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Abstract
In this study, cored sediment samples collected by the Jiaolong Submersible at 6 779 m depth
from the hadal zone of the Yap Trench in May 2016 were sliced in 1-cm interval from top to bottom, and
lipids in each sediment layer were quantitatively and qualitatively analyzed. The vertical distribution proﬁles
of the lipids in the sediment sample, their main existing forms, and their possible sources were investigated.
The results show that the concentration of lipid in the surface sediment was the highest with the carbon
number from 12 to 27, dominated by medium and short-chain lipids. The total concentration of fatty acids
in surface sediment was much higher than those in the oﬀshore and deep-sea areas, being up to 325.77 μg/g
due to the funnel eﬀect caused by the “V” terrain of the trench. Fatty acid 18׃0 was the most abundant
lipids in the sediment sample. Abnormal high concentrations of fatty acid 18׃1ω7 and alkanes indicated the
existence of hydrothermal ﬂuids in the study area. In addition, saturated fatty acids and monounsaturated
fatty acids existed mainly in free form, and polyunsaturated fatty acids existed mainly in bound form. Most
of the alkanes were in bound form, and their major source was autochthounous input. The carbon number
of alcohols in the sediment sample ranged from 12 to 20, mainly existed in bound form. The source of fatty
acids was mainly autochthonous input, and the neutral lipids had both marine and terrestrial origin. This is
the ﬁrst study of lipids in hadal sediment of the Yap Trench. The results will promote deeper understanding
of organic carbon cycle in marine environment.
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1 INTRODUCTION
In marine environment, the hadal zone is 6 000 m
below sea level. It is the deepest area of the ocean and
has unique biological community. Hadal sediments
constitute one of the most important benthic
environments for hadal biological communities,
providing abundant, continuous, and long-time scale
environmental information (Chen, 2002). To study
the biogeochemistry of sediments, biomarkers are
considered as a powerful tool for the uniqueness of
the source and the structural stability. Studying
biomarkers allow us to track the sources and migration
and transformation pattern of substance, to investigate

the sedimentary characteristics, and to provide
information for understanding biogeochemical
processes in sediment. Biomarker can also provide
useful information on paleoceanography.
Lipids are important biomarkers in the ocean,
especially in sediments, organisms, and suspend
particles. They are widely used in marine
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biogeochemical research. For example, studies about
biomarkers in surface sediment in the Yellow Sea and
the Bohai Sea indicated that the main components of
their sediments were a mixture of terrestrial and
marine sources. In the middle Yellow Sea, lipids in its
muddy sediment were mostly terrestrial origin (Gao
et al., 2017). Connelly et al. (2016) studied the
seasonal distributions of fatty acids in the sediment
and analyzed the fatty acids in suspended particulate
organic matter of the Beaufort Sea in the Canadian
Arctic. Their results show that the composition of
fatty acids in winter was mainly insoluble saturated
fatty acids. Budge and Parrish’s (1998) study of fatty
acids in sediment of a fjord-like bay in the eastern
Newfoundland, Canada, show that fatty acids were
from diatom and dinoﬂagellates and were eﬀectively
recycled through the diagenetic process at the
sediment-water interface. The main source of fatty
acids in the sediments is bacterial and terrigenous
inputs (Budge and Parrish, 1998; Budge et al., 2001).
In studies of deep-sea sediments (3 000–3 300 m) in
the Indian Ocean and the Atlantic Ocean, Peng et al.
(2011) inferred that the sources of organic matter
were mostly from marine photoautotrophic organism
production and terrestrial input based on the isotopic
composition of n-alkanes. However, due to the
diﬃculties of arrival and sampling, current study of
lipids in sediments is mostly concentrated in the
oﬀshore areas. Until now, few studies focused on
lipids in hadal sediments (Guan et al., 2019), and
characteristics of lipids in abyss and hadal zone
sediment of the Yap Trench are still undocumented.
The Yap Trench is located in the southeastern part
of the Philippine Sea Plate in the Western Paciﬁc
Ocean. It is a complex structural area among the
Philippine Sea Plate, the Caroline Plate, and the
Paciﬁc Plate. Its deepest point is at 8 527 m. Recently,
China has conducted a comprehensive study of
marine benthos in the trench, including their
biodiversity and population structure, distribution of
benthic animals, environmental adaptability of seabed
microbes, and cellular components of various
organisms. Zhu et al. (2015) identiﬁed a kind of blind
shrimp Rimicaris exoculata collected from the Yap
Trench, and they found that the concentrations of
fatty acids 16׃1 and 18׃1 in it was signiﬁcantly higher
than those in the coastal shrimps. This blind shrimp
was found in the sea bottom under extreme
hydrothermal conditions. The lipids in the cells play a
crucial role in its survival in extreme environments
and provide a new perspective for studying lipid
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biomarkers (Zhu et al., 2015).
The “V” terrain and hydrothermal activity at the
Yap Trench have remarkable inﬂuence on the
concentrations and distributions of various substances
in the sediment from its abyss and hadal zone.
Exploring lipid biomarkers in the hadal sediment will
be helpful to understand the biogeochemical
processes, and the degradation and burial of organic
matter in the hadal environments. This study is the
ﬁrst report about lipid characteristics in the sediment
from the Yap Trench. Various lipids, including
saturated fatty acids (SFA), monounsaturated fatty
acids (MUFA), and polyunsaturated fatty acids
(PUFA) as well as neutral lipids such as alkanes,
alcohols, sterols, and phytol, were analyzed
qualitatively and quantitatively. Their vertical
distribution characteristics, sources, and morphological
changes in the sediment were tracked. This research
will be signiﬁcant on studying biogeochemical
processes in deepsea area, especially in hadal zone.

