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Gas hydrates are a significant energy resource and are usually detected by bottom simulating reflection and submarine geochemi-
cal anomalies. Authigenic minerals are related to gas hydrates, with carbonates, sulfates and sulfides being important tracing min-
erals. Authigenic tubular pyrites were collected from offshore southwest Taiwan in the South China Sea, and were investigated by
scanning electron microscopy(SEM) and high-resolution transmission electron microscopy (HRTEM). Authigenic tubular pyrite
was composed of framboidal pyrite, within which nanosized graphitic carbon of low crystallinity was discovered. The graphitic
carbon coexisted with pyrite and had a texture similar to carbon nanotubes and nanocones, indicating that they likely precipitated
from carbon supersaturated C-H-O fluid. Pyrite may act as a catalyst for the conversion of CH, to C. The discovery of nanosized
graphitic carbon in pyrite indicated it was deposited in sediments that were supersaturated with methane fluid. Thus, nanosized
graphitic carbon may be another tracing species for submarine gas hydrates. The discovery of nanosized graphitic carbon depos-
ited in a low temperature environment will enlighten our understanding of the laboratory synthesis and industrial production of

graphitic carbon.
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Gas hydrates are an ice-like crystalline material consisting
predominantly of methane and water molecules, and are
formed under high pressure and low temperature on conti-
nental slopes/rises [1]. As a newly discovered clean energy
source during the last two decades, gas hydrates are gaining
worldwide attention on account of their importance in en-
ergy exploration, and through increasing awareness of sea-
floor structure geo-hazards (stability) and global climate
change. Gas hydrates predominantly occur at depths of
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300-3000 m around the edges of continents and in marginal
marine basins. Most information on the distribution, con-
centration, composition and origin of gas hydrates in deep
marine sediments comes from geophysical evidence such as
bottom simulating reflection and strong seafloor acoustic
reflectivity. These techniques are commonly used to infer
the distribution of gas hydrates on continental margins, in
addition to gas hydrate samples collected during the deep
sea drilling project and ocean drilling program.

Pyrite is a common authigenic mineral within the marine
sediments of the continental margin. It is the product of
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sulfate reduction and records information about changes in
sediment environment, so is an important research focus for
early stage diagenesis. Under normal marine environmental
conditions, pyrite arises from the bacterial reduction of sul-
fate, which enables the biogenic oxidation of organic matter
by anaerobic microorganisms (reaction (1)). Within CHy-
containing marine sediments, pyrite is the product of the
anaerobic oxidation of methane (AOM), performed by nu-
merous methanotrophic archaea and sulfate reducing bacte-
ria (reaction (2)).

2CH,0+S03 —H,S+2HCO; (D)
CH, + SO~ — HCO; +HS +H,0 2)

Sassen et al. [2] discovered rods/tubes of framboidal py-
rite in sediments from the Gulf of Mexico continental slope,
and concluded they were formed by the anaerobic oxidation
of sulfate. The released HS™ reacted with free Fe, and pre-
cipitated pyrite was fossilized by giant filamentous bacte-
rium Beggiatoa within the sediment. Huang et al. [3] re-
ported that pyrite tubes from sediments southwest of Tai-
wan may also act as micro-vents for methane seepage from
marine sediment. Lu et al. [4] demonstrated that authigenic
pyrite content in sediments from the Southwest Taiwan Ba-
sin had organic carbon content and sulfate/methane concen-
trations consistent with those from pore water. Until now,
direct evidence of the genetic relationship between authi-
genic pyrite and gas hydrates is still lacking.

In the current study, field emission scanning electron mi-
croscopy (FESEM) and high resolution transmission elec-
tronic microscopy (HRTEM) were used to observe the
shapes and structures of authigenic pyrites from sediments.
Pyrite tubes were predominantly composed of framboidal
pyrite, within which nano-sized graphitic carbon of low
crystallinity was discovered. The implications of graphitic
carbon for tracing gas hydrates are discussed.

