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Abstract: FTT experiments with water as a hydrogen source and three types of possible carbon sources in the subsurface
(diiron nonacarbonyl, siderite and formic acid, representing CO, CO2 and a simple organic acid, respectively) were carried
out in this study. Our experimental results showed that n-alkanes with the highest carbon number of C33 were produced
when CO was used as a carbon source (series A); a variety of polycyclic aromatic hydrocarbons (PAHs) were detected in
series B with CO2 as a carbon source; gaseous hydrocarbons were also detected with formic acid added (series C). The
different products in the three series showed that there were different hydrocarbon generation mechanisms and reaction
processes with different carbon sources. The generation of long-chain n-alkanes in series A provided experimental support
for the formation of abiogenic petroleum underground, which was of significance to early membranes on the Earth. PAHs
in series B provide experimental support for the possibility of an abiotic source of reduced carbon on other planets. The
carbon isotopes of gaseous hydrocarbons produced by CO exhibited a partial reversed order (δ13C1 < δ13C2 > δ13C3 > δ13C4 >
δ13C5), while the gaseous hydrocarbons produced by CO2 and HCOOH showed a positive order (δ13C1 < δ13C2 < δ13C3 <
δ13C4 < δ13C5). Based on these, the alkylene mechanism and the carbonyl insertion mechanism were used to reasonably
explain these characteristics.
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1 Introduction
In recent decades, abiogenic methane and gaseous
hydrocarbons have been discovered in mid-ocean ridge
hydrothermal systems (Charlou et al., 1998, 2002; Holm
and Charlou, 2001; Proskurowski et al., 2008; Sano et al.,
2017), the Precambrian shield of Canada (Sherwood et al.,
1993, 2006, 2008) and igneous rock systems (Dai, 1989;
Potter et al., 2004, 2013; Etiope and Sherwood Lollar, 2013;
D'Alessandro et al., 2018; Amonkar et al., 2020), within
which some abiogenic long-chain liquid hydrocarbons have
been detected in ultramafic hydrothermal systems in the
Rainbow region of the Mid-Atlantic Ridge (Holm and
Charlou, 2001, Martinelli, 2021). These abiogenic
hydrocarbons can not only provide nutrients for
microorganisms in subsurface hydrothermal environments,
but can also be considered as important sources and organic
precursors to early life (Foustoukos and Seyfried, 2004;
Kelley et al., 2005; McCollom and Seewald, 2006).
Fischer-Tropsch synthesis (FT) is a common industrial
process, in which CO is reduced by H2 on the surface of a
catalyst and polymerized to organic compounds for energy
* Corresponding author. E-mail: luhong@gig.ac.cn

