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Abstract
Carbonate samples were collected from the northern Okinawa Trough in the East China
Sea in 2013. The petrology, mineralogy, carbon and oxygen isotopes, and rare earth elements (REEs) of
these samples were analyzed. Aragonite, high-Mg calcite, and dolomite were the main carbonate minerals,
the contents of which varied greatly among the carbonate samples. Petrological observations revealed the
common occurrence of framboidal pyrites. The δ13C values of carbonates varied from -53.7‰ to -39.3‰
(average of -47.3‰ based on Vienna Pee Dee Belemnite (V-PDB), n=9), and the δ18O values ranged from
0.6‰ to 3.4‰ (average of 1.9‰; V-PDB, n=9). The carbon and oxygen isotope characteristics indicated
that the carbonates precipitated during the anaerobic oxidation of methane. The carbon source was a mixture
of thermogenic methane and biogenic methane, possibly with a greater contribution from the former. The
oxygen isotope data showed that gas hydrate dissociation occurred during carbonate precipitation. The
Ce anomalies suggested that the carbonates precipitated in an anoxic environment. A slight enrichment
of middle REEs (MREEs) could be attributable to the early diagenesis. The structures, minerals, oxygen
isotopes, and MREEs all indicated that the carbonates experienced some degree of early diagenesis.
Therefore, the inﬂuence of early diagenesis should be considered when using geological and geochemical
proxies to reconstruct original methane seepage environments.
Keyword: authigenic carbonate; carbon and oxygen isotopes; rare earth elements (REEs); anaerobic
oxidation of methane (AOM); northern Okinawa Trough

1 INTRODUCTION
Authigenic carbonates have been reported to occur
in areas of methane seepage on the seaﬂoor along
active and passive margins around the world
(Campbell, 2006; Suess, 2014). Anaerobic oxidation
of methane (AOM) and sulfate reduction are the
dominant biogeochemical processes in methane
seepages (e.g., Boetius et al., 2000). These processes
lead to an increase in carbonate alkalinity because the
production of bicarbonate favors the precipitation of
authigenic carbonates:
(1)
CH4+SO24ˉ→HCOˉ3+HS–+H2,
2+
(2)
2HCOˉ3+Ca ↔CaCO3+CO2+H2O.
Authigenic carbonates provide important archives
of methane seepages throughout geological history
(e.g., Campbell, 2006; Suess, 2014; and references

therein). Therefore, studies on authigenic carbonates
can be used to reconstruct paleoenvironments and
geochemical processes, and to discuss the formation
and dissociation of gas hydrates, of which the main
component is methane. However, the inﬂuence of
early diagenesis should be taken into account when
using cold seep carbonates to trace the geological
history of methane seepages.
Diagenesis begins when carbonate minerals are
formed (James and Choquette, 1983). During
diagenesis, authigenic carbonates are susceptible to
isotopic and elemental exchanges with diagenetic
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ﬂuids (e.g., burial ﬂuids, meteoric ﬂuids, and
dolomitization ﬂuids) (Wang et al., 2018), which
aﬀect the accuracy of the initial conditions of seeping
ﬂuids reconstructed using authigenic carbonates.
Swart (2015) summarized the study of carbonate
diagenesis, and pointed out that isotopes (e.g., C, O,
Sr, Mg, and Ca) and minor and trace elements (e.g.,
Ba, Li, U, and rare earth elements (REEs)) can be
used to constrain diagenesis.
In cold seeps, minerals can be transformed,
dissolved, and recrystallized during the early
diagenesis of authigenic carbonates. For instance,
aragonite and high-Mg calcite (HMC) can transform
into low Mg-calcite (LMC) during early diagenesis
(Joseph et al., 2013). In addition, aragonite can also
recrystallize to diﬀerent degrees, such as from
microcrystalline to microspar (Feng et al., 2009b).
Authigenic aragonite and Mg-calcite are the most
common diagenetic carbonate phases observed in
seep carbonates (Pierre and Fouquet, 2007; Crémière
et al., 2016). Pyrites are also diagenetic minerals that
are commonly observed in association with authigenic
carbonates from cold seeps (Pierre, 2017), and can
provide diagnostic information on the chemistry of
the
corresponding
diagenetic
ﬂuids.
The
transformation of primary aragonite to calcite due to a
change in the porewater composition during the late
stage of early diagenesis may signiﬁcantly modify the
elemental composition of authigenic minerals
(Zwicker et al., 2018).
Stable carbon and oxygen isotopes are commonly
used as geochemical tracers to unravel the diagenetic
history of carbonates (Swart, 2015). The δ18O values
of carbonates decrease with increasing age, whereas
the δ13C values are generally less inﬂuenced by
diagenesis and more a reﬂection of primary changes
in the global carbon cycle through time, because the
factors controlling their fractionation are diﬀerent
(Swart, 2015). In cold seeps, the δ18O values decrease
over time due to post-depositional dissolution, as
shown by several studies (e.g., Joseph et al., 2013;
Tong et al., 2016). However, the δ13C values can
increase over time during diagenesis if secondary
carbonates form in deep δ13C-enriched diagenetic or
meteoric ﬂuids (Joseph et al., 2013; Tong et al., 2016).
The δ18O values of carbonates are dependent upon
both the temperature and δ18O value of the ﬂuid, but
direct evidence of either the temperature or
composition of the ﬂuids is required (Swart, 2015).
The correlation between δ13C and δ18O values can
change during early diagenesis, and the covariation
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between these parameters can indicate the factors
inﬂuencing diagenesis (Swart and Oehlert, 2018).
In cold seeps, REEs in methane-related carbonates
are most commonly used to determine the ﬂuid
sources and changes in redox conditions within
diagenetic environments (Zwicker et al., 2018, and
the references therein). The enrichment of diﬀerent
REEs corresponds to diﬀerent diagenetic processes.
Studies of ancient cold carbonates have suggested
that heavy REEs (HREEs) enrichment indicates
progressive diagenetic alteration during early
diagenesis in porewaters aﬀected by a succession of
biogeochemistry (Zwicker et al., 2018). In contrast,
other studies on modern cold seep carbonates have
shown that the enrichment of middle REEs (MREEs)
and the occurrence of framboidal pyrites indicate a
diagenetic environment ranging from AOM to the
reduction of Fe (Crémière et al., 2016). Ce anomalies
in REEs may have result from modiﬁcation during
late diagenesis, resulting in a negative correlation
between Ce/Ce* and DyN/SmN but a positive
correlation with total REEs (∑REEs) (Shields and
Stille, 2001). Some studies of ancient cold seep
carbonates have found that diagenesis does not
signiﬁcantly alter REEs (Chen et al., 2003; Feng et
al., 2009a). Therefore, the behavior of REEs in the
diagenetic process of cold seep carbonates is still
controversial.
In the northern Okinawa Trough, many authigenic
carbonate samples related to methane seeps have been
collected during various cruises (Wu et al., 2003; Sun
et al., 2015). Studies have shown that diﬀerent
methane consumption processes occur at diﬀerent
sediment depths in the Okinawa Trough. Aerobic
oxidation of methane is dominant in the shallow
surface layer of sediments, sulfate-dependent AOM is
most common in the methane-sulfate transition zone,
and Fe-dependent methane consumption occurs
below the methane-sulfate transition zone (Li et al.,
2018). Diﬀerent methane consumption processes
result in diﬀerent diagenetic environments.
Meanwhile, some studies have found that
hydrothermal activities inﬂuence cold seeps in the
Okinawa Trough (Li et al., 2018; Sun et al., 2019; Wu
et al., 2019). Therefore, the formation environment of
cold seep carbonates in the Okinawa Trough is unique
and particularly complex, and represents a unique
back-arc environment where hydrothermal and cold
seeps interact with each other. Thus, the eﬀect of early
diagenetic processes in such an environment must be
taken into consideration. In this study, we report the
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Fig.1 Locations of carbonate samples in the northern Okinawa Trough
ETOPO30″ data are used, the interval was 25 m.

