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Abstract: A remarkable exposure of tubular authigenic carbonates was found on the seafloor in the
Dongsha area of the South China Sea (SCS). The tubular carbonates, around 2-3 cm in diameter
and usually less than 10 cm in length, represent broken fragments of once-larger pipes that now
protrude from muddy sediments. The morphology, carbon and oxygen stable isotope compositions,
and trace and rare earth element contents of the carbonates were analyzed to decipher the mode of
carbonate formation. The tubular carbonates exhibit a dark brown coating of iron and manganese
hydrous oxides, indicating prolonged exposure to oxic bottom waters. The carbonate content of the
micritic pipes falls between 12.5 and 67.3 wt.% with an average of 42.0 wt.%, suggesting formation
within the sediment. This inference is supported by trace and rare earth element patterns including a
moderate enrichment of middle rare earth elements. Low §'3C values (as low as —50.3%o, Vienna Pee
Dee Belemnite (VPDB)) suggest that carbonate precipitation was induced by the anaerobic oxidation
of methane. The unusually positive 5'80 values of the carbonates (as high as +5.3%o, VPDB) are
believed to reflect the destabilization of locally abundant gas hydrate. Taken together, it is suggested
that pipe formation was initiated by sediment-dwelling organisms, such as crustaceans or bivalves.
The burrows subsequently acted as conduits for upward fluid migration. The lithification of the
sediment directly surrounding the conduits and the partial filling of the conduits with carbonate
cement resulted in the formation of tubular carbonates. Turbidity currents, sediment slumps, or the
vigorous emission of fluids probably induced the fragmentation of tubular carbonates within the
sediment. The carbonate fragments had been further subjected to winnowing by bottom currents.
This study provides insight into the interaction of megafauna burrowing with fluid migration and
carbonate formation at hydrocarbon seeps, highlighting the role of bottom currents and mass wasting
on the formation of fragmented tubular carbonates.
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1. Introduction

The discharge of hydrocarbon-rich fluids from marine sediments has been widely recognized
along active and passive continental margins worldwide [1]. The elevated alkalinity in pore waters
resulting from the anaerobic oxidation of methane (AOM) induces the precipitation of carbonate
minerals close to the seafloor [2,3]. The morphologies of such seep carbonates are various, including
slabs, crusts, mounds, and highly irregular bodies [4-11]. Tubular, cylindrical carbonates have also
been commonly described [11-13]. Tubular carbonates exhibit various sizes but are typically some
centimeters in diameter and a few decimeters in length (e.g., [9,13]). Some tubular carbonates, however,
are up to 5 m in length and up to 1 m in diameter [14]. They are typically hosted within sediments in a
vertical or subvertical position [15]. Tubular carbonates form within the sediment but sometimes are
exhumed, leaving the pipes scattered on the seafloor (e.g., [16]).

Formation mechanisms for tubular carbonates have been proposed, including (i) tubeworm
fossilization, (ii) the lithification of subsurface sediment around fluid conduits such as burrows
or fractures, and (iii) chimneys projecting into seawater (e.g., [5,9,10,14,17]). Tubular carbonates
surrounding tubeworm fossils typically exhibit small diameters (less than 1 cm; [18]). Larger tubular
carbonates, particularly those with diameters above 1 m, likely represent the subsurface plumbing
systems of ancient seeps [14], enabling fluid flux over long distances upward through the sedimentary
column. Many of the carbonate pipes found at seeps, typically several centimeters in diameter, derive
from the cementation of burrows produced by the local megafauna (e.g., [9]).

Isolated tubular carbonates have been reported at only a few seeps in the northern South China
Sea (SCS; [19-21]). In the summer of 2018, a research cruise involving a remotely operating vehicle
(ROV) ROPOS explored the continental slope of the northern SCS. At a seep site at about 700 m water
depth, an extensive exposure of tubular carbonate fragments scattered on the seafloor was discovered.
Here, the morphology, carbon and oxygen stable isotope, and element analyses of these samples were
performed to elucidate the mode of carbonate formation. We further discuss the possible processes
involved in the formation of the tubular carbonates.

2. Geological Setting

The SCS, a marginal sea connected to the west Pacific Ocean by the Luzon Strait, is located
at the junction of three plates, the Eurasian, Indian—Australian, and Pacific plates [22]. A series of
sedimentary basins (i.e., the Qiongdongnan Basin, Pearl River Mouth Basin, and Taixinan Basin) is
located in the northern SCS, where the northeastern passive continental margin reaches a sedimentary
cover of up to 10 km in thickness (Figure 1; [23]). The NE Dongsha area is situated in the southwestern
Taiwan Basin. Well-developed fault systems and mud diapirs serve as conduits for hydrocarbon
migration [19,24-26]. A gas hydrate drilling expedition confirmed the occurrence of gas hydrate and
authigenic seep carbonate in this region [27].