and lubricant (Fischer and Tropsch, 1926; Schulz, 1999;
Peron et al., 2021). However, underground conditions are
complex and largely different from that in industry,
varying with different carbon sources, catalysts,
temperatures, pressures and reaction systems. FischerTropsch-type (FTT) synthesis is often used in a broader
context in geological literature, to refer to the reduction of
an inorganic carbon source to form organic compounds,
regardless of the carbon source, the catalysts and the
reductant (McCollom, 2013). As such, these abiogenic
organic compounds were attributed to FTT reactions
(Berndt et al., 1996; Horita and Berndt, 1999; Holm and
Charlou, 2001; McCollom and Seewald, 2001, 2006,
2007; Charlou et al., 2002; McCollom, 2016;
Proskurowski et al., 2008). The study of FTT reactions
underground is of great significance to the exploration of
abiogenic hydrocarbon, the origin of life on Earth and
reduced carbon on other planets.
Three representative carbon sources were considered for
comparison in our simulation experiments: (1) CO is the
most classical inorganic carbon source for FischerTropsch synthesis that could come from a coal-derived gas
reaction and occurs widely in coal seam water (Liu et al.,
2018). In addition, CO derived from the mantle or deep
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earth could be concentrated in ultra-deep basins (Sugisaki
and Mimura, 1994, Shui et al., 2020). (2) CO2 is the most
abundant
inorganic
carbon-containing
substance
underground, usually present as forms of HCO3− and
CO32− in geological fluids or as carbonate minerals
(McCollom et al., 2010; Liu et al., 2018). Siderite is
common in strongly-reducing sedimentary basins, such as
the Mesoproterozoic Xiamaling Formation in North China
and the Famennian Jandiatuba Formation in the Solimões
basin in northwest Brazil (Milesi et al., 2016; Tang et al.,
2018). (3) Formic acid widely occurs in groundwater,
oilfield water and seafloor hydrothermal fluids (Fisher and
Boles, 1990; MacGowan and Surdam, 1990; Haggerty and
Fisher,1992; Zeng and Liu, 2000). Formic acid plays an
important role in a variety of geochemical processes,
including the formation of petroleum deposits,
transportation of metals in an ore-forming solution and
enhancing porosity in sedimentary basins (McCollom and
Seewald, 2003). It has also been suggested to be a reaction
intermediate in the abiotic reduction of aqueous CO2 to
hydrocarbons (Horita and Berndt, 1999; Schoonen et al.,
1999; McCollom et al., 2010).
With the increase of depth, the hydrogen-rich fluids will
be increased. Could the ubiquitous water-soluble CO2, CO
and organic acids be reduced by H2 to form organic
compounds through FTT synthesis in deep basins?
Furthermore, how could one distinguish these abiogenic
hydrocarbons from thermogenic hydrocarbons? These
questions had become challenges in geological and
geochemical fields (Liu et al., 2018), thus exploratory
experimental work was conducted in this study, in order to
try to investigate inorganic hydrocarbon generation under
ultra-deep conditions using CO, CO2 and HCOOH as
carbon sources.
2 Materials and Methods
2.1 Experimental materials
In order to avoid the difficulty of adding CO gas,
diiron nonacarbonyl (Fe2(CO)9, δ13C = −13.8‰) powder
was used, since it can be quickly converted into iron and
carbon monoxide when heated to 300oC (Elschenbroich
and Salzer, 1992). Fe2(CO)9 with a purity of 99% was
purchased from the company of Alfa Aesar (USA). Iron
(Ⅱ) carbonate (siderite, FeCO3) is common in
sedimentary basins, especially in the oceans that
predated the Precambrian Great Oxidation Event
(PGOE), it being hydro-pyrolyzable under hydrothermal
conditions at 300°C (Milesi et al., 2015). Thus, siderite
(δ13C = −4.8‰) purchased from the company of Strem
Chemicals (USA) was used as a reagent in our
experiments to replace CO2, avoiding the difficulty of
adding CO2 into the gold-tubes directly. Formic acid
(δ13C = −29.8‰) was obtained from the company of
Merck (USA), with a purity >98%.
Iron (Fe) was purchased from the company of Alfa
Aesar (USA) with a purity of 99%. Deionized water with a
resistivity of about 18.8 MΩ/cm was used in the
experiments. All solid reactants were Soxhlet extracted
with dichloromethane:methanol (DCM:MeOH) (9/1, v/v)
for 72 h, to remove potential organic contaminants before

experiments commenced.
2.2 Experimental methods
All the experiments were conducted in flexible goldtubes (6 mm o.d., 0.25 mm wall thickness, 60 mm in
length) placed within steel pressure vessels. Prior to the
experiments, one end of each gold-tube was sealed by
argon-arc welding, the tube then being heated at 800°C for
3 h in air to remove potential organic contaminants.
Three series of simulation experiments were carried out
in this study, which were Fe2(CO)9 + Fe + H2O (Series A),
FeCO3 + Fe + H2O (Series B) and HCOOH + Fe + H2O
(Series C). The quantities of reactant in each series were as
follows: 30 mg diiron nonacarbonyl, 30 μL deionized water
and 157 mg Fe were loaded in each tube of series A; 60 mg
siderite (δ13C = −4.8‰), 50 μL deionized water and 87 mg
Fe were loaded in each tube of series B; 20 μL HCOOH
(δ13C = −29.4‰), 20 μL deionized water and 50 mg Fe
were loaded in each tube of series C.
All the welded gold-tubes were placed into
corresponding steel vessels, which were temperaturecontrolled by a computer. The vessels were heated to 400°
C (±1°C) for 10 h and then maintained at 400°C for 0 h,
12 h, 24 h and 48 h (Series A), 24 h, 72 h, 144 h and 240 h
(Series B), 12 h, 36 h, 72 h and 108 h (Series C). The
pressure was kept constant at 50 MPa (±0.1 MPa) during
the entire process. Each vessel containing the gold
capsules was removed from the oven, cooled to room
temperature and quenched in cold water within 10 min.
2.3 Analytical methods
The gas components were collected in a special glass
device connected to an Agilent 6890N GC (30 m ×
0.25 mm × 0.25 µm) modified by Wasson ECE
instrumentation (Wang et al., 2014). The gas collector was
connected to the GC through two valves for chemical
composition analysis. Once an aliquot of gas entered the
GC, the valve between the gas collector and the GC was
closed and the remaining gas in the gas collector was
retained for stable carbon isotope analysis. The oven
temperature was initially held at 50°C for 2 min, ramped
up from 50°C to 190°C at a rate of 25 °C/min, then held at
190°C for 3 min.
Stable carbon isotopic analysis of gaseous hydrocarbons
was performed by gas chromatography-isotope ratio mass
spectrometry (GC-irMS), the equipment for which
consisted of a VG Isochrom II mass spectrometer and an
Agilent 6890 GC equipped with a Poraplot Q column (30
m × 0.32 mm × 0.25 µm). Helium was used as the carrier
gas. The GC oven temperature was initially held at 50°C
for 3 min, ramped up from 50°C to 190°C at 15 °C/min,
then held at 190°C for 7 min. The reference gas with CO2,
methane, ethane and propane was used in our instrument
measurement, the carbon isotopes of reference gas being
tested before sample testing every day, in order to ensure
that the error between the tested and true data were less
than 0.5%. Each sample was tested at least three times to
ensure the accuracy and reproducibility of δ13C values less
than 0.5‰, with respect to the V-PDB standard.
The gold-tubes of series A and B with liquid hydrocarbon
products were cut into pieces and placed within a cell bottle
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Table 1 Yields of gaseous products during the three series simulation experiments
CO2
CO
C1
C2
C3
C4
C5
H2
C1/C2 + C3
mmol/mol C
mmol/mol C
mmol/mol C
mmol/mol C
mmol/mol C
mmol/mol C
mmol/mol C
Fe2(CO)9 + Fe + H2O (Series A)
A-0
0
132.5
153.5
196.8
21.7
9.2
7.7
3.2
1.4
1.28
A-12
12
170.6
122.5
329.7
37.1
14.1
11.6
4.3
2.0
1.44
A-24
24
51.2
51
292.4
48.4
17.0
13.2
6.1
2.6
1.60
A-48
48
38.9
64.5
354.4
59.1
20.4
15.4
6.1
2.6
1.52
FeCO3 + Fe + H2O (Series B)
B-24
24
25.1
0.18
30.0
11.6
0.6
0.5
0.33
0.15
10.55
B-72
72
45.3
0.35
32.9
30.0
1.1
0.9
0.54
0.29
15.00
B-144
144
81.4
0.11
27.9
86.7
2.9
1.8
0.86
0.40
18.45
B-240
240
137.0
0.05
24.6
104.9
3.4
2.1
0.92
0.44
19.07
HCOOH + Fe + H2O (Series C)
C-12
12
51.4
b.d.
3.62
4.6
1.2
0.8
0.6
0.3
2.30
C-36
36
21.5
b.d.
4.19
12.9
3.5
2.6
1
0.6
2.11
C-72
72
b.d
b.d.
2.65
21.3
5.9
4.7
2.2
1.3
2.01
C-108
108
b.d
b.d.
1.43
25.8
7.1
5.8
2.6
2.1
2.00
Note: yields are expressed in mmol/mol C, “C” = the sum of inorganic carbons added to the system. 1 mmol/mol C was set as a unit to represent the unit of H2
for comparation. The yields of C2 and C3 refer to the sum of the alkanes and alkenes, C4 and C5 refer to the sum of n-alkanes and i-alkanes.
Samples