2 MATERIAL AND METHOD
2.1 Study area
Sediment samples were cored and collected by the
Jiaolong manned submersible carried by R/V
Xiangyanghong 09 in May, 2016. A metal multi-tube
sampler carried by the submersible was used to collect
sediment sample in the Dive111 station (138°30.94′E,
9°52.06′N) at 6 779 m depth on the west side of the
Yap Trench. After the submersible returned to R/V
Xiangyanghong 09, sediment samples were sliced in a
1-cm interval into 7 layers and frozen stored at -20°C
for future analysis. The sediment contained khaki
clay and black iron-manganese nodules. Ironmanganese nodules were mainly distributed in 3–5 cm
layers. Figure 1 shows the sampling location and the
station map.
2.2 Lipids extraction
In this study, concentrations of various lipids in
free and bound forms in the sediment layers were
determined. The method was based on a published
procedure (Ding and Sun, 2005). The method can be
described brieﬂy as follows.
After the sliced sediment sample thawing, about
0.5 g sediment was used to measure its water content.
The sediment sample was transferred in a glass
centrifuge tube and placed in a vacuum freeze drier
(Christ ALAPH 4-LD Plus). After freeze-drying 48 h,
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Fig.1 Geographic information of the study area and the sampling station
PHS: the Philippine Sea plate; PAC: Paciﬁc plate; CP: Caroline plate; MT: Mariana Trench; YT: Yap Trench; PT: Palau plate; CR: Caroline Ridge; YI: Yap Island.

the sediment was taken out for weighing. After
30 min, repeated the above steps until the constant
weight was reached. The water content was calculated
by the subtraction method (Yue et al., 2018). About
1.5–2 g of the sediment sample was used for lipid
analysis. For free lipids analysis, the sediment was
extracted once with about 10 mL of methanol, and
three times with 10 mL CH2Cl2-CH3OH (v׃v=2׃1)
solution. Each extraction was subjected to vortex
mixing (1–2 min), sonication (1–2 min), and
centrifugation (2 500 r/min for 10 min at 4°C). The
supernatant of each extraction was transferred to a
separate funnel. Then a small amount of 5% NaCl
solution was added to the combined supernatant to
form a CH2Cl2 phases. After standing for 6 h, the
CH2Cl2 phase was released into a pyriform ﬂask and
about 10 mL of CH2Cl2 was added to the separate
funnel to extract the supernatant again. After three
extractions, the organic solvent in the pyriform ﬂask
was evaporated in a rotary evaporator. Then 0.5 mol/L
KOH-CH3OH solution (3×3 mL) was used to wash
the lipids into a 20-mL test tube and saponiﬁed in a
100°C metal bath for 2 h (SCILOGEX HB120-S).
The neutral lipids were extracted by 5 mL n-hexane
three times from the solution. After rotary evaporation,
the neural lipids were transferred into a 4-mL vial by
3×1 mL hexane. The hexane was blow-dried by
nitrogen gas and then the neutral lipids were reacted
with 100 μL BSTFA (Bis (trimethylsilyl)
triﬂuoroacetamide) in 100-μL acetonitrile at 100°C
for 2 h. After blowing-oﬀ BSTFA and acetonitrile,
50 μL 5α (H)-cholestane internal standard (2 mg/mL

cholestane/hexane solution) was added in the neutral
lipids for future analysis. For fatty acid extraction,
HCl solution (6 mol/L) was added to the remaining
solution in the test tube until pH<2. The fatty acids
were extracted by 3×5 mL n-hexane and transferred
into a pyriform ﬂask. After rotary evaporation, the
fatty acids were washed by 3×1 mL BF3-methonl and
3×1 mL methanol into a 20-mL test tube and then
esteriﬁed at a 100°C for 2 h to form fatty acid methyl
esters (FAMEs). The FAMEs were extracted by
3×5 mL hexane. The FAMEs were transferred into a
4-mL vial by 3×1 mL hexane after rotary evaporation.
The hexane was blow-dried by pure N2 and internal
standard nonadecanoic acid methyl ester (1 mg/mL in
hexane) was added in the vial for future analysis of
FAMEs. After extraction of free lipids, about 20 mL
0.5 mol/L KOH-CH3OH solution was added to the
sediment residue and then heated at 100°C for 2 h.
The following steps were the same as the procedures
used for separation and extraction of free lipids as
described above. Recovery test showed that relative
standard deviation of the whole extraction methods
was ±2.6% (Sun et al., 1997).
All the extracted lipids were qualitative analyzed
by gas chromatography-mass spectrometry (GC-MS:
Agilent 7890A-5975C) and quantitative analyzed by
gas chromatography (GC: ECHROM A90) with
automatic injector and ﬂame ionization detector
(FID). The lipids were separated by a 30.0 m×
250 μm×0.25 μm column (HP-5MS, Agilent) coated
with (5%-phenyl)-methylpolysiloxane copolymer.
The oven temperature gradients of the GC and GC-
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MS were as follows: for neutral lipids, the temperature
was raised from 50°C to 200°C at 30°C/min, stayed
for 10 min, then increased to 215°C at 5°C/min,
followed by 220°C at 1°C/min and stayed for 2 min,
and ﬁnally increased to 280°C and stayed for 30 min;
for fatty acids, the temperature was raised from 40°C
at 30°C/min to 200°C, then at 5°C/min to 215°C,
continued heated at 1°C/min to 220°C, stayed at
220°C for 2 min, then increase at 10°C/min to 280°C
for 4 min, ﬁnally increase to 310°C at 20°C/min and
stayed for 5 min. The errors of peaks area and retention
time by this GC analysis was less than 3%.
2.3 Measurement of δ13C of FMAEs
The FAME samples were further analyzed using
GC-IRMS (Thermal Finnigan, Mat 253 Plus) to gain
δ13C information to track the source of the fatty acids
in the sediment samples (MacAvoy et al., 2002). The
temperature was raised from 100°C to 190°C at
20°C/min, then increased to 235°Cat 1.5°C/min,
followed by 295°C at 20°C/min and stayed for
15 min. The FAMEs were separated by a 50.0 m ×
200 μm×0.3 μm column (HP-5). The injection volume
was 2 μL. The combustion temperature of the oven
was set at 850°C, which can turn all organic substances
into CO2. The carbon isotope standard was VPDB
(Vienna Peedee Belemnite) based on deﬁnition of
Coplen (1995). All FAMEs δ13C values were corrected
for the addition of the methyl group to the original
fatty acids based on the equation:
δ13CFAME=fFAδ13CFA+fmethanolδ13Cmethanol,
where δ13CFAME, δ13CFA and δ13Cmethanol are the δ13C
values of the FAME, the underivatized fatty acid and
the methanol, respectively. fFA and fmethanol are the
fractions of the underivatized fatty acid and methanol
in the FAME , respectively (Ballentine et al., 1996;
Uhle et al., 1997). In this study, the δ13Cmethanol was 43%.

