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ABSTRACT
Serpentinization may provide a unique environment for the abiotic formation of con-

densed carbonaceous matter. This could support the deep biosphere and contribute to the 
deep carbon cycle, and may have provided the first building blocks for life. However, thus far, 
condensed carbonaceous matter has been found only in association with the minor mineral 
constituents of serpentinites. In contrast, here we show the direct association between car-
bonaceous matter and the dominant Fe oxide in serpentinites, magnetite. Our samples were 
recovered from the Yap Trench, western Pacific Ocean, with a human-occupied vehicle at a 
depth of 6413 m below sea level. The carbonaceous matter coincides with some micron-sized 
magnetite grains, but particularly with nanosized Fe oxides within serpentinite nanopores. 
Vibrational spectroscopy reveals that the condensed carbonaceous matter contains both ali-
phatic and aromatic compounds, but there is no evidence for functional groups typical for 
biological organics. Based on these observations, we suggest that physicochemical phenomena 
in serpentinite nanopores and nanosized catalytically active minerals may play a key role in 
the abiotic synthesis of complex carbonaceous matter.

INTRODUCTION
Hydrogen production during peridotite ser-

pentinization is thought to form unique geo-
chemical environments that provide energy 
sources for microbial ecosystems (Ohara et al., 
2012). Although it is not always straightforward 
to discern abiotic from biotic organic matter in 
natural systems (e.g., Plümper et al., 2017a), 
evidence suggests that serpentinites have a 
high potential for the production of organic 
compounds, such as CH4, short-chain hydro-
carbons, and condensed carbonaceous matter 
(CCM) (McCollom, 2013).

The close spatial relationship between (1) 
specific minerals that are used in chemical indus-
tries as solid catalysts, and (2) organics high-
lights the potential of serpentinites for organic 
synthesis (Andreani and Ménez, 2019, and refer-
ences therein). For example, Ménez et al. (2018) 

reported the occurrence of serpentinite-hosted 
abiotic amino acids, which they interpreted to 
have formed via Friedel-Crafts reactions cata-
lyzed by Fe-rich saponite clay. This observation, 
among others (e.g., Sforna et al., 2018), suggests 
that complex organics can form abiotically via 
mineral-based catalysis during serpentinization. 
Beyond clay minerals, primary chromite grains 
(Foustoukos and Seyfried, 2004) as well as Fe 
oxides (e.g., Fe3O4; Fu et al., 2007), Ni-Fe alloys 
(Horita and Berndt, 1999), and Fe-Ni sulfides 
(Camprubi et al., 2017) produced during serpen-
tinization are thought to exert a first-order con-
trol on the abiogenic synthesis of organic matter.

Another commonly overlooked property of 
serpentinites that may promote organic molecule 
generation is their extensive nanoscale porosity 
(10–200 nm; Tutolo et al., 2016). Recent molec-
ular simulations suggest there is an increased 
thermodynamic drive toward key precursors for 
hydrocarbon production when CO2 and H2 are 

confined within inorganic structures (Le et al., 
2017). Critically, shifts in equilibrium at the 
molecular level occur due to adsorption and 
potential catalysis at the pore walls when a 
fluid with restricted diffusive transport is pres-
ent (Cole and Striolo, 2019).

Nano-sized materials are also associated with 
elevated surface area, providing ample active 
sites for surface chemical reactions. Thus, if the 
above-mentioned catalytic minerals are present 
in the nanosize regime in serpentinites, they may 
be much more viable producers of organic mat-
ter than has previously been shown with free-
surface, geometrically unconfined experiments 
(e.g., Foustoukos and Seyfried, 2004).

Here we use correlative nanoscale imag-
ing and vibrational spectroscopy to probe the 
nanoscale regime of serpentinites from the Yap 
Trench, western Pacific Ocean, and demon-
strate an intimate association between CCM, 
magnetite, and serpentine nanoporosity. The 
nanoscale pore size and the microstructural rela-
tionships between the inorganic mineralogy and 
the organic matter suggest that the CCM is of 
abiotic origin.