1 Geological setting of the study area

The South China Sea (SCS) is one of the biggest marginal
seas in the West Pacific, and is located at the junction of the
Eurasian, Pacific and Indian-Australian tectonic plates.
Margins of the SCS exhibit a unique and complex tec-
tono-sedimentary framework [5]. Since the Mesozoic era,
the SCS has developed several basins and terraces abundant
in organic materials following a series of structural move-
ments, and thus formed a favorable place for the deposition
of gas hydrates [6-8]. It is generally accepted that the ex-
tensive stretching and thinning of the continental crust be-
tween China and Borneo took place in late Mesozoic era, as
a result of sustained subduction at the western margin of the
Pacific plate. The offshore area of southwest Taiwan in the
SCS is a complicated sedimentary framework formed under
tectonic conditions described as follows: the SCS NW mar-
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gin is a passive tectonic margin formed from 1-3 km thick
sediment. The eastern margin is an active collisional margin,
composed of active margin sediment in a forearc trench on
the depressed eastern margin of the SCS plate and in imbri-
cated sediments of the Heng-Ch’un Ridge. The middle re-
gion is composed of passive margin sediment that has been
encroached upon by the active margin, with a resulting thick
sediment build-up (>8 km) [9]. The tectonic framework of
southern Taiwan is predominantly controlled by the colli-
sion of an accretionary wedge on the ocean-side of the vol-
cano arc. The thick sedimentation of the fore-arc trench
located in the west of the thrust deformation zone [9] was
caused by sedimentation and subduction of the ocean crust.
The sediments of the accretionary wedge exhibit secondary
deformation. The western anticline is enveloped by the
eastern inclined imbricate thrust fault [10]. Previous studies
showed that there are three potential regions for gas hydrate
reserves southwest of Taiwan, all possessing similar struc-
ture and stratum. Gas hydrate formation is most favorable in
water depths of 1-3.5 km within these three prospective areas
[9]. Sampling evidence for gas hydrate deposits have now
been found in the SCS, with several prospects having been
initiated [7,11-13]. Gas hydrate specimens have been sam-
pled 200 m under the sediment surface in the Shenhu
Area [14].

2 Materials and methods

Pyrites were collected from the GC10 site (21.3°N,
119.19°E, Figure 1), which was drilled by gravity piston
during SO-177, operated by Ocean IV from the Guangzhou
Marine Geological Survey and SONNE from Germany in
2004. The sampling site was 3008 m in depth and had a 973
cm bore. It is located in the northeast SCS, near the bottom
of the continental slope of Taiwan Island. During SO-177,
methane-fueled microbial communities and bivalves were
discovered by SONNE for the first time. Carbonate chim-
neys formed by methane vent were also observed [15]. A
bottom simulating reflection has also been detected and
revealed the occurrence of gas hydrates [16]. Samples were
preserved at 4°C following return from the sampling site.
After drying, 7.00 g was sampled each time staring at the
top of the core and working down at intervals of 20 cm.
Samples were sieved with distilled water using a 0.063 mm
sifter, and pyrite and microfaunas remained after the wash-
ing out of clay minerals. Pyrites were tubular, spherical and
some were filled with microfaunas. Tubular pyrites were the
most commonly observed, in both hollow and solid form of
0.10-6.00 mm in length and 0.25-0.30 mm in outer diame-
ter. Their spherical structure was obvious from their cross
sections, and their inner layer consisted of framboidal pyrite.
Pentagonal dodecahedron-like pyrite particles were packed
closely in the center, and were surrounded by pyrite parti-
cles and other debris [17].
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Figure 1 Sampling location of GC10 core (black dot) in bathymetry of
the South China Sea (modified from Guo et al. [18]).

Tube pyrites in sediments were handpicked with the aid
of a stereomicroscope, and their shapes and structures were
observed using SEM and TEM. SEM samples were pre-
pared from original tube pyrite, and polished thin sections
on sample stages were then carbon-coated. SEM imaging
was performed at the Material Sciences Center, University
of Wisconsin, USA, using a Zeiss 1500XB Cross Beam
Workstation equipped Quanta 400 SEM with a Genesis en-
ergy-dispersive X-ray spectroscopy (EDS) probe made by
EDAX. TEM samples were prepared by dispersing powders
of tube pyrite on a sample vessel. TEM and selected-area
electron diffraction (SAED) measurements were obtained
using a Philips CM 200UT microscope (spherical aberration
coefficient (Cs) of 0.5 mm, and point-to-point resolution of
0.19 nm) equipped with an EDS analyzer (NORAN Voyag-
er), operated at an accelerating voltage of 200 kV.