3 RESULT
3.1 Distributions of fatty acids in the sediment
sample
There were 25 free and bound fatty acids identiﬁed
in the sediment samples at the Dive111 station,
including 7 SFAs (12׃0, 14׃0, 15׃0, 16׃0, 17׃0, 18׃0,
20 ׃0), 12 MUFAs (12׃1, 13׃1, 14׃1, 15׃1, 16׃1, 17׃1,
18׃1ω7, 18׃1ω9, 20׃1, 21׃1, 22׃1, 23׃1), and 6 PUFAs
(22׃3, 22׃4, 22׃6, 23׃1, 23׃2, 24׃4) (Fig.2). Except for
the 4-cm layer, the concentration of 18׃0 in all the
other layers was the highest, followed by 16׃0. The
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highest concentration of 18׃0 was detected in the
surface sediment, up to 120.97 μg/g. In addition, the
concentrations of 18׃1ω9 and 24׃4 were also high
(above 50 μg/g). Concentrations of other fatty acids
were below 20 μg/g, and the lowest value was
1.51 μg/g (13׃1). In all the sediment layers, shortchain and medium-chain fatty acids were dominated,
and long-chain fatty acid (carbon number>20) only
occupied a small fraction. For example, in 2-cm
sediment depth, short and medium-chain fatty acids
accounted for 95% of the total fatty acids. In addition,
long-chain fatty acids were all unsaturated.
The vertical distribution proﬁles of fatty acids
showed that the surface sediment layer had the highest
concentration of total fatty acids, up to 325.77 μg/g.
The concentrations of diﬀerent fatty acids in the
surface sediments varied signiﬁcantly. SFA was the
main component, accounting for 70% of the total
fatty acids; followed by MUFA, accounting for 19%
of the total fatty acids. The concentrations of SFA,
MUFA and PUFA had diﬀerent vertical variation
trends (Fig.3). Concentrations of SFA decreased
rapidly from surface to subsurface layer, and reached
minimum at 4-cm depth. Then its concentration
showed an upward trend in deeper sediment. As a
comparison, the concentrations of MUFA and PUFA
were the highest in the surface sediment layer; reached
a sub-maximal at 4-cm depth, and varied insigniﬁcantly
in deeper sediments. Except in the 4-cm sediment
layer, SFA was the main fatty acids in all the other
layers. At the 4-cm layer, MUFA was the main
component, accounting for 52% of the total fatty
acids, and PUFA, accounting for 36% of the total
fatty acids. Concentration of PUFA 22׃6 was the
highest in the 4-cm layer, accounting for 17% of the
total fatty acids, followed by MUFA 16׃1 and 17׃1,
accounting for about 8% of total fatty acids,
respectively. SFA 12׃0, 16׃0, 18׃0, and 20׃0 were not
detected in this layer. In other sediment layers,
concentration of SFA 18׃0 was the highest in both
free and bound forms. SFA 12׃0 was only detected in
the surface sediment layer as free form.
Generally, the main form of the fatty acids in the
sediments sample was free, but for various fatty acid
species, their main forms were diﬀerent. SFA and
MUFA mainly existed in free form, and PUFA mainly
existed in bound form. In the sediment sample, the
concentration of free SFA reached the maximum at
2-cm depth. Its lowest concentration occurred at 4-cm
depth. The bound SFA had the highest concentration
in the surface sediment, and its concentration decreased
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Table 1 δ13C values (‰) of fatty acids 16׃0 and 18׃0 in the sediment samples
Sediment depth (cm)

Fatty acid

0–1

1–2

2–3

3–4

4–5

5–6

6–7

16׃0 (free)

-33.14

-32.70

-32.11

-35.86

-32.80

-33.66

-29.04

16׃0 (bound)

-28.91

-37.64

-32.41

-33.18

-37.74

-33.52

-33.46

18׃0 (free)

-33.07

-32.71

N.A.

-33.72

-27.97

-36.82

N.A.

18׃0 (bound)

N.A.

-41.31

-32.23

N.A.

N.A.

N.A.

N.A.

N.A. means not available.
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0
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Fig.3 Vertical distributions of various fatty acids in
diﬀerent forms

with increasing sediment depth. The concentrations of
free MUFA and PUFA were much lower than that of
SFA, and their vertical distribution trends varied in
signiﬁcantly. The concentrations of bound MUFA and
PUFA reached the highest in the surface layer, and the
sub-maximal value appeared in 4 cm depth.
3.2 δ13C values of fatty acids 16׃0 and 18׃0 in the
sediment samples
Table 1 showed the δ13C values of two typical fatty
acids 16׃0 and 18׃0 in the sediment samples. Overall,
the δ13C values of fatty acids 16׃0 and 18׃0 ranged
from -28.91‰ to -37.74‰, and from -27.97‰ to
-41.31‰, respectively, with mean values -33.36‰
and -33.98‰, respectively. In 0–1 cm and 3–4 cm
layer, the δ13C values of free fatty acid 20׃0 were
-26.52‰ and -30.74‰, respectively.
3.3 Distributions of neutral lipids in the sediment
samples
In the Dive111 station, 31 neutral lipids were
identiﬁed in free or bound form in the sediment
sample, including 14 alkanes (14׃0, 15׃0, 16׃0, 17׃0,
18׃0, 19׃0, 20׃0, 21׃0, 22׃0, 23׃0, 24׃0, 25׃0, 26׃0,