SAMPLES AND ANALYSIS
The rock sample was recovered by the 

human-occupied vehicle (HOV) Jiaolong at 
6413 m below sea level at the outer forearc 
trench wall (see the Supplemental Material1 
for the geological setting). Subsamples were 
extracted from the internal regions of the origi-
nal rock sample to avoid contamination. All 
subsamples were cleaned and subdivided into 
polished, resin-free rock chips and freshly bro-
ken fragments. Subsamples were  investigated *E-mails: xtpeng@idsse.ac.cn; o.plumper@uu.nl

1Supplemental Material. Methods and supplemental information. Please visit https://doi .org/10.1130/GEOL.S.13125335 to access the supplemental material, and 
contact editing@geosociety.org with any questions.
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using Raman spectroscopy and focused ion-
beam scanning electron microscopy (FIB-
SEM). FIB-SEM was also used to excavate 
seven electron-transparent foils for (scanning) 
transmission electron microscopy ([S]TEM). 
Microstructural and chemical data were cross-
correlated with molecular information obtained 
by photo-induced force microscopy (PiFM). 
Details regarding the sample preparation and 
analytical methods are provided in the Supple-
mental Material.

ROCK CHARACTERIZATION
The rock is a serpentinized harzburgite (Fig. 

S1 in the Supplemental Material) character-
ized by relics of primary olivine (XMg = 0.86), 
orthopyroxene, and Cr-spinel. Mesh-textured 
serpentine (lizardite ± chrysotile ± brucite; 
XMg = 0.88 ± 0.03), magnetite, and talc, as well 
as elevated XMg within mesh-textured serpen-
tine over olivine, suggest that serpentinization 
occurred at 200–300 °C (Klein et al., 2014). Fe-
rich phases occur in two size regimes: micron-
sized (<30 μm) magnetite grains with irregular 
shapes (Figs. 1A and 1B; Fig. S7), and Fe-oxide 
nanofibers (∼50 nm in length; Figs. 1C–1E) that 
form randomly oriented aggregates. Energy-
dispersive X-ray spectroscopy (EDX) mapping 

within the TEM, and PiFM analysis (Fig. S5), 
support the interpretation that the nanofibers 
are Fe oxides; however, a hydroxide compo-
nent cannot be excluded. Lack of uniformly 
shaped spheres or nanocrystals aligned along 
filamentous organic structures (e.g., Schef-
fel et al., 2006), expected for microbial Fe-
(hydr)oxide, indicates that the Fe (hydr)oxides 
here are abiotic, likely formed after the main 
serpentinization.

Large patches (10–20 μm) of CCM occur 
within cavities between olivine, mesh serpen-
tine, and/or magnetite grains (Fig. 1A). At the 
edges of the patches, disorderly Fe-(hydr)oxide 
fibers grow out from micron-sized serpentine 
and magnetite grains, penetrating as much as 
50 nm into the CCM (Fig. 1D). CCM is also 
found within nanometer-sized serpentine pores 
and are commonly associated with Fe-(hydr)
oxide grains that coat the serpentine pore 
walls (Figs. 1E and 1F; Fig. S4). Nanoporosity 
(median pore size = 50 nm) is abundant through-
out all samples and concentrated within mesh 
cores (Fig. 2).

CARBON NANOGEOCHEMISTRY
Raman spectra from large patches of CCM 

(Fig. 3A) show modes corresponding to CH2 

deformation (1300 cm−1) and C-H deforma-
tion (1450 cm−1) and a broader region between 
2850 and 2960 cm−1 (CH2 stretching at 2850 and 
2880 cm−1; CH3 stretching at 2960 cm−1) indi-
cating the presence of aliphatic compounds. A 
weak mode close to the 1600 cm−1 region indi-
cates that CCM has an aromatic component. 
Non-contact mode atomic force microscopy 
imaging (Fig. 3B) combined with principle com-
ponent analysis (see the Supplemental Material) 
of hyperspectral PiFM images (Fig. 3C) con-
firms that individual nanopores are filled with 
CCM with a distinct aromatic C = C stretching 
mode (Fig. 3D). The direct CCM-nanoporosity 
association is further corroborated by visual-
izing the aromatic C = C stretching mode at 
1492 cm−1 across an area of 2.3 μm2 (Fig. 3E). 
Here, >70% of the nanoporosity contains CCM.

As a reference, we also prepared a FIB foil 
in an area of the sample that showed neither 
macroscopically identifiable organics nor mag-
netite grains. TEM analysis reveals the ubiq-
uitous presence of nanoporosity, but no CCM 
was detected with either EDX-STEM mapping 
or PiFM analysis (Fig. S9).