mineralogy, carbon and oxygen isotopes, and REE
characteristics of carbonate samples obtained in
shallow water in the northern Okinawa Trough. Our
aim is to study the characteristics of these carbonates
and determine the corresponding implications for
early diagenesis.

2
GEOLOGICAL
SAMPLING

SETTING

AND

The Okinawa Trough, as a part of the East China
Sea, is an extension bathyal basin of the trench-arcbasin tectonic system on the western Paciﬁc continental
margin (Sibuet et al., 1998). The Okinawa Trough
extends approximately 1 200 km from southwest
Kyushu Island (Japan) in the northeast to the Ilan Plain
(Taiwan, China) in the southwest (Fig.1). Based on the

submarine geomorphology and geology, the seaﬂoor
of the Okinawa Trough can be divided into three parts,
namely the southern, middle, and northern sections,
which are separated by the Miyako waterway and the
Tokara-kaikyo strait.
The Okinawa Trough is located between the
Diaoyu Islands Folded-Uplift Belt and the Ryukyu
Fold-Uplifted Belt, on the west and east sides of the
trough, respectively. The secondary structural units
include the Shelf Front Depression, the Long Wang
Uplift, and the Central Grabens, which extend along
the Okinawa Trough and appear to have been cut by
NW-SE faults into discontinuous arrangements,
similar to en échelon veins (Liu, 1989). It has been
suggested that the Okinawa Trough formed in three
phases of extension beginning in the Middle to Late
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Miocene, followed by reactivation in the Early
Pleistocene, and concluding in the Late Pleistocene to
Recent (Sibuet et al., 1998). Arc volcanism is active,
and there are two modern volcanic chains, one of
which is on the eastern slope, and another developed
along the central ﬁssure axis of the trough (Jin and Yu,
1987). The volcanic rocks in the Okinawa Trough are
characterized by a bimodal distribution of basic
basalts and acid pumice, comprising subalkaline
olivine tholeiite and subalkaline (calc-alkaline)
rhyolite dacite or rhyolite, respectively. The acidic
pumice is the most common and is widely distributed,
while the basalts are mainly exposed in the middle
and southern section of the Okinawa Trough (Guo et
al., 2016). Terrigenous material from the Changjiang
(Yangtze) and Huanghe (Yellow) rivers is the main
source of the sediments in the Okinawa Trough,
although the lateral transportation of sediments from
the outer shelf of the East China Sea also plays a very
important role (Zhao and Wan, 2015). The high
sedimentary rates and active faults on the west side
supply large amounts of organic matter and providing
migration channels for the formation of gas hydrates
(Xu et al., 2006). Furthermore, submarine
hydrothermal activities are pervasive and vigorous in
the middle and southern sections of the back-arc rifts,
which are principally controlled by tectonic factors
(Glasby and Notsu, 2003).
Our study area is located on the western slope of
the northern Okinawa Trough (Fig.1), and extends
from the northern section to the northern part of the
middle section. In the northern Okinawa Trough, a
series of fault blocks and ridges formed in the fore
slope, probably as a result of tectonic movements
since the Miocene (Wu et al., 2014).
In June 2013, carbonate samples were collected by
geological dredges during the survey of R/V Kexue
Yihao (Science No.1 in Chinese) organized by the
Institute of Oceanology, Chinese Academy of
Sciences. The details of the sampling sites are listed in
Table 1. Four typical samples were selected for further
analyses. From site D1, sample D1-1 had a homogenous
structure of quartz sand with microcrystalline
Table 1 Locations and water depths of the carbonates
collected from the northern Okinawa Trough
Site