27׃0), 3 kinds of alkenes (17׃1, 24׃1, 26׃1), 8 alcohols
(12׃0, 14׃0, 15׃0, 16׃0, 17׃0, 18׃0, 19׃0, 20׃0), 3 kinds
of sterols (cholesterol, stigmasterol, sitosterol) and
one isoprenoid alcohol (phytol) (Fig.4). The
concentration of total neutral lipids in the surface
sediment layer was the highest (150.21 μg/g); and the
lowest concentration was observed in the 4-cm
sediment depth, only 23.78 μg/g.
Throughout the core, except for the 4-cm sediment
layer, n-alkanes were the most abundant neutral
lipids, accounting for 15%–53% of total neutral lipids
in diﬀerent layers. Their carbon number was between
14 and 27, dominant by <C20, and only 3 long-chain
alkanes with carbon number 25, 26, and 27 were
identiﬁed. The vertical distribution proﬁles of alkanes
showed that their total concentration was the highest
in the surface sediments (67.67 μg/g), and the
concentration of C15 alkane was the highest
(25.56 μg/g), followed by C16 (20.31 μg/g). The
concentrations of C19–C21 alkanes were all less than
1 μg/g. In the sediment sample, alkanes were mainly
in bound form. Especially in 6-cm depth, only bound
alkanes were found in this layer. In addition, alkanes
C17, C21, C22, C23, and C24 existed all in bound
form. In fact, alkane is a typical hydrophobic
compound. Strong hydrophobic action should be an
important to promote absorption of alkane on the
sediment. However, unlike other layers, bound alkane
only accounted for 44% of total amount of alkanes in
the 4-cm sediment layer. In this depth, the
concentrations of free alkanes C15 and C18 were the
highest, up to 4.63 and 4.52 μg/g, respectively. Free
alkanes C20 was only found in the 4-cm layer, its
concentration was as low as 0.01 μg/g, and alkanes
C19 and C20 all existed in free form. Low
concentrations of alkane C19 and C20 might indicate
that they were early degraded in the sediment. It is
possible that unlike other alkanes, alkanes C19 and
C20 might originate from diﬀerent sources and
became easy degrade. In the sediment sample,
concentrations of both free and bound alkanes reached
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Fig.4 The distributions of diﬀerent kinds neutral lipids in diﬀerent sediments layers (a. total neutral lipids)
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Fig.5 Vertical distributions of various neutral lipids in
diﬀerent forms

a maximum at the surface layer and tended to decrease
with increased sediment depth.
In the sediment sample, the carbon number of
alcohols distributed between 12 and 20. The
proportion of alcohols in the 4-cm sediment layer was
the highest, accounting for 54% of the total amount of
neutral lipids in this depth. The value in 5-cm sediment
depth was the lowest, accounting for only 18% of
neutral lipids. In the surface sediment, two most
abundant alcohols were 12׃0 and 19׃0, with
concentrations of 34.78 and 33.93 μg/g, respectively.
The concentration of total alcohols was highest in the
surface sediment, and it showed a down decreasing
trend. The main form of alcohols in the sediments was
bound, especially in the 4-cm and 6-cm layers,
accounting for 68% and 83% of total alcohols,
respectively. Concentrations of both free and bound
alcohols were found to be the highest in the surface
sediment. With increasing sediment depth, their
concentrations kept decreasing in general.
Vertical distribution patterns of concentrations of
three sterols: sitosterol, stigmasterol, and cholesterol
were similar in the core (Fig.5). Their high
concentrations appeared in the surface and 3-cm
sediment layers. The concentrations of free sterols
were the highest in the surface sediment with
downcore decreasing trends. The concentrations of
bound sterols was the highest in the 3-cm sediment
layer. In general, the sterols existed mainly in bound
form in the sediment sample. However, in the diﬀerent
sediment layers, free and bound sterols had various
distribution patterns. They mainly existed in free form
in the surface and subsurface sediment, accounting
for 60% and 64% of the total amount of sterols,
respectively. In the medium-deep sediment layers
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(3–7 cm), their dominant form was bound, accounting
for 42% to 80% of total amount of sterols.
Generally, phytol and sterols shared similar vertical
distribution patterns. In the surface sediment layers,
free form phytol was dominant. While in the mediumdeep sediment layers, it mainly existed in bound form.
Concentration of free phytol was the highest in the
surface sediment, up to 10.37 μg/g. Below the surface
layer, the concentration decreased with increasing
sediment depth. The concentration of bound phytol
was the highest in the 5-cm sediment layer
(22.61 μg/g). In the sediment sample, phytol mainly
existed in bound form. The vertical distribution of
total phytol concentration was similar to that of bound
phytol. Its highest concentration was 24.34 μg/g in
the 5 cm sediment layer. While in the surface sediment,
the value decreased to 15.71 μg/g.
Only three alkenes were detected as rarest neutral
lipids in all depths of the sediment sample. Alkene
17׃1 was the most abundant alkene in all the sediment
layers. Its concentration was the highest in the surface
sediment (7.86 μg/g), and decreased with sediment
depth. Alkenes 24׃1 was only found in three top
sediment layers and its concentration was less than
0.5 μg/g. Alkene 17׃1 and 24׃1 existed in both bound
and free forms, and 26׃1 existed only in free form.

4 DISCUSSION
4.1 Distributions of lipids in the Yap Trench
In diﬀerent layers of the sediment sample, the
ratios between concentrations of total fatty acids and
neutral lipid varied remarkably, from 0.82 in the 6-cm
sediment depth to 3.94 in the subsurface sediment. In
most sediment layers, the ratios were higher than 1,
indicating fatty acids were dominant lipids in the
sample. Concentration of total fatty acids in surface
sediment of the sample from the Yap Trench was
325.77 μg/g. As a comparison, the concentration of
total fatty acid in the surface sediment of the Yellow
Sea were between 20.65 and 44.72 μg/g (Yang and
Wang, 2012). The concentrations of total fatty acids
in the surface sediments of the muddy areas in the
East China Sea were between 11.58 and 31.58 μg/g
(Wang et al., 2011), and the concentrations ranged
from 7.85 to 47.37 μg/g in the surface sediments of
the South China Sea (Cao, 2017). In surface sediment,
the concentration of total fatty acids in the samples
from these marginal seas was signiﬁcantly lower than
that in the sediment sample from the Yap Trench hadal
zone. High concentrations of fatty acids in the hadal