3 Results

3.1 SEM

SEM images showed the Southwest Taiwan Basin pyrite
was mainly composed of framboidal pyrite (Figure 2a, b, d).
In the tube pyrites inner wall, framboidal pyrites were
packed with octahedral microcrystals (Figure 2d). Within
the middle layer, spherical pyrite aggregates consisted of a
framboidal core with pyrite spherules. The core was com-
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posed of pyrite microcrystals, and the entire pyrite octahe-
dron was aggregated to the wall of the tube (Figure 2b).
There were other minerals present including quartz, silicate
and sulfate. EDS indicated that C was also present (Figure
2f). Filamentous material was present on the pyrite surface
(Figure 2c), and was composed of C (Figure 2e) which may
have resulted from bacteria.

3.2 HRTEM

Framboidal pyrite was observed using HRTEM and na-
nosized graphitic carbon (Figure 3) was discovered. Faint
diffraction mottles in the SAED pattern of graphitic carbon
(Figure 3e) indicated that crystallinity was low. There were
also some bright diffraction mottles belonging to the host
pyrite. The EDS spectrum (Figure 3d) showed strong peaks
characteristic of Cu, S, Fe and C. The Cu peak arose from
sample holder, and S and Fe from pyrite. Their coexistence
indicated the close intergrowth relationship between gra-
phitic carbon and pyrite.

Figure 4 shows HRTEM images of various nanosized
graphitic carbon shapes from the samples. Two types of
graphitic carbon were apparent, including nanotubes and
nanocones (Figure 4f). The former were characterized by
polygonal flakes (Figure 4a, b, c, e) with long-range ordered
aromatic layers and graphitic plates (Figure 4d,e). The dia-
meter of the polygonal flakes was generally 10-20 nm, and
they were composed of several graphite layers. The layers
were composed of 2—-10 layers and the maximum plate dia-
meter was 20 nm. The tubular graphite cone was composed
of four cylindrical graphite sheets, with hollow interiors and
a maximum length and width of 58.19 and 8.71 nm, respec-
tively. They had similar microstructures with the cylinder
structure being intermediate of graphite cones and graphitic
carbon nanotubes. Layer length increased upon proceeding
from inner to outer layers of the nano graphite cone. Micro-
and nanoscale graphite cones and tubes have been observed
in graphite ores in a previous study [19].

4 Discussion

Within the continental shelf environment, large amount of
terrigenous materials are transported to the ocean, and sub-
sequently deposited along the continental margin. Much
organic material is also deposited, such as that found in the
Southwest Taiwan Basin in the SCS. In the anoxic envi-
ronment, anoxic sulfate reduction and permanent burial are
the two primary pathways that determine the fate of sedi-
mentary organic carbon in shelf sediments [20]. Within an-
oxic sediment, organic carbon is usually degraded to CHy,
CO, and H, by methanogenic bacteria. As the end product
of carbon degradation, graphitic carbon is extensively ob-
served in reduced sediment environments. The transfor-
mation of carbonaceous matter through prograde metamor-
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Figure 2 SEM images and EDS spectra of tube framboidal pyrite from the Southwest Taiwan Basin. a, b and d, framboidal pyrite; c, filaments on fram-
boidal pyrite surface; e, EDS spectrum and chemical composition of filaments at point e in ¢; f, EDS spectrum microcrystals at point f in d. Sample number

was GC10-19b.

phism (graphitization) and deposition from C-O-H fluids
are the two major processes responsible for the formation of
graphite in rocks [21]. The former arises from the in situ
metamorphism of organic matter within host sediments, and
typically occurs as dispersed graphite flakes. Such graphite
is usually referred to as syngenetic graphite. In contrast,
fluid-deposited graphite is precipitated from C-O-H fluids
that have become saturated with respect to graphite, and
typically occurs in veins. This formation is referred to as
epigenetic, because the graphite is formed later than the
rocks that host it. In the current study, graphite occurred
within the authigenic pyrite tube, and the mineralogical
study indicated there were no graphite grains within the
surrounding deep sea mud. Thus, the graphitic carbon was
most likely deposited from C-H-O saturated fluid.