Time (h)

Fig. 1. Yields of gaseous hydrocarbons during (a) diiron nonacarbonyl, (b) siderite and (c) formic acid experiments.

(4 ml in volume) filled with dichloromethane, with the lids
tightened and ultrasound performed. After evaporation and
concentration at room temperature, extracts were analyzed
by gas chromatography-mass spectrometry (GC-MS). The
chromatographic capillary column was HP-5 MS with 30
m × 0.25 mm × 0.25 µm. The temperature was initially
held at 80°C for 2 min, then ramped up to 300°C at 3°C/
min, before being held at 300° C for 10 min. The
ionization of mass was EI and 70 eV with a full scan
mode.
3 Data and Results
3.1 Product composition
Series A: The yields of methane and C2-C5 of series A
are shown in Table 1 and Figure 1a. The yields of C2-C5
were one order of magnitude less than methane and the
yields of gaseous hydrocarbons increased gradually with
heating time. The growth rate of each component was the
fastest before 24 h; after that, the yield of methane
continued to increase, while the other gaseous
hydrocarbons increased more slowly. At the initial stage
of the experiment (0 h), the yields of CO and CO2 were
153.5 mmol/mol C and 132.5 mmol/mol C initially (0 h),
gradually decreasing with time. The lowest yield of H2
was 196.8 mmol/mol C at 0 h, the highest yield
approaching 354.4 mmol/mol C at 48 h.
The results of GC-MS analysis of the DCM extract
for 0 h showed that n-alkanes were the dominant organic

Fig. 2. Total ion chromatograms from GC-MS analysis of
the DCM extract of series A-0 h.
(a) The extract was dominated by n-alkanes, carbon number <15 were
partially or completely volatile; (b) mass spectrum and (c) enlarged
detail of n-C16.
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Fig. 3. Total ion chromatogram from GC-MS analysis of (a) the DCM extract of series B-240 h and (b–g) selected
TIC for the PAHs and their C1-/C2-alkyl homologues.

components present (Fig. 2a–c). Concentration of the
DCM extract resulted in partial or complete loss of some
semi-volatile and volatile hydrocarbons (C6-C15).
Starting from nC16, relative yields of n-alkanes
decreased gradually with increasing carbon numbers,
approaching even more than C30. Trace amounts of isoalkanes were also detected (Fig. 2a).
Series B: Methane was the dominant gaseous
hydrocarbon in series B, the yields of C2-C5 being one
or two orders of magnitude less than methane (Table 1;
Fig. 1b). The yields of gaseous hydrocarbons increased
gradually with increasing heating times, the methane
yield reaching up to 104.9 mmol/mol C at 240 h, the
sum yield of long chain gaseous hydrocarbons (Σ(C2C5)) being only 6.86 mmol/mol C. The yields of CO2
increased with heating time, but CO was lower (less
than 0.4 mmol/mol C). The yields of H2 were much less
than that of series A, decreasing slowly with reaction
time.