642

J. OCEANOL. LIMNOL., 38(3), 2020

sediment sample might reﬂect the funnel eﬀect of the
hadal zone. In fact, the “V” shaped trench has a
steeper lateral gradient. This topographical feature is
conducive to the accumulation of organic matter from
the upper ocean layer to the bottom of the trench,
resulting in higher levels of lipids in the surface
sediments. Similar to the marginal seawater along
China coast, the fatty acids identiﬁed in the Yap
Trench were even carbon number dominant. However,
unlike oﬀshore sediment, concentration of fatty acid
18׃0 was the highest in most sediment layers from the
hadal zone, while in sediments from the oﬀshore
areas, fatty acids 16׃0 or 16׃1 had the highest
concentrations. The presence of high concentration of
18׃0 in the sediments from Dive111 station is an
abnormal feature of the Yap Trench hadal sediment,
indicating some special source of lipids in the hadal
zone of the trench. However, more future studies are
necessary to explain this phenomenon.
The source of organic carbon in deep-sea sediments
is mainly due to the deposition of plankton in surface
seawater. Previous studies show that average
percentage of organic carbon in ordinary bathypelagic
sediments is 0.20% (Degens and Mopper, 1976). In
sediments from the South China Sea, organic carbon
content was between 0.53% and 0.70% (Duan, 2000).
In the Paciﬁc Ocean, the content ranged from 0.36%
to 1.34% (Chen et al., 1986). Specially, in the sediment
from the Western Paciﬁc, organic carbon content was
between 0.37% and 1.18% (Bao, 1987). The total
organic carbon content in the sediment samples at
Dive111 station was low and varied in diﬀerent
sediment layers. The highest content was in the 1 cm
layer, up to 0.52%. Between 3-cm and 7-cm sediment
depths, the organic carbon content varied
insigniﬁcantly, around 0.07% (Yue, 2017). Overall,
the organic carbon content decreased with increased
depth in the sediment sample. In general, the
concentration total amount of fatty acids varied
consistently with variation of organic carbon content
(Bradley and Summons, 2010) in sediment. However,
concentrations of the fatty acids in the sediment from
the Dive111 station were much higher than those in
the sediment from other sea areas and had poor
correlation with the organic carbon content. One
possibility may attribute to the presence of
hydrothermal ﬂuids. Previous studies have shown
that the inﬂuence of hydrothermal ﬂuids on fatty acids
is more important than organic carbon (Simoneit et
al., 1990; Rushdi and Simoneit, 2002a, b). The
increase in organic carbon content in sediment at
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many hydrothermal zones was not signiﬁcant, but
concentrations of fatty acids in it was high (Hedrick et
al., 1992), up to 247 μg/g. Our result indicated the
existence of hydrothermal ﬂuids as a source of fatty
acids in the hadal zone of the trench.
Among the identiﬁed fatty acids, in addition to the
high concentrations of 16׃0 and 18׃0, another high
concentration fatty acid in the sample was free
bacterial fatty acid 18׃1ω7. In surface sediment, its
concentration was up to 21.34 μg/g. On the other
hand, no typical photosynthetic bacteria fatty acids
such as i-15׃0, a-15׃0 etc. (Rütters et al., 2002) was
found in the sediment sample. Fatty acid 18׃1ω7 is a
typical sulfur-oxidizing bacterial marker (Conway
and McDowell Capuzzo, 1990; Mori et al., 2015,
Giovannelli et al., 2016), and is abundant in some
other hydrothermal microorganisms (Abraham et al.,
2013). Sulfur-oxidizing bacteria are considered as the
basis of hydrothermal vent food web, and then 18׃1(7)
was detected in many diﬀerent organisms in
hydrothermal vent (Fullarton et al., 1995; Phleger et
al., 2005; Giovannelli et al., 2016). Therefore,
abundant fatty acid 18׃1(7) in sediment were often
associated with hydrothermal vent and hydrothermal
ﬂuids, which can lead to high abundance of bacterial
communities (Yamanaka and Sakata, 2004). The
higher concentration of 18׃1ω7 in the sediment
sample further shows that some of the fatty acids in
the Yap Trench might come from hydrothermal zones,
reﬂecting a typical characteristic of the microbial
community in the zone. Previous studies have shown
that the total concentration of alkanes in the surface
sediments of the North Yellow Sea and the Bohai Sea
ranged from 0.21 to 3.11 μg/g (Cao et al., 2018).
Normally, the concentrations of alkanes in
bathypelagic sediments are at ng/g level (Rushdi and
Simoneit, 2002a, b) with short-chain alkane
dominance. For example, in the sediments from the
southwestern African continental margin (1 488 m)
(Vogts et al., 2012), the concentrations of alkanes
were only 910 ng/g. In the sediment from the Dive111
station, abnormal high concentrations of alkanes were
detected. Especially in its surface layer, the
concentration of total alkanes was as high as
67.67 μg/g. High concentrations of alkanes also
indicated the existence of hydrothermal ﬂuids (Konn
et al., 2012), which could promote the conversion of
fatty acids and alcohols to alkanes (Venkatesan et al.,
2003). In hydrothemal vent, abiotic process could
also promote formation of hydrocabon. For example,
Delacour et al. (2008) found higher abundance of
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Table 2 Characteristics
composition
Depth (cm)
1