ORIGIN OF THE CONDENSED 
CARBONACEOUS MATTER

The CCM has aliphatic and/or aromatic 
groups and no evidence for functional groups. 
In contrast, vibrational spectroscopy of microor-
ganisms and extracellular polymeric substances 
show a variety of different functional groups. 
Prokaryotic microorganisms are typically a 
few micrometers large and are thus unlikely to 
colonize the observed serpentine nanoporosity 
(Ménez et al., 2018). Vibrational modes char-
acteristic for thermal degradation of biogenic 
organic matter, i.e., graphitic carbon (e.g., 
Dodd et al., 2019), are also absent. A lack of 
functional groups is consistent with suggested 
abiotic CCM in serpentinites from the Ligurian 
Tethyan ophiolites (Sforna et al., 2018). It is also 
expected that any externally derived C-O-H flu-
ids that could carry hydrocarbons would result in 
homogeneously distributed organics within pore 
spaces rather than the specific association to Fe 
oxides observed here. Hence, based on molec-
ular and microstructural evidence, we suggest 
that the CCM identified here is of abiotic origin.

The direct association of CCM with Fe 
oxides suggests that organic synthesis may 
have occurred via a Fischer-Tropsch–type 
mechanism, likely constraining the tempera-
ture conditions to <200 °C (McCollom, 2013), 
concomitant with the inferred serpentinization 
conditions (200–300 °C). Future investigations 
will need to determine the formation conditions 
and catalytic activity of nanoscale Fe oxides 
(Fig. 1). Even if the Fe minerals are hydrox-
ylated, nanoscale Fe (hydr)oxides may have 
different catalytic activities compared to their 
macroscopic counterparts.

Fi g u re  1.  S p a t i a l 
association of carbo-
naceous matter with Fe 
oxides and serpentinite 
nanoporosity. (A) Back-
scattered electron image 
of microscale condensed 
carbonaceous matter 
(CCM) and its associa-
tion with magnetite (Mag; 
dashed line is focused 
ion beam foil location). 
(B) High-angle annu-
lar dark-field–scanning 
transmission electron 
microscopy image show-
ing location of CCM 
along the serpentine 
(Srp)–magnetite inter-
faces. Pt—platinum. (C) 
Enlarged view of area 
shown in B. (D) Transmis-
sion electron microscopy 
(TEM) image showing Fe-
oxide nanofibers at the 
CCM-serpentine interface 
shown in B. (E,F) Enlarged 
view of area shown in B 
(E) and corresponding 
energy-dispersive X-ray 
spectroscopy (EDX) 
maps for carbon (red), 
iron (white), and silicon 
(blue) (F).
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Fluids released from the subducting slab are 
a likely carbon source for driving abiotic synthe-
sis of CCM within forearc-derived serpentinites. 
A first estimation indicates that 280 mol CO2/m3 
rock are required to generate CCM, assuming 
10% of the nanoporosity is catalytically active 
(see the Supplemental Material). Although we 
are lacking key parameters to determine the 
catalytic activity of serpentinites, the afore-
mentioned CO2 amount is marginal compared 
to recent observations suggesting that as much 
as 1.3 × 1010 mol/yr could be released from slabs 
into the forearc (Barry et al., 2019). Transport 
of CO2-bearing fluids would be dominated by 
fracture flow; however, a chemical exchange 
between fractures and the nanoporous rock 
matrix would be aided by electrokinetic trans-
port phenomena (Plümper et al., 2017b) facili-
tating a continuous renewal of fluids even in 
dead-end pore systems (Kar et al., 2015). The 
chemical exchange across fracture walls into 
nanoporous serpentinites has already been sug-
gested to aid CH4 synthesis (Le et al., 2017), but 
exact mechanisms have yet to be investigated. 

Similarly, organic molecule synthesis and CCM 
formation, enabled by the low aqueous solubil-
ity of organic molecules (Kamlet et al., 1987), 
should result in chemical gradients encouraging 
CO2 to enter the pores.

NANOSCALE EFFECTS ON 
ABIOGENIC SYNTHESIS

A potential missing link between the abi-
otic synthesis in natural subsurface systems 
and the inconsistent observations of Fe-oxide, 
particularly magnetite, catalysis in experiments 
(McCollom, 2013) could be the physical effects 
associated with the ubiquitous presence of nano-
porosity. As highlighted above, the Yap Trench 
samples show a direct association between CCM 
and nanoporosity, suggesting that nanoscale 
effects are potentially significant. Previous stud-
ies have shown that nanoporosity is ubiquitous 
in serpentinites (Tutolo et al., 2016) and could 
potentially account for as much as 90% of the 
total mineral surface area in any rock (Wang 
et al., 2003). Decreasing Fe-oxide grain size to 
the nanoscale (Fig. 2; Fig. S4) should enhance 

catalytic activity due to a substantial increase in 
surface area (e.g., Pour et al., 2010). An estimate 
based on the TEM images (Fig. 1D) suggests 
that the Fe-(hydr)oxide nanofibers observed here 
contribute to a twofold increase in surface area 
compared to a single magnetite crystal occupy-
ing the same volume.