Total ion chromatograms (TICs) from GC-MS analysis
of the DCM extract for 240 h are shown in Figure 4a.
These liquid products were polycyclic aromatic
hydrocarbons (PAHs), including naphthalene, biphenyl,
fluorene, phenanthrene, fluoranthene, pyrene, chrysene
and their homologues (Fig. 4b–g). The chemical
compositions of these compounds are highly similar to the
organic components in the Machison carbonaceous
chondrites (Sephton et al., 2000), indicating that the
conditions favored the formation of aromatic compounds
during the experiment (e.g., temperature, gas composition,
surface catalysts) were similar to those in the
carbonaceous chondrites (McCollom, 2003).
Series C: The ratios of C1/C2-C5 were in the range of
1.5–1.7 in series C, the yields of gaseous hydrocarbons
increased gradually with the heating time and continued to
increase at 108 h (Fig. 1c). No CO was detected, but CO2
was detected at 12 h and 36 h, disappearing after 36 h
(Table 1).
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Fig. 4. Stable carbon isotopic compositions of gaseous hydrocarbons in (a) diiron nonacarbonyl, (b) siderite and (c) formic
acid experiments.

Table 2 Stable carbon isotopic compositions (δ13C, ‰) of gaseous products during the three series experiments
Samples
Time (h)
13CCO2 (‰)
13CCO (‰)
Fe2(CO)9 + Fe + H2O (Series A)
A-0
0
−3.9
−7.2
A-12
12
3.6
−8.2
A-24
24
6.7
−32.8
A-48
48
9.1
−32.1
FeCO3 + Fe + H2O (Series B)
B-24
24
−3.3
−24.3
B-72
72
−0.2
−22.1
B-144
144
1.6
−20.7
B-240
240
6.8
−19.6
HCOOH + Fe + H2O (Series C)
C-12
12
−21.4
−25.5
C-36
36
−19.7
−24.5
C-72
72
−19.2
−23.6
C-108
108
−18.7
−22.7
13
13
Note:  C4 and  C5 refer to the carbon isotopes of n-C4 and n-C5.

13C1 (‰)

13C2 (‰)

13C3 (‰)

13C4 (‰)

13C5 (‰)

−33.2
−36.2
−36.1
−35.9

−25.4
−29.4
−29.6
−31.2

−27.6
−31.5
−31.1
−32.1

−29.7
−32.9
−33.5
−33.3

−31.1
−34.3
−35.0
−33.7

−35.25
−33.1
−32.2
−31.9

−30
−31.0
−30.8
−30.5

−26.5
−27.1
−27.5
−27.2

b.d.
−24.0
−25.0
−24.6

b.d.
b.d.
−23.1
−22.0

−59.5
−58.0
−57.2
−56.9

−46.2
.−48.3
−48.8
−49.3

−44.5
−45.4
−46.0
−46.8

−43.7
−44.7
−44.9
−45..5

b.d.
−43.1
−43.8
−44.3

3.2 Stable carbon isotopic compositions of gaseous
products
Series A: The stable carbon isotopic compositions of
the gaseous products are shown in Table 2 and Figure 3a.
Ethane was the most enriched in 13C in each sample,
methane was remarkably depleted in 13C relative to
ethane, their δ13C values gradually becoming heavier with
carbon numbers increasing from C2 (δ13C1 < δ13C2 > δ13C3
> δ13C4). It can be seen that, overall, their carbon isotopes
obviously showed a decreasing order, which was
significantly different from the increasing order of thermal
cracking hydrocarbons (Dai et al., 1992). The δ13C
distribution patterns of the gaseous hydrocarbons in series
A were similar to the results of McCollom et al. (2010),
which were consistent with the reversed trend with their
molecular carbon numbers.
Series B: The δ13C values of gaseous hydrocarbons in
Series B were all lower than that of the initial reactant of
siderite (Table 2; Fig. 3b). The δ13C1 values were the
lowest (δ13C1 < −32.0‰ ), the δ13C values of gases
increasing with increasing carbon numbers (δ13C1 < δ13C2
< δ13C3 < δ13C4 < δ13C5), which was in contrast to series A
and similar to previous results (Fu et al., 2007; Taran et
al., 2010).
Series C: The δ13C values of gaseous hydrocarbons in
Series C are shown in Table 2 and Figure 3c. Similar to
series B, the δ13C values of methane were the lowest
(< −56.9‰), gradually increasing with heating times. The
carbon isotopic values of gaseous hydrocarbons increased
with increasing carbon numbers (δ13C1 < δ13C2 < δ13C3 <