Range of Cn

index

of

Main peak H/L

C14–C18, C23, C25–C27 C15, C16

0.08

alkane

molecule

TAR

CPI1

CPI2

0.61

1.14

0.75

2

C14–C18, C25–C26

C15, C16

0.04

0

1.25

1.09

3

C14–C18, C21–C27

C15, C27

0.45

0.33

1.41

2.58

4

C18–C20, C25–C27

C18

0.49

1.82

0.07

0.69

5

C14–C18, C21–C27

C15, C16

0.31

0.11

1.16

2.28

6

C14–C18, C22–C27

C15, C16

0.04

0.02

1.18

1.52

7

C14–C18, C26

C15, C16

0.01

0

1.26

0

H/L=HMW(C25–C27)/LMW(C14–C24);
TAR=C27/(C15+C17+C19);
CPI1=∑(C15–C21)odd/∑(C14–C20)even;
CPI2=(C25+C27)/C26

n-C16 to n-C20 alkane in the rock obtained from the
Lost City Hydrothermal System. They suggested that
the vent ﬂuids with high concentrations of methane
and hydrogen might cause abiotic origin of
hydrocarbons. In addition, hydrothermal ﬂuids also
facilitated formation of short-chain alkanes (Huang
and Pu, 2017) and our results supported this
conclusion. Abundant alkane could support growth of
alkane-oxidizing bacteria in hydrothermal vent. Fatty
acid 18׃1(7) is also a dominant lipid in some kinds of
alkane-oxidizing bacteria (Rosario-Passapera et al.,
2012). This correlation between fatty acid 18׃1(7) and
alkane further supported possible existence of
hydrothermal vent in the study area.
In this study, the δ13C values of fatty acids 16׃0 and
18׃0 varied between -41.31‰ and -27.97‰. Previous
study in Shenhu, a typical oil and gas enrichment
ﬁeld, shows that the short-chain fatty acids (ScFAs;
n-C12 to n-C18) in the sediment mainly from marine
microorganisms had average δ13C values of 26.7‰ to
28.2‰ (Zhu et al., 2014). Overall, our results were
signiﬁcantly lighter than their values, indicating that
other organic carbon source might be utilized by
various organisms to synthesis fatty acids. MacAvoy
et al. (2002) reported that in the methanotrophic
mussel Bathymodiolus childressi from hydrocarbon
seep in Gulf of Mecico, its fatty acidδ13C values
ranged from -45.4‰ to -39.6‰ or from -78.8‰ to
-68.4‰, depending on whether thermogenic or
biogenic methane was utilized by the methanotrophic
symbionts. It is possible that some organisms in the
research area will utilize methane released from
hydrothermal vent of the study area to synthesis
organic carbon with low δ13C values, and then
depleted the δ13C values of fatty acids in the sediment
samples.
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4.2 Abnormal characteristics of lipids in the 4-cm
sediment layer
In the sediment sample from the Dive111 station,
the 4-cm sediment layer was the main distribution
area of iron-manganese nodules. In this layer, the
total concentrations of various neutral lipids and
saturated fatty acids reached minimal values. The
composition of lipids in this layer was signiﬁcantly
diﬀerent from that of other layers. For example, only
in this layer, unsaturated fatty acids were dominant.
Concentrations of MUFA and PUFA were high and
accounted for 52% and 33% of the total fatty acids in
the layer, respectively. In other layers, SFA accounted
for the largest proportion, followed by MUFA. In this
layer, fatty acids 16׃0 and 18׃0 were not detected,
while in other layers they were the two most abundant
fatty acids. The diﬀerence among concentrations of
various fatty acids in this layer was insigniﬁcant. For
example, concentration of acid 22׃6 was the highest
but only accounted for 17% of the total fatty acids.
Concentration of total neutral lipids was low in this
layer, only 23.78 μg/g. In this layer, alcohols were
main neutral lipids and accounted for 54% of the total
neutral lipids, followed by sterols, which accounted
for 22% of the total neutral lipids. Unlike other
sediment layers, alcohol 12׃0 and 14׃0 were not
detected in this layer, and the concentration of alcohol
19׃0 was the highest (6.40 μg/g), accounting for 27%
of the total neutral lipids. The alcohol was mainly in
bound form in this layer. Compared with other
sediment layers, fewer species of alkanes were
identiﬁed in this 4 cm layer, including C18, C19, C20,
C25, C26, C27 and even carbon number alkanes were
dominant. Alkanes C19 and C20 were only detected this
layer, existing mainly in free form. In this layer, we
also found signiﬁcant diﬀerence of CPI1 between this
layer and the other layers. CPI (carbon preference
index) is an indicator that reﬂects the maturity of
organic matter contained in sediments. The parameter
is mostly used to reﬂect the relative abundance
between odd-numbered carbon atoms and evennumbered carbon atoms in n-alkanes. In this layer, the
CPI1, which reﬂects the relative abundance between
odd-numbered carbon and even-numbered carbon of
short chain alkanes (C15–C20), was only 0.07, much
lower than that in the other layers (Table 2). In
addition, we also checked the ratio of H/L (light/
heavy hydrocarbons) and TAR (terrestrial/aquatic
lipids ratios), which are commonly used parameters
to evaluate the relative contributions of terrestrial
n-alkanes and sea-derived n-alkanes (Silliman and
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Schelske, 2003). In general, if H/L is less than 1, the
alkanes are primarily composed of bacteria, algae,
and marine origin (Yao and Shen, 2003). For TAR
value, the range of 1.6–8.5, 1.2–1.6 and <1.1 indicates
a predominance of terrestrial origin, mixed terrestrial
and marine origin and marine phytoplankton origin,
respectively (Lu et al., 2011). The values of H/L and
TAR indicated that the alkanes in this layer were
mainly terrestrial and marine inputs. Our δ13C value
of fatty acid 20׃0 was close to that of Zhu et al. (2014)
in the Shenhu area. Similar to their conclusion, our
results also show a mixed signal of carbon source in
the trench. On the other side, it is possible that due to
the presence of iron-manganese nodules as large
particles, the speciﬁc surface area of the 4-cm layer
sediment was small, which is not conducive to the
adsorption and preservation of organic matter, causing
a signiﬁcant reduction in organic carbon content (Yue
et al., 2018) and concentrations of lipids.
4.3 The source of lipids
Fatty acids are typical biomarkers in marine
sediments. It is generally considered that saturated
fatty acids with a carbon chain length larger than 20
are mainly from terrestrial origin. Even-carbon
saturated fatty acids with carbon number less than 20
(12׃0, 14׃0, 16׃0, 18׃0, and 20׃0) and 18׃1ω9 have
mixed origins (terrestrial and marine). PUFA (22׃3,
22׃4, 22׃6, 23׃1, 23׃2, and 24׃4) and 16׃1 are derived
from marine phytoplankton, of which 22׃6 is derived
from intracellular component (Ding and Sun, 2005).
Odd-carbon fatty acids (15׃0, 17׃0, etc.) and 18׃1ω7
are mainly derived from bacteria (Budge et al., 2001).
Previous studies show that the sediments in the Yap
Trench has marine biological sources, terrestrial
sources and volcanic sources (Yue et al., 2018).
However, we did not ﬁnd saturated fatty acids with
carbon chain length over 20 in the sediment sample
from the Dive111 station. The Yap Trench is far from
mainland, and it is diﬃcult for terrestrial origin
material to reach the hadal zone of the trench through
rivers input or atmospheric deposition. In the sediment
samples, the proportion of fatty acids with carbon
number more than 20 was only 18%, and most of
them were polyunsaturated. Overall, our results
indicated that the source of fatty acids in the sediment
around the study area should be in marine origin.
Among the sea-derived fatty acids, PUFA such as
22׃6, 18׃3 and 18׃3 are often closely related to
eukaryotic algae. In general, the concentrations of
these fatty acids were very low in the sediment sample
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from Dive111 station, indicating that the fatty acids
produced by eukaryotic algae were diﬃcult to reach