Longitude (°E)

Latitude (°N)

Water depth (m)

Sample

D1

128.140 7

30.710 5

341.8

D1-1, D1-2

D2

128.245 0

30.617 2

561.4

D2-1

D30

127.422 6

29.520 0

255.8

D30-1
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carbonates (Fig.2a), whereas sample D1-2 had two
diﬀerent structures: compacted parts and loosened
parts (Fig.2b). Sample D2-1 from site D2 was
compacted with some visible cracks (Fig.2c). Sample
D30-1 from site D30 was compacted and contained
biogenic features in the form of holes (Fig.2d).

3 METHOD
The carbonate samples were air dried after
collection and subsequently cut into sections for
sampling and creating thin sections. The cut carbonate
samples were crushed in an agate mortar to form a
powder of <200 mesh, for carbon and oxygen isotope,
X-ray diﬀraction (XRD), and REE analyses of the
carbonate phases. The thin sections were observed
using an optical microscope, and fresh broken rocks
were examined with a Zeiss Ultra55 scanning electron
microscope (SEM) at the Key Laboratory of Submarine
Geosciences, Ministry of Natural Resources, China.
Carbon and oxygen isotope analyses were
performed on bulk samples and were ﬁnished using a
Finnigan MAT253 mass spectrometer at the State
Key Laboratory of Marine Geology at Tongji
University, Shanghai, China. Carbon dioxide was
generated by reacting with orthophosphoric acid at
70 °C. The precision was regularly checked with an
international standard (NBS19) and the standard
deviation was 0.07‰ for δ18O and 0.04‰ for δ13C.
Conversion to the international Vienna Pee Dee
Belemnite (V-PDB) scale was performed using the
NBS19 standard.
Bulk mineralogy and the relative abundance of
carbonate minerals in each sample were determined
using an X’Pert Pro X-ray diﬀractometer with CuKα
radiation at the Key Laboratory of Submarine
Geosciences, Ministry of Natural Resources. Oriented
samples were scanned at an interval of 3°–70° (2θ)
with a step size of 0.017°, an accelerating voltage of
45 kv, and a current of 40 mA. Semi-quantitative
phase analyses were performed using the MDI Jade
6.0 software. The relative proportions of diﬀerent
carbonate minerals were quantiﬁed using calibration
curves according to the d(104) peak areas of calcite,
Mg-calcite, and dolomite, and the d(111) peak area of
aragonite (Greinert et al., 2001). The molar MgCO3
percentage of calcite was calculated using the d(104)
peak value of calcite (in Å), following the equation by
Lumsden (1979):
MgCO3 (% in mole fraction, hereafter abbreviated
as mol%)=100–(333.33·d(104)–911.99),
(3)
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Fig.2 Photographs of the carbonate samples collected from the northern Okinawa Trough
The white points and labels indicate the sampling locations for carbon and oxygen isotope analyses.

where d(104) is the d(104) peak value of calcite (in Å).
Calcite containing less than 5 mol% MgCO3 was
considered to be LMC, and calcite containing
5–20 mol% MgCO3 was referred to as HMC (Burton,
1993). Carbonate phases with 30–40 mol% MgCO3
were classiﬁed as proto-dolomite, and carbonates
containing 40–55 mol% MgCO3 are referred to as
dolomite (Naehr et al., 2007). The dolomite in this
study includes both proto-dolomite and ordered
dolomite.
The REEs of carbonate phases were determined at
the Guizhou Tuopujing Resource and Environmental
Analysis Co., Ltd. About 50 mg of powdered sample
were placed in a 50-mL centrifuge tube, about 40-mL
water and 500-ng Rh internal standard were added,
and then 2.5 mL of acetic acid (98%, puriﬁed by subboiling) was added to dissolve the carbonate. The
sealed tube was vibrated for about 1 h and then
centrifuged for 3 min at 3 000 r/min. The upper

solution was used to measure the REEs by inductively
coupled plasma mass spectrometry (ICP-MS). The
accuracies were estimated to be better than ±5%–10%
(relative) for most elements. In this study, Ce/
Ce*=3CeN/(2LaN+NdN),
Ceanom=log(Ce/Ce*),
Eu/
*
Eu =2EuN/(SmN+GdN), and Pr/Pr*=2PrN/(CeN+NdN),
where N refers to the normalization of the
concentration against the standard Post-Archean
Australian Shale (PAAS; McLennan, 1989).
The total carbonate content (%) was estimated
from the soluble percentage of the bulk samples,
analyzed for REE composition of carbonate phases,
after acetic acid was added to dissolve the carbonate
completely (for detailed procedures see the method
for REEs analysis mentioned above). The weight of
the residue after freeze-drying was used to calculate
the carbonate content as follow:
Carbonate content=(50–residue weight)/50×100%. (4)
The resulting accuracies were better than ±2%.
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Table 2 Mineralogical compositions of carbonates from the northern Okinawa Trough
Q