δ13C4 < δ13C5). The δ13CCO and δ13CCO2 values were
enriched in 13C compared to those of the gaseous
hydrocarbon and the initial formic acid, their values
increasing with heating times (Table 2).
4 Discussions
4.1 FTT synthesis reactions in the experiments
Series A: The formation of gaseous hydrocarbons and
long-chain liquid n-alkanes in series A can be attributed to
the results of FT synthesis reaction. At high temperatures
(>300oC), diiron nonacarbonyl can be rapidly pyrolyzed
with a large amount of CO generated (Eqs. 1, 2), the iron
powder reacting with water to produce a large amount of
hydrogen and magnetite (Eq. 3) (McCollom et al., 2010).
As a result, the classic FT synthesis reaction with CO and
H2 can be achieved in our experiments, as shown in Eq. 4.
In addition, CO can react with water to produce CO2 and
H2 easily at high temperature (Eq. 5) (Horvath and Siskin,
1991), thus CO2 was detected in this series. However, the
amount of CO2 decreased and its carbon isotopes were
gradually enriched in 13C with heating time, which might
be the reason that 12CO2 was consumed by Eqs. 6 and 7.
Fe2(CO)9 → Fe(CO)5 + Fe + 4CO
(1)
Fe(CO)5 → Fe + 5CO
(2)
3Fe + 4H2O → Fe3O4 + 4H2
(3)
(2n + 1) H2 + nCO → CnH(2n+2) + nH2O
(4)
CO + H2O ↔ CO2 + H2
(5)
Fe3O4 + 3CO2 + H2 ↔ 3FeCO3 + H2O
(6)
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CO2 + 4H2 → CH4 + 2H2O
(7)
Series B: Our experimental results showed that water
can significantly decrease the pyrolysis temperature of
siderite (Zhao et al., 2021). Siderite with water added in
this experiment will quickly reach the stability domains of
hematite, magnetite, wüstite and siderite, as well as the
CO2-graphite equilibrium (Milesi et al., 2015), which
indicated that Eqs. 6 and 8 are reversible. More H2 can be
produced by Eq. 3. CO2 and H2 generated by the reactions
provided direct material sources for the synthesis of
organic hydrocarbons (Eqs. 7, 9). Although a small
amount of CO in this series can be produced through the
reversed water-gas-shift reaction (RWGSR) by reverse
reaction of Eq. 5 (Eq. 10), the rate is slow overall in the
absence of a suitable catalyst.
3FeCO3 + H2O ↔ Fe3O4 + 3CO2 + H2
(8)
nCO2 + (3n +1)H2 → CnH(2n+2) + 2nH2O
(9)
CO2 + H2 ↔ CO + H2O
(10)
Series C: There are two principal pathways for
decomposition of formic acid, which are generally referred
to as decarboxylation and dehydration (Eqs. 11, 12)
(McCollom and Seewald, 2003). Previous studies
suggested that the decarboxylation pathway strongly
predominates in an aqueous solution of formic acid, while
dehydration is favored in the gas phase (Akiya and
Savage, 1998; Yu and Savage, 1998).
HCOOH ↔ CO2 + H2
(11)
HCOOH ↔ CO + H2O
(12)
This experiment was carried out in an aqueous phase,
thus the decomposition of formic acid should be
dominated by reaction 11. This was also demonstrated by
the fact that no CO was detected in series C. CO2
pyrolyzed by HCOOH could be reduced by H2 under
magnetite catalysis. However, the ratios of C1/(C2-C5) in
this series were much smaller than those of series B,
which may be due to the following reasons: 1) formic acid
may produce a small amount of CO according to Eq. 12
and CO has a stronger ability to generate long-chain
hydrocarbons than CO2 (Wei et al., 2017); 2) formic acid
itself may be reduced to methanol, the formyl group then
being used as the unit for chain extension (Fu et al., 2015);
3) lower partial pressure of H2 will make it easier for the C
-C bond to be formed (Fu et al., 2007).
4.2 Generation of multi-carbon hydrocarbons
4.2.1 Long-chain n-alkanes generated under
hydrothermal conditions
Liquid hydrocarbons generated by Fischer-Tropsch
synthesis are common in the field of the chemical industry
(Ngamcharussrivichai et al., 2007; Maitlis and Zanotti,
2009), however they have seldom been reported under
hydrothermal
conditions.
Abiogenic
saturated
hydrocarbons (C16-C29) in the Rainbow region of the MidAtlantic Ridge were first reported by Holm and Charlou
(2001). The discovery of abiogenic long-chain
hydrocarbons in ultramafic hydrothermal systems on Earth
provides an alternative pathway for the formation of early
membranes and the origin of life. But no evidence was
found for the formation of complex organic compounds
with an abiotic origin in the same fluids, thus they were