or exist in hadal sediment of the trench. The ratios of
16׃1 and 16׃0 in all the sediment layers were less than
1. Previous studies have shown that if the ratio is
higher than 1.6, the existence of diatoms should be
considered. We also did not detect diatom speciﬁc
fatty acids 16׃4ω1 in the sediment samples. In the
identiﬁed neutral lipids, the concentration of diatom
indicator brassicasterol was zero. No evidence
supports the existence of diatoms in the sediment
from the Dive111. However, by detecting biological
fossils in the Yap Trench, diatoms in the sediment
from Dive111 station were relatively abundant
(Huang et al., 2019). These conﬂict results show that
although lipids were more stable than proteins and
sugars, they could still be degraded completely when
the algae sank from sea surface to sediment, while
diatom shells composed mainly of inorganic
components could be preserved in the sediment.
Compared with SFA, in particular, MUFA and PUFA
had lower stability (Ding and Sun, 2005). As a result,
various diatom lipid biomarkers could not be tracked
in the sediment. A typical feature of the sediment
sample from the Dive111 stations was that most lipids
were more abundant in surface sediments than in
subsurface layers. In sediment, the concentrations of
lipids were controlled by fresh organic matter input
and organic matter degradation. In fact, the seawater
in the sampling station of the trench was oxic. In
sediment-seawater interface, continuously fresh
organic matter input could increase concentrations of
lipids in surface sediment. However, existence of
oxygen might promote organic matter degradation.
Our result indicated that organic matter input over
degradation as a dominant factor controlled
concentrations of lipids in surface sediment. On the
other side, faster degradation of organic matter
decreased transport of lipids from surface to
subsurface sediment layer. Overall, concentrations of
lipids in surface sediment were high than those in
subsurface layer.
In alkanes, the C-C bonds make them more stable,
so alkane as biomarker can reﬂect the source of
organic matter in sediment eﬃciently (Lu et al.,
2004). Alkanes with carbon number less than 21 are
generally derived from marine plankton, algae, and
bacteria (Blumer et al., 1971) without odd-even
predominance. Long-chain alkanes (C>25) are
generally derived from higher terrestrial plants with
obvious odd predominance (Eglinton and Hamilton,
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1967; Goñ et al., 1997). In the sediment sample at
Dive111 station, except for the 4-cm sediment layer,
the CPI1 of the other sediment layers was close to 1
with insigniﬁcant odd-even predominance. There was
a clear odd predominance in the 4-cm layer. CPI2,
which reﬂects the relative abundance between oddnumbered carbon and even-numbered carbon of long
chain alkane (C25–C27), was 0.69–2.58 in diﬀerent
layers. In the 3-cm and 5-cm sediment layers, the
CPI2 were 2.58 and 2.28, respectively, with obvious
odd predominance. In other layers, CPI2 had
insigniﬁcant odd-even predominance. Except for the
4-cm sediment layer, in all the other sediment layers,
H/L values are 0.01–0.49, indicating marine origin of
the alkanes in them. On the other hand, except for the
4-cm sediment layer, TAR values are much less than
1.1 in all other sediment layers, indicating marine
phytoplankton origin of alkane in the sediment.
Overall, based on the data in Table 1, the main source
of alkanes in the sediment sample was marine origin,
and the alkane had mixed terrestrial and marine
sources in the 4-cm sediment layer.
Although no typical terrestrial fatty acids were
detected in sediment samples from the Dive111
station, the existence of stigmasterol and sitosterol,
which are mainly found in the roots, stems and leaves
of terrestrial higher plants (Xu et al., 2010) and could
be used as biomarker of allochthonous (Bataglion et
al., 2015), showed that the organic carbon in the
sediment sample also had allochthonous input. Unlike
stigmasterol and sitosterol, cholesterol, which is
considered as biomarker of autochthonous (Bataglion
et al., 2015), is not only contained in most marine
organisms, but also a metabolitic by-product of
mammals (Volkman, 1986). According to previous
studies, cholesterol was widely found in surface
sediments in diﬀerent sea area. For example,
concentration of cholesterol in the sediment from the
Bohai Sea was 0.11–0.25 μg/g (Ma et al., 2009). In
the sediment of the sea area around the Nansha Islands
(1 584 m), cholesterol accounted for 44.3%–55.2% of
total sterols (Duan et al., 1998) as the most abundant
sterol. In the bathypelagic sediments (1 670 m) from
the Okinawa Trough, the proportion of cholesterol
was lower, account for 25.4% of total sterols (Jiang et
al., 1994). As a comparison, our results showed that
the proportion of stigmasterol and sitosterol in the
sediment sample from Dive111 station was
signiﬁcantly higher than that of autochthonous
cholesterol, indicating that the sterols in the hadal
zone of the Yap Trench were mainly allochthonous
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input. In fact, for marine and terrestrial organic matter
accumulated in sediment, animal inputs are much
smaller than plants (Lee et al., 1979). Then, it is
reasonable that the proportion of animal produced
cholesterol was lower in the hadal sediment of the
Yap Trench. Our results about fatty acids did not
support the terrestrial origin of the sediment in
Dive111 station. However, the existence of
stigmasterol and sitosterol indicated that terrestrial
input was also a source of sediments in the sediment
sample. In the marine environment, fatty acids are
usually degraded faster than sterols (Ding and Sun,
2005), which may lead to complete degradation of
terrigenous fatty acids before they reach the hadal
zone. The sterols are structurally stable and diﬃcult
to be utilized by marine microorganisms. Their slow
degradation rates would be helpful for the terrestrial
sterols to reach and be preserved in the hadal
sediments. In the sediment sample, the carbon number
of the alcohols was all short chain (carbon number
<20). Normally, long-chain alcohols (carbon
number>20) is mainly derived from higher plants,
and short-chain alcohols is mainly of microbial origin
(Menzel et al., 2003). Our results indicate that the
alcohols in the sediment sample are mainly from the
ocean.
4.4 Factors aﬀecting the morphology of lipids in
the sediment sample
Previous studies showed that the morphological
distributions of lipids in sediments from diﬀerent sea
areas were diﬀerent. For example, in the surface
sediments of the Yangtze River estuary, bound fatty
acids were their main morphological form (Zegouagh
et al., 2000). In the sediment from the South China
Sea and the Black Sea, the main form of lipids was
free (Wakeham, 1999). In the sediment sample from
Dive111 station, the morphological distributions of
diﬀerent kinds of lipids varied dramatically (Table 2).
Many factors, including primary production of the
ocean, chemical characteristics of lipids, the
degradation of organic matter in marine environments
and adsorption and desorption of sediment might
aﬀect the morphological distributions of lipids in the
sediment of the Yap Trench.
In the sediment sample from the Dive111 station,
the proportion of fatty acids, alcohols, phytol, and
sterols were relatively high in free form. Their
hydrophilic carboxyl group or hydroxyl group in the
molecules assisted them to stay in sediment pore
water as free lipids. On the other hand, the ratio
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Table 3 Proportions of free-form of various kinds of lipids in the diﬀerent sediment layers from Dive111 station
Depth (cm)