Ab

Clc

D1-1

39

11

D1-2LP

39

D1-2CP

21

D2-1
D30-1

Sample

Mc

Ms

Ara
(%)

Mg%

(%)

Mg%

(%)

Mg%

7

6

5

24

5

1

–

–

3

49

32

31.8

9

2

3

2

41

3

2

–

–

1

50

45

47.3

8

5

6

10

1

–

–

43

17

6

38

50

54.9

31

8

7

8

9

–

4

1

–

–

33

43

37

40.8

34

13

5

4

4

–

–

–

32

19

7

34

41

45.8

(%)

LMC

HMC

Dol

∑carba

∑carbb

(%)

D1-2LP: the loosened parts of sample D1-2; D1-2CP: the compacted parts of sample D1-2; Q: quartz; Ab: albite; Clc: clinochlore; Mc: microcline; Ms: mica;
Ara: aragonite; LMC: low-Mg calcite; HMC: high-Mg calcite; Dol: dolomite; ∑carba: the calculation results based on the semi-quantitative XRD; ∑carbb:
the calculation results according to the soluble percentage of the REE analysis samples after the acetic acid was added to dissolve the carbonates completely.
%: weight percent; Mg%: mole percent of MgCO3 in carbonate minerals. – means no such mineral was found.

4 RESULT
4.1 Mineralogy and petrology
The semi-quantitative XRD results are listed in
Table 2. In general, for all the studied samples, the
main carbonate phases were aragonite, HMC, and
dolomite; however, the main carbonate minerals
varied among the samples. For example, in sample
D1-2, aragonite was the main carbonate mineral in the
loosened parts, but HMC was more predominant in the
compacted parts. The LMC content was low in all the
samples in which it was detected. The total carbonate
content of bulk rocks varied from 32% to 50% based
on the semi-quantitative XRD analysis, and from
31.8% to 54.9% based on the soluble percentage of the
REE analysis of carbonate phases (Table 2).
The macroscopic characteristics of the authigenic
carbonate samples are shown in Fig.3. All the samples
had microcrystalline structures (Fig.3a), except the
compacted parts of sample D1-2, which exhibited a
cryptocrystal structure (Fig.3b). Framboidal pyrites,
which ranged in diameter with individual grains of
1–2 μm, were found in sample D30-1 (Fig.3c). Most
framboids were oxidized to goethite or limonite
(details see Yang et al., 2021). Pyrites were also found
in sample D2-1, but they occurred as aggregates or
single euhedral crystals with brown rims of goethite
or limonite (Fig.3d).
All the samples were observed under SEM, and
some interesting phenomena are shown in Fig.4.
Aragonite in sample D1-1 and the loosened parts of
D1-2 comprised acicular crystals of approximately
100 μm in length (Fig.4a). The HMC minerals
occurred as rice-shaped crystals (Fig.4b). Diﬀerent
types of microbial structures were observed.
Carbonate minerals were joined to the ambient
environment by ﬁlaments (Fig.4c). Flat ﬁlaments
with segments forming mats were observed to be

twisted, and each segment was approximately 0.3–
0.5 μm in diameter and 1–1.5 μm in length, implying
that the new ﬁlaments sprouted from the joints of
older segments (Fig.4d & e). Numerous biological
tests were identiﬁed, such as siliceous sponge spicules
and coccoliths (Fig.4f & g).
4.2 Carbon and oxygen isotopes
The carbonate minerals exhibited microcrystalline
or cryptocrystal textures; thus, carbon and oxygen
isotope analyses were performed on the bulk rocks.
The sampled locations for the carbon and oxygen
isotope analyses are labeled in Fig.2, and the δ13C and
δ18O values of all the carbonate samples are listed in
Table 3. The δ13C values of carbonates from the
northern Okinawa Trough varied from -53.7‰ to
-39.3‰, with an average of -47.3‰ (V-PDB, n=9).
The δ18O values ranged from 0.6‰ to 3.4‰, with an
average of 1.9‰ (V-PDB, n=9).
4.3 Rare earth element analysis
The REE data of the carbonate phases from the
northern Okinawa Trough are presented in Table 4
and Fig.5. The ∑REE content of the studied carbonates
ranged from 12.86×10-6 to 28.76×10-6. No samples
showed any Ce anomalies; all of the Ce/Ce* values
were between 0.8 and 1.2, whereby values of <0.8
indicate negative Ce anomalies, and values of >1.2
indicate positive Ce anomalies. All samples were
slightly enriched in MREEs.

5 DISCUSSION
5.1 Diagenetic ﬂuids traced with C and O isotopes
Stable carbon isotopes of authigenic carbonates are
critical to deciphering the source of seepage ﬂuids
(e.g., Campbell, 2006). Such ﬂuids likely originate
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Fig.3 Thin section photographs of carbonate samples
a–b. taken under plane polarized light; c–d. taken under reﬂected light. a. the loosened parts of sample D1-2, showing microcrystalline structure; b. the
compacted parts of sample D1-2, showing cryptocrystal structure; c. framboidal pyrites ﬁlling the interior of a foraminifera test (some have been oxidized to
brown goethite or limonite) in sample D30-1; d. pyrites with brown goethite or limonite rims in sample D2-1; Q: quartz; Py: pyrite; Gt: goethite; Lm: limonite.