attributed to be derived from chimney particulates
entrained during sampling (McCollom et al., 2015).
Our results showed that n-alkanes with the highest
carbon number of C33 can be generated in hydrothermal
simulations with CO as a carbon source, similar to the
results of McCollom et al. (2010). Long-chain n-alkanes
generated in our simulations provide experimental
evidence for the formation of abiotic oil underground.
4.2.2 PAHs generated under hydrothermal conditions
Previous studies believed that organic compounds
formed internally in meteorites were the result of FischerTropsch synthesis reactions (Studier et al., 1972; Cronin et
al., 1988). However, the products of typical FT reactions
are mainly those saturated straight-chain aliphatic
compounds (Dry, 1981; Anderson, 1984; McCollom et al.,
1999), which are quite different from the aromatic
compounds in our siderite experiment.
Based on theoretical arguments, the formation of
PAHs would be thermodynamically favored during
decomposition of siderite (Zolotov and Shock, 2000).
Although the formation mechanisms of these aromatic
compounds are still controversial, there are three possible
means which are generally accepted, as follows: 1) the
CO2 and H2 were reduced to monocarbon and polymerized
on the catalyst surface, similar to the Fischer-Tropsch
reaction, high temperature and low ratio of H/C favoring
the formation of aromatic hydrocarbons (Zolotov and
Shock, 2000; McCollom and Seewald, 2003); 2)
polymerization of carbons on the mineral surface
occurring concurrently with the decomposition of siderite;
3) organic compounds that have been formed underwent
secondary reactions (aromatization and aromatic rings
condensation) at high temperatures. The ultra-high
temperature and pressure formed by meteorite impact
events can lead to secondary reactions, but the
experimental conditions are insufficient to make alkane
aromatize. The first way, with specific catalysts such as
fine-grained magnetite (Brearley, 1998; Flynn et al.,
1999), or the second way, was considered more likely to
be aromatized at 400°C. Overall, the formation of organic
compounds during thermal decomposition of siderite in
our study provides experimental support for the possibility
of an abiotic source of reduced carbon in carbonaceous
chondrite.
4.3 Stable carbon isotopic fractionations and the
mechanism of hydrocarbon generation
In a kinetic, fractionation-controlled system, a specific
mechanism of the reaction process generally determines
the product compositions and their stable isotopic
distribution patterns (Hu et al., 1998), therefore, stable
carbon isotopic measurement is an effective method with
which to study the mechanism of hydrocarbon generation
and their sources (Fu et al., 2007). The distribution trend
of stable carbon isotopic compositions of gaseous
hydrocarbons in series A was remarkably opposed to those
of series B and C, which reflected the different
mechanisms and reaction processes involved with CO,
CO2 and HCOOH as carbon sources.
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4.3.1 Fractionations of reversed carbon isotopes of
gaseous hydrocarbons generated by FTT synthesis
with CO as the carbon source
The alkylene mechanism was widely accepted as the
classical FT synthesis mechanism with CO as the carbon
source (Joyner, 1988). The δ13C reversed order of gaseous
hydrocarbons in series A is consistent with previous
experimental results using CO as the carbon source (Hu et
al., 1998; McCollom et al., 2010). Thus, the alkylene
mechanism combined with stable carbon isotopic
variations was applied here to investigate the generation of
organic hydrocarbons and their δ13C distribution and
fractionation.
First, CO and H2 were adsorbed on to the surface of
the metal catalyst to form M-CO and M-H2, then M-CO
was dissociated to form surface carbon (M-C) and
surface oxygen (M-O), while M-H2 was dissociated to
form surface hydrogen (M-H), two molecules of M-O
combining with one molecule of M-C to form CO2 gas
(Fig. 5). The δ13C values of hydrocarbon products in
series A were depleted in 13C relative to the initial
carbon source, CO2 being the most enriched in 13C
(Table 2; Fig. 3a). On the one hand, 12CO would be
more likely to be adsorbed onto the catalyst surface to
form M-CO (Fig. 5, step I) (McCollom et al., 2010), but
on the other, when M-CO dissociated to form M-C and
M-O, the 12C-O bond was more preferentially cleaved
than the 13C-O bond, owing to the 12C-O bond being
weaker than the 13C-O bond (Fig. 5, step II) (Hu et al.,
1998). During the next step of hydrogenation, M-C
reacted with M-H to form M-CH2, which inherited the
characteristic of depletion in 13C, multiple M-CH2
polymerizing to hydrocarbons with the depleted carbon
isotopes. M-CO, adsorbed on the surface of the catalyst,
was relatively enriched in 13C, probably being oxidized
by M-O to form CO2, resulting in CO2 with the heaviest
δ13C values.
It is worth noting that, relative to the other gaseous
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hydrocarbons, methane was the most depleted in 13C,
whereas ethane was the heaviest, which is probably
because the M-12C bond is weaker than the M-13C bond.
When M-C is reduced by M-H to form methane, M =
12
CH2 will be preferentially detached from the catalyst
surface and combine with surface hydrogen (M-H) to form
methane, leading to the lowest δ13C values of methane in
the whole series of experiments. Correspondingly, the
residual M-C, being more 13C-enriched, combines with MCH2 to form ethane, leading to the heaviest δ13C values of
ethane relative to methane (Fig. 5, step III) (Taran et al.,
2010).
Once methane and ethane are being generated, highermolecular-weight
homologues
will
be
formed
continuously via the propagation of M = CH2 chains,
which are based on the lower carbon-numbered ones. As
M = 12CH2 reacts faster than M = 13CH2 to propagate
chains (Des Marais et al., 1981; Sherwood Lollar et al.,
2002) and is more likely to be incorporated into larger
hydrocarbon chains (Fig. 5, step IV), thus a reversed
carbon isotopic pattern appears for the final products of
the hydrocarbon-generated components during the
kinetically controlled synthesis.
4.3.2 Fractionations of positive carbon isotopes of
gaseous hydrocarbons generated by FTT synthesis
with CO2 as the carbon source
The δ13C values of gaseous hydrocarbons generated by
FTT synthesis with CO2 as the carbon source were present
in a positive order (δ13C1 < δ13 C2 < δ13C3 < δ13C4) (Fu et
al., 2007; Taran et al., 2010; Zhang et al., 2013), which
was similar to the results of series B. Three reasons were
usually used to explain this phenomenon: 1) these gaseous
hydrocarbons might be derived from some contaminants
(Taran et al., 2007); 2) the generated hydrocarbons might
have been subjected to secondary pyrolysis (Zhang et al.,
2013; Fu et al., 2015); 3) the reaction system underwent
thermodynamic equilibrium fractionation of carbon