Luque et al. [21-23] and Pasteris and Chou [24] system-
atically studied the mineralogy and crystallinity of various
fluid-deposited graphite. Their studies demonstrated that
temperature was an important factor in the formation of
epigenetic graphite deposits. The formation temperature for
fluid deposited highly crystalline graphite is higher than that
for metamorphic graphite, since its nucleation and high
crystallinity growth in a carbon-bearing fluid required more
activation energy. This could be one of the reasons why
highly crystalline fluid deposited graphite is generally re-
stricted to high temperature environments [24]. The precip-
itation of graphite from low-temperature fluids requires two
conditions: the initial concentration of carbon in C-H-O
fluids needs to be very high (supersaturated) because carbon
solubility in low temperature C-O-H fluids is very high [25];
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Figure 3 HRTEM image and SAED pattern of nano-sized graphitic carbon from sample GC10-16b: a, TEM image; b and ¢, HRTEM images where b and
¢ are magnifications of rectangles b and c respectively; d, EDS spectrum; e, SAED pattern of graphitic carbon.

deposited graphite crystallinity will be very low (even
amorphous) because lower crystallinity material is easier to
nucleate [21].

Gas hydrates are stable at low-temperature (usually less
than 10°C) [26]. The precipitation of low crystallinity
graphite at this temperature indicated the C concentration of
the fluid was very high. Graphite precipitation is described
by chemical reaction (3):

CH4#+0, — C+2H,0 3)

In the upper area of the gas hydrate-bearing sediment,
gas hydrates will decompose into water and methane when
temperate increases and/or pressure decreases:

(CHy)(H,0)s —~ CH, + 6H,0 )

Low crystallinity graphite and nanotube-like carbon are
closely associated with pyrite framboids, indicating that
they may be syngenetic. Nano-sized elemental C suggested
that gaseous methane was probably present in fluid. When
upwelling methane-bearing fluid met the pyrite microcrys-
tals, methane and oxidants (Fe**, Mn*" and O,) exchanged
electrons on the pyrite surface. This incomplete oxidation
resulted in the transformation of methane to nanosized ele-
mental C. Pyrite is a semiconductor and may have served as

a catalyst during reaction (3). Currently, the most effective
method for preparing carbon nanotubes is thermal chemical
vapor deposition. Carbon matter is vaporized and then de-
posited as carbon nanotubes using various metal catalysts
including Fe, Co and Ni [27]. This synthesis can also be
performed in solution in the presence of solid catalysts
[28,29].

The location of the GC10 core is believed to be a poten-
tial area for gas hydrate deposits, and authigenic minerals
such as pyrite and carbonate (aragonite, high-Mg calcite and
dolomite) have been reported in previous studies. Geo-
chemical and geophysical evidence also suggests that gas
hydrates are likely to occur in this region [3,4]. The discov-
ery of nanosized graphitic carbon within authigenic pyrite
tubes suggested that CH, supersaturated C-H-O fluid is
probably present in the marine sediments, and may be a
mineral indicator for gas hydrates. The discovery of low
temperature deposited graphite has implications for the in-
dustrial room temperature synthesis of graphite.

5 Conclusions

Nano-sized graphitic carbon was found in authigenic tubu-
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Figure 4 High-resolution TEM images of nanosized graphitic carbon structures in pyrite. a, Ring-shape; b, graphitic carbon; ¢, growth defect; d, carbon
plate; e, nanotube; f, graphitic cone. The sample number of a, d, e and f was GC10-16b, and that of b and ¢ was GC10-19b.

lar pyrite from the GC10 site; a prospective area offshore
southwest Taiwan, South China Sea. The carbon showed a
low degree of crystallization, which indicated it crystallized
from reduced methane supersaturated C-H-O fluid. Fram-
boidal pyrite may act as a catalyst in the precipitation of
carbon. Authigenic pyrite containing carbon inclusions may
be used as a tracing mineral for gas hydrates in marine
sediments.
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