Table 3 Stable carbon and oxygen isotopic compositions of
the carbonates from the northern Okinawa Trough
(‰, V-PDB)
Sample Location δ13C δ18O

Description

D1-1

A

-47.0 0.6

The structure is homogeneous,
so sampled randomly

D1-2LP

A

-46.7 0.9

In the loosened parts

D1-2CP

B

-36.2 1.7

In the compacted parts

D2-1

A

-43.9 1.4

In the cyan color place

D2-1

B

-39.3 1.9

In the brown color place

D30-1

A

-53.7 2.3

In the greyish white place

D30-1

B

-53.1 2.4

In the loose greyish white place

D30-1

C

-53.6 3.4

In the cyan color place

D30-1

D

-52.6 2.6

In the brown color place

The sampled locations are labeled in Fig.2, and the data of sample D30-1
are from Yang et al. (2021).

from a mixture of sources with varying proportions,
resulting in distinct carbon isotopic compositions

(Mazzini et al., 2004). These sources comprise carbon
primarily derived from: 1) methane via AOM
(typically ranging between -90‰ and -30‰)
(Claypool and Kaplan, 1974); 2) the oxidation of
marine organic matter (usually -20‰); 3) inorganic
carbon present in seawater (0.5‰< 13C <2‰) (e.g.,
Irwin et al., 1977). Seep carbonates are frequently
characterized by extremely light carbon isotopic
compositions (e.g., Suess, 2014, and references
therein). A strong depletion of 13C in carbonates (13C
values between -50‰ and -25‰) is evidence of a
methane-related origin (Cavagna et al., 1999). The
δ13C values of the carbonate samples from the northern
Okinawa Trough varied from -53.7‰ to -39.3‰;
thus, we speculate the main carbon source was derived
from methane via AOM.
Methane can be derived from biogenic methane,
thermogenic methane, or petroleum. The carbon
isotope composition of biogenic methane is strongly
depleted in 13C, varying from -110‰ to -50‰
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a

10 μm

b

c

1 μm

d

3 μm

1 μm

f

3 μm

3 μm

a. acicular aragonites, common in sample D1-1 and the loosened parts of
sample D1-2; b. rice-shaped HMC crystals (in the white ellipses) in the
compacted part of sample D1-2; c. filament joints between the carbonate
and matrix in sample D1-1; d. flat filaments with segments in sample
D30-1; e. enlargement of Fig.4d; f. siliceous sponge spicules in the
loosened part of sample D1-2; g. coccoliths in sample D30-1.

e

3 μm

Fig.4 SEM photomicrographs
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Table 4 The rare earth elements contents (×10-6) of
authigenic carbonate phases in carbonate rocks

1.000

Sample/PAAS

0.100

0.010
D1-1
D1-2LP
0.001

D1-2CP
D2-1

D30-1
Sea water (×106)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
REE

Fig.5 The PASS-normalized REE patterns of authigenic
carbonates
D1-2LP: the loosened parts of sample D1-2; D1-2CP: the compacted
parts of sample D1-2. Seawater data represents the average values
above a depth of 600 m from Alibo and Nozaki (1999) which are
consistent with the water depths of the carbonate samples.
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1

Sample

D1-1

D1-2LP

D1-2CP

D2-1

D30-1

La

3.55

2.68

5.64

3.55

2.84

Ce

7.55

4.80

10.58

6.95

5.76

Pr

0.83

0.58

1.18

0.84

0.68

Nd

3.61

2.59

4.98

3.66

2.83

Sm

0.81

0.52

1.16

0.93

0.61

Eu

0.19

0.12

0.28

0.21

0.13

Gd

0.92

0.58

1.36

1.03

0.66

Tb

0.13

0.08

0.21

0.15

0.09

Dy

0.68

0.41

1.31

0.83

0.46

Ho

0.14

0.08

0.29

0.17

0.09

Er

0.37

0.21

0.84

0.46

0.24

Tm

0.05

0.03

0.12

0.07

0.03

Yb

0.26

0.15

0.69

0.35

0.18

Lu

0.05

0.03

0.13

0.07

0.03

∑REE

19.14

12.86

28.76

19.27

14.65

Ce/Ce*

0.97

0.84

0.90

0.89

0.93

Ceanom

-0.01

-0.08

-0.04

-0.05

-0.03

Eu/Eu

1.03

1.04

1.03

1.00

0.95

Pr/Pr*

0.93

0.96

0.95

0.97

0.99

LaN/SmN

0.63

0.74

0.71

0.56

0.68

*

0
-1
D1-1

D1-2LP

D1-2CP
Sample

D2-1

D30-1

Fig.6 Comparison of δ18O values between the measured
and estimated values

(Whiticar, 1999). The carbon isotope composition of
thermogenic methane typically ranges from -50‰ to
-30‰ (Sackett, 1978), while that of petroleum usually
exhibits 13C values in the range of -35‰ to -25‰
(Roberts and Aharon, 1994). Because carbonate
precipitates also contain other sources of carbon that
usually have a higher 13C content, the 13C value of
seep carbonates will generally be higher than that of
seeping methane. The δ13C values of the carbonate
samples from the northern Okinawa Trough varied
from -53.7‰ to -39.3‰, with an average of -47.3‰,
which is between the values of thermogenic and
biogenic methane, but much closer to the thermogenic
endmember (Sackett, 1978; Whiticar, 1999).
Therefore, we propose that the carbon in the seep
carbonates was derived from a mix of thermogenic
methane and biogenic methane, with perhaps a greater
contribution from the former.
The oxygen isotope composition of authigenic
carbonates is a function of temperature and
mineralogy, which aﬀect oxygen isotope fractionation
and the δ18O value of the ﬂuid (Aloisi et al., 2000).

