (or 100% cumulative)

15 2
R, (%)

0.5 1

2.5

/.

Gas samples: i
Bakken & 7

| Marcellus // -]

(SDCH (%o)

2.5

0.5 1 15 2

R (%) Ordovician
0 associate gas,

i

Devorjian
associate gas,

* Michigan Basin |
A

1.5 2

R, (%)

2.5
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ACE CH,D, depletion in microbial methane

29 SEPT - 1 0CT A ONLINE AND ON DEMAND

o Four hydrogenation steps from CO, to CH, (methanogenesis)
o If some steps have stronger or weaker DKIEs than the others, then CH,D, depletion occurs

a2
> Suppose a, = 0.6, a,= a;= a, =1, then A"?CH,D, = (;+g> = —12%o (same if a; = a,= a;=0.6, a,= 1)
- Suppose a, = a,= 0.6, a;= a,= 1, then A'?CH,D, = ;G_Tg) = —21%o

o Explanation W|th a strong DKIE (a < 0.1) from “Quantum Tunneling Effect” is unnecessary!

/ Cycle for methanogenesis (Wikipedia)\
A2CH.D. = (a1 — a)? + (a; — a3)2 + (@ — a)? + (@, — az)? + (a, — ap)? + (a3 — ay)? % 1000%
NHCHO OH CHOHN ~CeHaCHR 2¥2 7 3(a, +02+G3+G4)2 °
co2 —_— g_]'J —= N “CHs
e +H +H +H +H
T \H C02 :CH' 'CH2' 'CH3 CH4
€O, CHZ0H, CH,SH H
CH2NH,,(CH3),NH, HCO " on /"('::___N,CGH:tCHZR a, +D a, +D as +D a, +D
YT
038~ . HoN 5 "CHs +H + H + H
SCH; ——> CH, o =CD- m—p  CHD- m— -CH,D m—CH,D
T _CgH4CHIR / _CeH4CH-R
OH CH3HN eria-Te C—n o2 02 +D 03 +D 04 +D
6oy ﬁtf e = kol
\ HzNJ‘\\N "CHs HzN / -CDZ- + H _CHD2 +H CH2D2
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@ Position-specific isotope (PSI) fractionation:

smetaememe  (J€pENAING ON reaction steps of C;Hg generation

Correlating the position-specific isotope to conventional isotopes
(This analysis follows Chung et al. 1988)

Kerogen = n-propyl = propane 3(5C _ 530 ) 4 (6mepaIne — OD¢ihane)
(cracking) (hydrogen-shift) (hydrogen capping) (Xgogaz;eao, 2017§thane

Kerogen = n-propyl = isopropyl - propane —8 (BD,r0pane — SDethane)

Kerogen - isopropyl = propane —6 (613CpmIoane — 03Chane)

a b (a: strong 13C KIE; b: weak 3C KIE)
G isopropyl
© 513C, = 1/2 (513C, + 5'3C,)
b

O S ®- 513C, = 1/3 (51°C, + 51C, + 51C,)
O13C,; = 1/3 (813C, + 0'3C,, + 613C)) 513C, — 813C, = 1/6 (5'°C, — 53C )
513C, — 313C, = 1/6 (5'°C, — 513C,) R ® a

13 . — 513
813C; miggle = 07°Cy, ® _® b a b
613C3,midd|e - 613C3,end
= 1/2 (5°C, — 813C,) ® )
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ACE{

Interpreting position-specific isotope (PSI)

during propane generation

NGS2, oil-associate gas

NG3, oil-associate gas (Gilbert et al., 2016) L
(Gao et al., 2016)
30 ™~ / Ro (%)
—~= .
20 | N S 0.75-09
_pro? 2
= o 0P ~ 091
[ =10
:{ (%) 1143
O .10 Woodford, o @13ae
] C, . Lo
o S, Anadarko Basin - ||@181s
S e aN(LiU et al., 2019) £
S0 S0 P
O 0 7.
9 -40 [ Eagle Ford 72 o
Vo) (Zhao et al., 2020) o
T T T
50 5 55 6 65 7
-60 ! ; ' ! d13C - d13C (%o)
0 2 4 6 8 10 propane ethane
61Q’Cpropame - 613Cethane (%°)
=
240 ™
N\
160 g a-proP
~ 80 | cat® Chal
= Q. @ <
g O <§<>> O~ I B
:.j— 30 O <z> & — =]
a 7 G Qo
% 10
1o 00.
. -160 ) \
ke 9% P T
IS S,
o 240 O'O’O =
[a) D-W [
1o -320 o
-400 2
- T T T
-480 - - - s an 5 40 45 50
0 10 20 30 40 50 60
6Dpropane - 6Dethane (%0)

6Dpropane - 6Dethane (%0)

o PSI &13C: majority of propane is from n-propy!

o PSI dD: n-propyl = isopropyl (hydrogen shift)
IS common

o Inverse trends explainable with a random
distribution of cracking position on kerogen
side chains

Intra-molecular isotope
T T T T

- Don’t overinterpret
(esp. with a mixing model)
any isotope reversal trends; ¢
they may just from intrinsic 5~
behaviors of a single kinetic .
process! .
Modeling results of random 65
cutting on kerogen side chains. 6f @,
For a random cutting model s 1 15 2 25 5 s

see Peterson et al. (2018). (M0 (5
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e, 13 ' : !
ACE PSI 8'°C of residual propane during thermal cracking

meamremmenm  ANC during thermochemical sulfate reduction (TSR)
o Scheme of isotope fractionation:

13C substitution has KIE on the activation of 15k

adjacent C-C bond(s)
o Expected results: PSI 813C trends resemble bulk 613C

> Enrichment of 13C in the middle
carbon due to normal 13C KIE
during TSR ? TSR (Mobiie Bay)
> Depletion (or “rollover”) of the
middle carbon due to inverse
13C KIE during propane cracking
in dry gas window

 Propane cracking
(Barnett shale)

513C (%)
513C (%)

Bulk 813C ,pane data from Mankiewicz et
al. (2009) and Zumberge et al. (2012);

for reaction mechanisms see Xia et al. 0.06
(2014); Xia and Gao (2018). ;Hg/CH,
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@ Summary: role of special isotopes

29 SEPT - 1 0CT A ONLINE AND ON DEMAND in petrOIeum geOChemiStry

o Clumped isotope answers:

“Have atoms in each molecule experienced an identical chemical process?” If depletion: No
o Position-specific isotope answers:
“Do atoms in each molecule have an identical KIE?” If intra-molecular fractionation: No

o May improve understanding geochemical signatures during hydrocarbon generation/alteration
(reaction steps; hydrogen exchange; isotope fractionation),
rather than provide direct additional information for routine petroleum systems analysis
(kerogen type, thermal maturity, generating/charging time, accumulation efficiency)

o Data interpretation requires chemical kinetic analysis and numerical simulations

o Empirical correlations, oversimplifications and unrealistic assumptions (esp. equilibrium)
result in misinterpretations
> Not as a “geothermometer” for hydrocarbon generation or charging

Xia and Gao: Geochemical Interpretation on Clumped and Position-Specific Isotopes in Natural Gas
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