Seep carbonates were first discovered in this area in 2004 [19,28]. In the same year, different types of
seep carbonates were discovered in this area during the Sino-German joint cruise SO 177 [19,29]. Many
carbonate rock and biological samples, the latter including bivalves, tubeworms, gastropods, and corals,
were collected during this cruise using TV-guided grabs [19,29]. The local seafloor morphology is
characterized by deep-cutting, NW-SE-trending canyons [30]. Abundant mud volcanoes, scarps,
sediment slumps, and slides are developed in this area [19,24,25].

The study area is characterized by a complex hydrography (Figure 1). Oceanographic and geologic
observations provide evidence for the intrusion of the Northern Pacific Deep Water (NPDW) into
the SCS through the Luzon Strait, a situation that has existed at least since the early Quaternary
based on sedimentary records (Figure 1; [31-33]). A series of sediment waves and sedimentary drifts
on the continental slope of the Dongsha area indicates the existence of a strong deep-water bottom
current derived from the NPDW [32,34,35]. Additionally, the Luzon Strait is well known for its intense
internal tides [36], which are generated in the Luzon Strait and then propagate into the SCS [36-38].
The near-bottom breaking of the internal waves may result in the generation of along-slope currents in
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the study area [38]. The internal tides have been observed to cause the resuspension and redistribution
of bottom sediment [38,39]. To sum up, the existence of strong bottom and along-slope currents causes

a dynamic hydrographic environment in the study area.
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Figure 1. The topography of the northern South China Sea and the regional setting of the study
area. (a) Deepwater-bottom-current and along-slope-current data are taken from Liu et al. [31] and
Xie et al. [38]. Base map was created by using GeoMapApp. (b) Sample locations of tubular carbonates
in this study (red star); bathymetric map from [19]. The red dotted rectangle indicates the location of

Site 3.

3. Materials and Methods

During the Tan KaH Kee Cruise in summer 2018, ROV ROPOS was used to conduct seafloor
observation and sampling of Site 3 [19,29] of the Dongsha area (Figure 1). Tubular carbonate fragments
and seafloor sediment were sampled at the southern end of the ridge (22°4.0563’ N, 118°44.7869’
E) at a water depth of about 700 m (Figure 1b), using a net attached to the manipulator arm of the
ROV ROPOS during dive 2073 (Figures 2 and 3). The carbonates were washed with fresh water after
collection and were subsequently air-dried. Before sub-sampling, iron and manganese hydrous oxides
coatings on the surface of carbonates were removed with a dental drill, and then, carbonates were
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broken into small pieces and placed in an ultrasonic deionized-water bath for 20 min. The samples
were placed in a thermostat container (40 °C) for 24 h. The samples were ground into powder using an
agate mortar for element analyses.

Figure 2. Seafloor images of sampling location. (a) Exposure of fragments of tubular carbonates on
the seafloor. (b) The studied samples were collected using the manipulator arm of the ROV ROPOS.
(c,d) Close-up of tubular carbonate fragments on the seafloor. (e) Some tubular carbonates were buried
within sediment mounds (yellow arrows). (f) Numerous carbonate fragments in the depression between
sediment mounds. (g) Suspected traces of biological activity on the surface of a sediment mound
(red arrow), and a tubular carbonate buried within sediment (yellow arrow). (h) Current ripples in the
study area. The widths of the colored short lines bounded by green dots are about ten centimeters.
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Figure 3. Samples collected from the study area. (a) Surface sediment sampled along with tubular
carbonate fragments on the seafloor. Note the abundant small carbonates and bioskeletal fragments
(yellow arrows). (b) Sediment rich in foraminifera. (c) Fragments of tubular carbonates. Note the
extensive coatings of iron and manganese hydrous oxides on the surface of the samples.

3.1. Carbonates” Carbon and Oxygen Stable Isotopes

The powders were sampled with a microdrill for carbon and oxygen stable isotope analysis.
The samples were measured with a Thermo Finnigan Delta V Advantage mass spectrometer at
Louisiana State University. Released CO, for isotope analysis was processed with pure phosphoric
acid (90 °C). The results are reported in per mil (%o) using the & notation relative to the Vienna Pee
Dee Belemnite (VPDB) standard (6'3C and §!80). The long-term standard deviation was smaller than
0.06%o for §'3C values and 0.08%o for 5'80 values.