D1-2LP: the loosened parts of sample D1-2; D1-2CP: the compacted parts
of sample D1-2.

According to Sun et al. (2015), the theoretical δ18O
values for carbonate precipitates in our study area are
-0.52‰, 0.2‰, and 3.00‰ (V-PDB) for calcite,
aragonite, and dolomite, respectively. Because all the
samples contained more than one carbonate mineral,
we hypothesize that the oxygen isotope fractionation
was at equilibrium for each carbonate mineral (Aloisi
et al., 2000). Accordingly, the estimated δ18O values
calculated for each sample are shown in Fig.6. The
values were estimated as follows:
Oestimated (‰)=-0.52‰×calcite relative ratio+
0.2‰×aragonite relative ratio+
3.00‰×dolomite relative ratio,

18

where calcite relative ratio=calcite content/(calcite
content+aragonite content+dolomite content), and so
on.
All the measured δ18O values were higher than the
estimated values, except for sample D2-1, which had
a maximum diﬀerence of 2.7‰ (Fig.6). Thus, there
must have been some δ18O-enriched ﬂuids involved in
the process of carbonate precipitation. Both clay
mineral dehydration and gas hydrate dissociation can
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carbon and oxygen isotopes, the samples were roughly
classiﬁed into three groups: low 13C with high 18O,
moderate 13C with low 18O, and high 13C with moderate
18
O (Fig.7), indicating the diﬀerent environments in
which they formed. Based on the carbon and oxygen
isotope data, the loosened and compacted parts of
sample D2-1 belonged to diﬀerent groups, suggesting
that environmental change occurred during its
precipitation (see Section 5.2).

4

δ18O (V-PDB, ‰)

3

D1-1
D1-2
D2-1
D30-1

Group III

1397

2
D1-2CP

5.2 Petrological and mineralogical characteristics
and their implications

Group II
D1-2LP

1

5.2.1 Structural characteristics and their implication
for formation processes

Group I
0
-56

-52

-48
-44
δ13C (V-PDB, ‰)

-40

-36

Fig.7 Samples grouped according to carbon and oxygen
isotopes, indicating their diﬀerent formation
environments
Group Ⅰ indicates a coarse-grained environment; Group Ⅱ indicates
a ﬁne-grained environment; and Group Ⅲ indicates a ﬁne-grained
environment with common biological activities.

result in 18O-enriched ﬂuids (e.g., Sun et al., 2015;
Cao et al., 2020). Carbonate precipitation mediated
by AOM always occurs in shallow sediments, while
the dehydration of clay minerals occurs at greater
depths (>1 km) (e.g., Sun et al., 2015; Cao et al.,
2020). In addition, no volcanoes or mud diapirs have
been reported in the study area. Therefore, the
18
O-enriched ﬂuid cannot possibly have been caused
by clay mineral dehydration, which leaves gas hydrate
dissociation as the most likely explanation. Moreover,
there are favorable geological conditions for the
formation of gas hydrate in the study area, and the
bottom simulating reﬂectors (BSRs) indicating the
existence of gas hydrate were also found (e.g., Luan
et al., 2008). However, the measured 18O value of
sample D2-1 was lower than the estimated value. The
main carbonate mineral of sample D2-1 was dolomite,
which could be the result of diagenesis (Frisia et al.,
2018). Diagenesis more commonly causes δ18O to
become more negative (Swart, 2015); thus, we
hypothesize that the measured 18O value was lower
than the estimated value due to diagenesis. The
original δ18O value of sample D2-1 should have been
higher than the measured value, and it may have been
higher than the estimated value when it originally
precipitated. Therefore, 18O-enriched ﬂuid also played
a role in the precipitation of sample D2-1.
According to the characteristics of the measured

After the precipitation of carbonate minerals, a
series of physical, chemical, and biological processes
can change the composition, geochemistry, and
structure of cold seep carbonates (Morse, 2003).
According to macroscopic observations, the
sediments cemented by carbonate minerals in this
study could be divided into two types: ﬁne grained
and coarse grained. Sample D1-1 and the loosened
parts of sample D1-2 were composed of relatively
coarse-grained sediments. Samples D2-1 and D30-1
and the compacted part of sample D1-2 comprised
ﬁne-grained sediments. In particular, sample D1-2
exhibited two completely diﬀerent structures: a ﬁnegrained structure (the compacted parts) and a coarsegrained structure (the loosened parts). The diﬀerent
grain sizes of cemented sediments were more obvious
under a polarizing microscope (Fig.3a & b). In
addition, the main carbonate minerals, the C and O
isotopes, and the ∑REE content of the diﬀerent
groups were clearly diﬀerent (Tables 2–4). Therefore,
we infer the existence of at least two diﬀerent
diagenetic environments, based on the carbonate
structures.
There are two possible explanations for the obvious
structural diﬀerence within sample D1-2. Either
sediments with diﬀerent grain sizes were deposited in
diﬀerent sedimentary environments and then mixed
by bioturbation or slides (e.g., Luﬀ et al., 2004;
Panieri et al., 2012) before being cemented by
methane-related carbonate minerals, or there were
diﬀerent periods of methane seepage, and the existing
cemented carbonates were recemented during the
formation of the later methane-related carbonates. If
the ﬁrst explanation is correct, the minerals, isotopes,
and the ∑REE content would be similar across the
diﬀerent structures; however, these characteristics
exhibited obvious diﬀerences (Tables 2–4). This was
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Fig.8 Relative percentages of carbonate minerals among
samples