Fig. 5. Alkylene mechanism and its carbon isotopic fractionations for the reversed pattern of δ13C.
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isotopes (Fu et al., 2007; Yang et al., 2011).
Overall, the above three explanations all shared the
common belief that the carbon isotope distributions of
the primary gaseous hydrocarbons were initially in
reverse order, but that this could be changed finally
through later influence. We believe that the two distinct
orders are difficult to reverse, especially for a heating
time of 24 h, it being more likely to have been caused by
a special hydrocarbon generation mechanism. The
positive trend of carbon isotopes in series B was
explained reasonably with the carbonyl insertion
mechanism: the metal-bonded carbonyl (M-CO) can be
inserted into the root molecule (the surface-bonded alkyl
chain) directly, to form a surface-bonded acyl group,
which was then througt hydrogenation and dehydration
to form hydrocarbons (Fig. 6) (Pichler and Schulz,
1970). As long as the values of δ13CM-CO inserted into the
root molecule are more enriched in 13C than the root
molecule, then when multiple M-CO with heavier carbon
isotopes are combined with the root molecule with
relatively lighter δ13C values, the δ13C values of the alkyl
chains will become heavier and gradually approach the
δ13C value of M-CO.
4.3.3 Positive orders of δ13C values of gaseous
hydrocarbons generated by FTT synthesis with
HCOOH as the carbon source
The positive orders of δ13C values of gaseous
hydrocarbons in series C (Fig. 3c), which were different
from the results of the previous experiment with a
partially reversed order (δ13C1 < δ13C2 > δ13C3> δ13C4 >
δ13C5) (McCollom et al., 2010), may be due to the
different ratios of HCOOH: H2O. McCollom et al.
(2010) believed that formic acid, primarily, dehydrated
to form CO, then took part in hydrocarbon synthesis,

Fig. 6. Carbonyl insertion mechanism and its carbon isotopic
fractionations for the positive pattern of δ13C.