Geometric confinement in nanopores has 
the potential to reduce the activation energy 
of various chemical reactions (Santiso et al., 
2005), which in turn would increase the reac-
tion rate and enhance reaction yields (Derouane 
et al., 1988; Turner et al., 2002). Recent stud-
ies indeed suggest that confinement of fluids 
within natural nanopores leads to physico-
chemical processes that substantially deviate 
from those occurring in microporous systems 
(e.g., Plümper et al., 2017b; Cole and Striolo, 
2019). Molecular simulations also indicate that 
nanopores promote the partial reduction of CO2 
to CO (Le et al., 2019). Because the mixture of 
CO and H2 is the feedstock for organic synthe-
sis via Fischer-Tropsch-type (FTT) reactions, 
rather than the more naturally abundant CO2, 
this would enhance the catalytic potential of 
serpentinizing systems.

An increase in CO within the nanoporos-
ity (Cole and Striolo, 2019) may also aid CCM 
precipitation. Experiments show that CO present 
during FTT synthesis promotes C-C bond for-
mation, aiding condensed hydrocarbon growth 
(Weststrate et al., 2020). Thus, CO in nanopores 
not only may be crucial during initial synthe-
sis stages, but also may play a vital role dur-
ing CCM precipitation. Catalytic cracking of 
potentially produced CH4 may also yield car-
bonaceous matter (Amin, et al., 2011). More-
over, confinement in nanopores may dramati-
cally increase the local CO and CO2 solubility 
(e.g., Cole and Striolo, 2019) and as such may 
increase the local C/H2 ratio, supporting aro-
matic molecule synthesis (Zolotov and Shock, 
2000). In turn, a lower C/H2 ratio within larger 
pores could promote the synthesis of aliphatic 
compounds, explaining the differences in the 
here-observed CCM compositions.

CONCLUSIONS AND OUTLOOK
We have combined correlative micro- and 

nanostructural imaging with (nanoscale) vibra-
tional spectroscopy to investigate carbona-
ceous matter within serpentinites from the Yap 
Trench. Our results suggest that the organics 
are of abiotic origin, and, as such, the serpen-
tinites studied here represent some of the first 
potential evidence for abiotic organic carbon at 
a subduction-zone trench. Based on our obser-
vations, we suggest that geometric confinement 
and nanostructured, catalytically active metal 
oxides may play an essential role in the abi-
otic formation of organics during serpentini-
zation. In conclusion, geochemical processes 
in nanoporous media, such as serpentinites, 

D
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C

Figure 2. Nanoporosity within Yap Trench (western Pacific Ocean) serpentinites. (A–C) 
High-angle annular dark-field–scanning transmission electron microscopy images show-
ing morphology and distribution of pore space within serpentine mesh cores. Pore walls are 
commonly coated with Fe oxides as shown in Figure 1E. Fe-oxide aggregates are scattered 
throughout the mesh core as depicted in C. (D) Probability density of pore diameter in ser-
pentine mesh cores (N = 466 pores).
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are largely unexplored despite their potential 
to support deep-seated biological ecosystems 
(Ménez et al., 2018) and to generate the first 
building blocks for the origin of life (Russell 
et al., 2010).

Based on our findings, future studies on 
abiotic organic synthesis mimicking natural 
hydrothermal systems need to focus on the 
combined efficiency of catalytically active, 
nanocrystalline minerals and nanoconfine-
ment effects. It will be critical to determine 
how confinement affects physical properties 
of geo-fluids and evaluate the surface chem-
istry of pore walls. Magnetite surfaces in the 
chemical industry react with gaseous carbon 
oxide (e.g., CO) and are subsequently con-
verted into Fe metal and/or Fe carbides (e.g., 
de Smit and Weckhuysen, 2008). However, 
these phases have never been documented in 
natural systems. With atomic-resolved chem-
ical imaging via aberration-corrected TEM 
(Livi et al., 2013) and atom probe tomogra-
phy (Saxey et al., 2018), it may be possible to 
identify these surface catalytic sites. More-
over, as in situ liquid and/or gas-cell TEM (Li 
et al., 2015) and X-ray microscopy (Meirer and 
Weckhuysen, 2018) become readily available, 
it may also be possible to directly observe min-

eral-based catalysis at the nanoscale. These 
analytical and experimental tools will allow 
us to obtain unprecedented new knowledge 
about the physicochemical mechanisms oper-
ating during serpentinization-driven catalysis.
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