especially true for the minerals: the loosened parts
were mainly composed of aragonite, while the
compacted parts contained mostly HMC. It is
commonly accepted that in cold seep environments,
aragonite forms under relatively high SO24ˉ and low
PO34ˉ concentrations, whereas Mg-calcite precipitation
is favored under relatively high PO34ˉ and low SO24ˉ
solutions (Greinert et al., 2001; Peckmann et al.,
2001). Some studies have reported that aragonite is
precipitated during periods of high methane seep
activity whereas HMC forms during periods of low
methane seepage (Nöthen and Kasten, 2011; Pierre et
al., 2012). As such, aragonite is preferentially formed
in more open systems such as sedimentary
environments close to the seaﬂoor (Magalhães et al.,
2012). Therefore, we speculate that the compacted
parts of sample D1-2 formed in deeper sediments,
containing solutions with relatively low SO24ˉ
concentrations, and were then moved up to a shallow
depth (even to the seaﬂoor) by subsequent uplift and
erosion (Peng et al., 2017). Subsequently, the loosened
parts cemented with the former compacted parts
during the later methane seepage periods. Thus, the
diﬀerent structures of sample D1-2 relate to diﬀerent
periods of methane seepage, which are common in
cold seeps (e.g., Liebetrau et al., 2010; Feng and
Chen, 2015; Franchi et al., 2017). Multistage methane
seepages have been documented in the study area
(Cao et al., 2020). However, we did not observe any
evidence of dissolution and recrystallization of
carbonate minerals under the polar microscope,
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possibly because the carbonate minerals were
cryptocrystalline or microcrystalline.
Biogenic structures were also observed in the
carbonate samples, for instance, D1-1 and D30-1
contained obvious biogenic holes (Fig.2a & d). SEM
observations revealed rice-shaped and ﬂat ﬁlamentous
microbial structures (Fig.4b, d, & e). Such structures
have also been recorded in methane-related carbonate
samples from other sites, such as the South China Sea
(Han et al., 2008), the northern-central Adriatic Sea
(Capozzi et al., 2012), and the Sea of Marmara
(Turkey) (Crémière et al., 2012). The rice-shaped
microbial structures were interpreted as calciﬁed
sulfate-reducing bacteria cells (Capozzi et al., 2012).
A mineralized microbe-like tubular structure was also
observed in another study in the Okinawa Trough
(Cao et al., 2020). Therefore, biological and microbial
activities are actively involved in the formation of
cold seep carbonates in the Okinawa Trough.
5.2.2 Mineral characteristics and their implications
The composition of carbonate minerals reﬂects
their precipitation environment (Naehr et al., 2007;
Pierre et al., 2012, and references therein); therefore,
they can be used to trace the formation environment
of carbonates. The carbonate minerals of each sample
diﬀered, but each sample had one dominant carbonate
mineral (Table 2; Fig.8). In particular, sample D1-2
comprised diﬀerent structures with diﬀerent dominant
carbonate minerals. The main carbonate minerals of
the samples were all aragonite or HMC, except for
sample D2-1 in which the main carbonate mineral
was dolomite.
The formation environment of aragonite and HMC
was described in Section 5.2.1. Some studies have
shown that dolomite precipitation can occur under
relatively low dissolved SO24ˉ concentrations (Baker
and Kastner, 1981). The experimental study of
Warthmann et al. (2000) demonstrated that sulfatereducing bacteria could inﬂuence dolomite
precipitation under controlled low-temperature
anoxic conditions. The experiment calculation
showed that AOM increases the CO23ˉ concentration
through sulfate reduction, thus favoring dolomite
formation (Moore et al., 2004). Dolomite can form
because of diagenesis (Frisia et al., 2018). Therefore,
sample D2-1 may have been formed at great depth,
where the SO24ˉ concentration was low and/or
diagenesis occurred. The results of oxygen isotope
analysis suggest that early diagenesis probably played
a major role in the precipitation of sample D2-1. In all
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the samples, HMC or dolomite was the main carbonate
mineral in the ﬁne grained structure (Fig.7, Groups Ⅱ
and Ⅲ), while aragonite was the main carbonate
mineral in the coarse grained structure (Fig.7, Group
Ⅰ). This shows that the diﬀerent structures could be
diﬀerentiated by their carbonate mineral compositions.
Authigenic pyrite is a common mineral in cold
seep carbonates, and forms from the HS– generated by
sulfate-dependent AOM and free Fe2+ in porewaters
(Fan et al., 2018). Pyrite associated with cold seeps
has various morphologies, but the main morphology
is framboidal (e.g., Chen et al., 2006; Lin et al., 2016;
Pierre, 2017). In sample D30-1, many framboidal
pyrites were observed in calcareous tests, and are
assumed to be related to methane seepage. However,
in sample D2-1, pyrite occurred as aggregates or
euhedral crystals without the rounding marks of
having undergone long-distance transport. These
crystals were thought to be related to the nearby
hydrothermal sources, which have been veriﬁed as
inﬂuencing carbonate formation in the studied area
(Li et al., 2018; Sun et al., 2019; Wu et al., 2019).
However, because pyrites with diﬀerent genetic types
were all oxidized to iron oxides or hydroxides, we
assume that they were all inﬂuenced by early
diagenesis.
The total carbonate mineral content of the carbonate
samples was not high and was even <50% in coarse
grained structures with relatively high porosity
(Table 2). The precipitation of carbonate minerals can