Fatty acid (%)

Neutral lipid (%)

SFA

MUPA

PUMA

Total

Alkanes

Alkanols

Sterols

Phytol

Alkenes

Total

1

58.61

58.32

10.61

50.26

9.12

40.90

60.00

65.99

12.21

30.77

2

91.39

83.50

45.32

88.89

8.33

58.32

63.85

70.98

26.68

30.31

3

71.98

65.69

22.31

66.57

7.64

66.12

20.21

30.59

45.96

26.73

4

36.31

43.97

48.15

44.27

56.46

34.05

36.76

45.27

86.32

39.74

5

69.52

57.86

41.92

66.91

9.08

35.41

23.96

7.13

17.77

15.92

6

96.72

74.64

69.47

92.04

0

16.78

29.47

100.00

4.73

11.84

7

72.37

65.88

87.45

73.18

13.22

49.80

58.33

40.17

21.38

32.04

between the concentrations of free and bound fatty
acids in the diﬀerent sediment layers varied complexly,
indicating that various factors controlled the
morphological form of the fatty acids. For example,
the proportion of free SFA and MUFA in the 2-cm
layer was the highest, up to 91.39% and 83.50%,
respectively (Table 3). In the surface sediment, their
proportion was around 58%. Bound PUFA had the
highest percentage in the surface layer, and had the
lowest percentage in the 7-cm layer. Generally, due to
the lower bioavailability of bound fatty acids, the
degree of degradation of bound fatty acids should be
lower than that of free fatty acids (Haddad et al.,
1992). With increasing sediment depth, the proportion
of free fatty acids in total fatty acids should show a
decreasing trend. However, this trend was not
appeared in the sediment sample from Dive111
station. It is possible that with degradation of free
fatty acids, some bound fatty acids might release into
the pore water by desorption, then the proportion of
free fatty acid did not decline with depth. A study of
Zhang et al. (1997) also shows that the degradation
diﬀerences between bound and free sediment was not
particularly signiﬁcant. In deeper sediment layers,
more free fatty acids were consumed by microbial
degradation in the sediment than bound fatty acids.
The faster degradation characteristics of free fatty
acids than bound fatty acids might be reﬂected
gradually (Stefanova and Disnar, 2000). On the other
hand, the composition, and component of sediments
in the diﬀerent layers of the sample varied remarkably
(unpublished data). Therefore, the adsorption capacity
of various sediment layers for fatty acids would be
diﬀerent. Structural eﬀect, degradation, absorption
capacity and desorption process might result in
complex variations of the proportion of concentrations
of free and bound fatty acids in diﬀerent layers of the
sample. Similar as fatty acids, the phytol, sterols, and
alcohols also showed complex morphological

distribution trends in the sediment sample. In surface
and subsurface sediment of the sample, most of them
were in free form. In the 3–5-cm sediment layers, the
proportion of their bound forms increased. Lajat et al.
(1990) showed that free sterols were abundant in
surface sediments in the Santa Barbara Basin,
California, and the proportion of free sterol decreased
from surface to medium sediment, which is similar to
our results. Yang and Wang (2012) presented that
with increasing sediment depth, the neutral lipids
degradation activity became weaker and weaker, and
the transition from free to bound form enhanced. This
kind of morphological transition made the neutral
lipids more stable in sediment (Du, 2011). Alkanes
and alkenes are typical hydrophobic compounds, so
they were mainly in bound form in most layers. An
exception occurred in the 4-cm sediment layer,
proportion of free alkanes and alkenes were over
bound ones. Hydrophilic iron-manganese component
might be unfavorable for absorption of alkanes and
alkenes in the sediment layer and then more alkanes
and alkenes existed as free form. Overall,
morphological distributions of lipids in the hadal zone
of the Yap Trench were controlled by their structure,
their degradation in seawater and sediment, the
absorption and desorption of sediment component,
etc. However, more studies are necessary to investigate
the detail mechanisms of morphology of lipids in
sediment of the hadal zone.

5 CONCLUSION
In the sediment of the Dive111 station, fatty acids
are the main components of lipids, and 18׃0 is the
most abundant fatty acid. Alkanes were the main
components of neutral lipids in sediment sample with
short-chain predominance. The concentration of total
fatty acids in the Yap Trench (325.77 μg/g) was much
higher than that in oﬀshore area, reﬂecting the funnel
eﬀect of the hadal zone of the trench. High
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concentration of fatty acid 18׃1ω7 and alkanes
indicated existence of hydrothermal ﬂuids in the
study area. In the 4-cm sediment layer, lipids had
unique distribution characteristics, attributing to ironmanganese nodules, which constituted the main
component in the layer. Fatty acids in the sediment
sample were marine origin, and neutral lipids had
both marine and terrestrial input. Morphological
distributions of various lipids were complex,
controlled by their structure, hydrophilicity and
hydrophobicity, their degradation processes, the
absorption and desorption of the sediment, etc.
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