because the experiments with CO2 as the carbon source
did not generate hydrocarbons. Obviously, the
experimental results reported by McCollom et al. (2010)
were not consistent with the positive δ13C orders of
abiogenic gaseous hydrocarbons found in the
Precambrian shield and mid-ocean ridge hydrothermal
fluids (Sherwood Lollar et al., 2006, 2008;
Proskurowski et al., 2008; Charlou et al., 2010;
McDermott et al., 2015). As mentioned above, CO2 and
H2 were mainly generated through a decarboxylation
reaction of formic acid in the presence of water
(Equation 11), hydrocarbons then forming through FTT
synthesis, catalyzed by iron and magnetite. However,
the ratios of C1/C2-C3 in the formic acid series (series C)
were smaller than those of the siderite series (series B).
With regard to the differences of Δ13C(C2-C5) in series C
being smaller than those of series B, this may have been
caused by the conversion of a small part of the formic
acid into CO. As a consequence, the generation
mechanism of hydrocarbons can be attributed to the
main pathway of CO2.
4.4 Implications for abiogenic hydrocarbons generated
underground
Most abiogenic hydrocarbons collected in nature have
only been methane and ethane, although there were have
been a few reports of long-chain gaseous and liquid
hydrocarbons (Charlou et al., 2000, 2002). For example,
the ratios of C1/C2 + C3 were in the range of 10–200 for
abiogenic gases from the Precambrian shield and even
more than 500 for abiogenic gases from MOR
hydrothermal fluids (Horita and Berndt, 1999). Some
studies suggested that the ratios might be related to the
properties and types of catalysts. Ji et al. (2008) first
reported the products of n-butane and n-pentane in a
hydrothermal experiment using CO2 as a carbon source
with cobalt-containing magnetite as a catalyst. In these
experiments, only iron was used as a catalyst, not only
producing gaseous hydrocarbons, but also liquid
hydrocarbons with a maximum carbon number of n-C33
(series A) and PAHs (series B) being generated, which
reflected the influence of carbon sources on the types of
product. The ultra-deep basins are rich in CO and CO2
fluids, various organic acids and carbonate minerals,
with an especially high abundance of iron minerals such
as siderite (MacGowan and Surdam, 1990; Haggerty and
Fisher, 1992; Zeng and Liu, 2000; Milesi et al., 2016;
Liu et al., 2018). This means that abiogenic
hydrocarbons may be diverse and exist widely
underground, which provides a new perspective for
abiogenic hydrocarbon exploration.
The δ13C values of gaseous hydrocarbons generated by
CO were in a reversed order, which is consistent with the
understanding conveyed in previous works (Des Marais
et al., 1981; Dai, 1989). However, CO2 is the main form
of inorganic carbon in most underground geological
environments. According to series B, the δ13C values of
abiogenic gaseous hydrocarbons were in a positive order,
which is consistent with the fact that most abiogenic
gaseous hydrocarbons detected in nature (Sherwood
Lollar et al., 2006; Proskurowski et al., 2008; Charlou et
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al., 2010; McDermott et al., 2015) conform with the
characteristics of thermogenic gases. This indicates that
the carbon isotopic distributions of gaseous
hydrocarbons may not be a useful criterion by which to
judge their organic or inorganic origins. The carbon
isotope fractionation of abiogenic methane and initial
carbon sources are usually in the range of −44‰ to
−15‰ (McCollom and Seewald, 2006). As we all know,
the magnitude of isotopic fractionations during organic
compounds synthesis may be affected by many factors,
such as catalyst composition, temperature, pressure and
concentration of the reactant carbon source (McCollom
et al., 2010). The magnitude of carbon isotopic
fractionation in this study is similar to that produced by
many biological processes, which results in a very
narrow range of δ13C values between thermogenic and
abiogenic gases, this being the reason why it is difficult
to identify their origins in basins. This is a reminder of
the need to understand the corresponding geological
environment as much as possible when studying
abiogenic hydrocarbons through simulation experiments,
otherwise most of the experimental results are not
comparable, due to the huge differences in experimental
conditions (Konn et al., 2015).
5 Conclusions
Possible FTT synthesis in ultra-deep basin
environments was simulated by three types of carbon
sources (CO, CO2 and simple organic acid) using diiron
nonacarbonyl, siderite and formic acid as agents,
respectively.
Organic
hydrocarbons
with some
concentrations were obtained in all three series, indicating
that FTT synthesis was successfully approached in the
favored experimental conditions and abiogenic
hydrocarbons can be realized under hydrothermal
conditions. Liquid hydrocarbons with the largest carbon
number of n-C33 were produced by CO from the diiron
nonacarbonyl series, which provided solid evidence for
abiogenic oil and an alternative pathway for the origin of
life on Earth. Excluding the gaseous hydrocarbons, a
variety of PAHs were also detected in the siderite series,
which were highly similar to the organic components of
the Machison carbonaceous chondrites, suggesting that
siderite can serve as an important substrate for reducing
carbon in chondrites. This means that abiogenic
hydrocarbons are diverse and exist widely underground,
which provides a new perspective for abiogenic
hydrocarbon exploration.
The carbon isotope distribution trends of gaseous
hydrocarbons produced by CO and CO2 were opposite, the
alkylene mechanism and the carbonyl insertion
mechanism being invoked to explain them reasonably. The
δ13C values of the hydrocarbon gases in the formic acid
series showed a positive order, indicating that
decarboxylation of formic acid was conducted as the main
process to participate in later FTT synthesis as CO2 in our
experiment. The overlap of δ13C values between
thermogenic and abiogenic hydrocarbons makes it difficult
to distinguish their origins.
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