be aﬀected by the methane seepage rate and porosity
(Luﬀ et al., 2004). Therefore, the relatively low
carbonate mineral contents of our samples are
attributable to the methane ﬂux rate.
5.3 REEs and their implications
The REE pattern of marine carbonates can be used
as a geochemical proxy for the reconstruction of ﬂuid
composition and physicochemical variations (Franchi
et al., 2017). Among the REEs, Ce and Eu are very
sensitive to redox reactions. However, as our results
showed no Ce and Eu anomalies, they do not agree
with ﬁndings for samples from the South China Sea
(e.g., Wang et al., 2014) and other sites (e.g.,
Rongemaille et al., 2011; Feng et al., 2013). Previous
studies have demonstrated that the proxy log(Ce/Ce*)
(labeled Ceanom) can be used to trace precipitation
environments when REEs are shale-normalized (e.g.,
Feng et al., 2009b). A Ceanom value of >-0.1, indicates
anoxic conditions, whereas a Ceanom value of <-0.1
indicates oxic conditions (Wright et al., 1987). The
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Ceanom values of our samples were all >-0.1 (Table 4),
suggesting that they all precipitated in an anoxic
environment. Pyrite framboids were observed in
some samples, conﬁrming that anoxic conditions
prevailed during carbonate precipitation.
Another obvious characteristic of the REEs in the
carbonate samples from the northern Okinawa Trough
was a slight enrichment of MREEs, which was
consistent with ﬁndings for other sites, such as the
Makran accretionary prism and the Gulf of Mexico
(Feng et al., 2009a; Himmler et al., 2013). Iron and
manganese oxides preferentially adsorb MREEs,
which can create a MREE bulge pattern (Bayon et al.,
2011; Rongemaille et al., 2011). Organic matter may
be an additional source of MREEs (Freslon et al.,
2014). Some enrichment of MREEs is due to
diagenetic overprinting (Shields and Stille, 2001). If
the LaN/SmN ratio is >0.35 and it is not correlated with
the Ce anomaly (Ce/Ce*), late diagenesis had no eﬀect
on REEs (Wang et al., 2014). All the LaN/SmN values
of our samples were >0.35 (Table 4), and the samples
did not show any correlation between LaN/SmN and
Ce/Ce* ratios. However, the oxygen isotopes and
mineral characteristics implied that sample D2-1 was
aﬀected by early diagenesis. When sample D2-1 was
excluded, the LaN/SmN and Ce/Ce* ratios of the
samples did exhibit a strong negative relationship
(R2=0.972), indicating the inﬂuence of early
diagenesis on samples D1-1, D1-2, and D30-1.
Some previous studies have suggested that the
REE compositions of cold seep carbonates are
primarily controlled by the REE compositions of
carbonate minerals and the ﬂuids from which they
were precipitated (Rongemaille et al., 2011). The
REE patterns can be used to reconstruct ancient
environmental conditions during the seep carbonates
formation, and can provide insight into changes in
seawater and sedimentary pore water compositions as
well as diagenetic alteration during early diagenesis
in marine pore waters, which is aﬀected by a
succession of biogeochemical reactions (Zwicker et
al., 2018). For carbonates precipitating from seawater,
any deviation from the REE distribution of seawater
can be regarded as being of diagenetic origin (Smrzka
et al., 2020). In modern cold seeps, aragonite forms
close to the sediment-water interface, in pore waters
with a very similar composition to that of seawater
(Zwicker et al., 2018). Therefore, its REE pattern
should be similar to that of seawater. The main
carbonate mineral of Sample D1-1 and D2-1LP is
aragonite, however their normalized REE patterns
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displayed a non-marine seawater trend (Fig.5), which
indicated that some diagenetic inﬂuences have
masked the seawater signature. Some studies have
indicated that diﬀerent carbonate minerals, even the
diﬀerent crystal forms of the same carbonate mineral,
can exhibit diﬀerent REE patterns (Himmler et al.,
2010; Franchi et al., 2017; Zwicker et al., 2018).
However, all the studied samples exhibited a similar
REE pattern; even they contained diﬀerent carbonate
minerals. Therefore, the REE compositions of the
samples in our study are not indicative of the
compositions of the ambient ﬂuids from which they
originally precipitated. Some inﬂuences, most likely
early diagenesis, have masked the REE pattern of the
original pore waters.

6 CONCLUSION
The authigenic carbonate samples collected from
the northern Okinawa Trough formed because of
AOM in methane seepages. The dominant carbonate
minerals in diﬀerent samples indicated the
environment and process of carbonate precipitation.
Multistage methane seepages were inferred to have
formed these samples, based on structural,
mineralogical, and petrological observations. The
δ13C values of carbonate samples from the northern
Okinawa Trough varied from -53.7‰ to -39.3‰, with
an average of -47.3‰, suggesting that the main
carbon source was a mixture of thermogenic methane
and biogenic methane, possibly with a greater
contribution from the former. The δ18O values ranged
from 0.6‰ to 3.4‰, with an average of 1.9‰
indicating that the 18O-enriched ﬂuids from gas
hydrate dissociation took part in the carbonate
precipitation process. The REE results revealed an
enrichment of MREEs but no Ce anomalies, and the
Ceanom values suggested that all the carbonate samples
might have precipitated in an anoxic environment,
which was conﬁrmed by the occurrence of pyrite
framboids. Structural, mineral, oxygen isotope, and
MREE data collectively implied that the carbonates
from the northern Okinawa Trough underwent early
diagenesis.
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