3.2. Major and Trace Elements of Bulk Rocks

Approximately 50 mg amounts of powdered samples were dissolved with a mixture of 1 mL
of HF (48%, v/v) and 1 mL of HNOs3 (68%, v/v) in cleaned Teflon beakers. The samples were then
placed into an electric oven at 185 °C overnight; the solution was evaporated to dryness on a hot plate.
After cooling, a mixture of 2 mL of HNOj3 (68%, v/v) and 3 mL of deionized water together with a Rh
spike (200 ppb) was added into the beakers. The beakers were placed in an electric oven again at 135
°C for 5 h to dissolve the residue. An aliquot of the solution was transferred into cleaned Teflon vials
for trace element analysis. Finally, another aliquot of the solution together with a Cd spike (200 ppm)
was poured into acid-cleaned vials for major element analysis.

3.3. Major and Trace Elements of Carbonate Phases

Approximately 20 mg amounts of powders were weighed into cleaned centrifuge tubes and
leached with ultra-pure 5% acetic acid for 2 h to dissolve the carbonate phases. The tubes were then
centrifuged at 3500 rpm for 4 min, and the supernatants were transferred into cleaned Teflon beakers
and evaporated to dryness. The dried residues were dissolved with 5% HNOj again. Finally, an aliquot
of the solution was transferred into cleaned vials together with a Rh spike (10 ppb) for REE analysis.
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Another aliquot of the solution with a Rh spike (200 ppb) was poured into cleaned vials for major
element analysis.

The elemental contents of the bulk rocks and carbonate phases were analyzed at the State Key
Laboratory of Ore Deposit Geochemistry, Chinese Academy of Sciences. Major and trace elements were
analyzed with a Varian Vista Pro ICP-AES and a Plasma Quant MS ICP-MS, respectively. Certified
reference materials (OU-6, AMH-1, and GBPG-1) were used for quality control. The precision and
accuracy were both better than 5% for major elements and 10% for trace elements.

In this paper, the REE contents were normalized against Post Archaean Average Shale (PAAS) [40].
The subscript “N” denotes shale-normalized values. In order to rule out the effect of La overabundance,
the real Ce anomalies were quantified by comparing Pr/Pr* with Ce/Ce* following the method of Bau
and Dulski [41]. The elemental anomalies were calculated as follows Ce/Ce* = 3Cen/(2Layn + Ndy),
Pr/Pr* = 2PryN/(Cen + Ndy), and La/La* = Layn/(3Pry — 2Ndy))-

4. Results

4.1. Seafloor Observations

According to the ROV observations, abundant tubular carbonates were lying on the seafloor
(Figure 2a—d). The original lengths of tubular carbonates cannot be determined due to their severe
fragmentation. Some tubular carbonates were buried within sediment pingoes (Figure 2e f; yellow
arrows). Suspected traces of biological activity were discovered on the surface of sediment mounds
(Figure 2f). Carbonate fragments were found to be particularly abundant in the depressions around
sediment mounds (Figure 2e-g). The best-preserved tubular carbonates have a cylindrical shape, are 2
to 3 cm in diameter, and are up to 10 cm in length (Figure 2e). In addition, current ripples are widely
distributed in the study area (Figure 2h). The sediments collected from the seafloor include abundant
small carbonates and bioskeletal fragments (Figure 3a). The local coarse-grain seafloor sediment is
rich in foraminifera, most of which are larger than 60 um (Figure 3b). Many of the tubular carbonates
display hollow central conduits, generally less than 2-3 cm in diameter (Figure 3c). The external
surface of the tubular carbonates is coated by black to dark brown iron and manganese hydrous oxides
(Figure 3c).

4.2. Elemental Contents of Bulk Rocks and Carbonate Phases

Selected major and trace-elemental contents of bulk rocks and carbonate phases are listed in Table 1.
The calcium contents (CaO, wt.%) of the bulk rock vary from 1.6% to 32.3% (average: 15.3% + 8.3%,
n = 10). The tubular carbonates (bulk) show low magnesium contents (MgO), ranging from 2.0% to
6.9% (average: 4.2% + 1.5%, n = 10). Except for two samples, most of the bulk samples have low
strontium contents ranging from 126 to 497 pg/g (average: 337 + 113 pg/g). The bulk rocks display
high Mg/Ca and low Sr/Ca ratios (Table 1; Figure 4). The manganese contents of the carbonate phase
range from 490.4 to 1146.5 ug/g (average: 722.7 + 209.5 ug/g). The carbonate phase exhibits variable
strontium contents spanning from 60 to 5140 ug/g and low Mn/Sr ratios falling between 0.1 and 3.9
(average: 2.0 + 1.3), with one outlier of 10.6.

4.3. Carbon and Oxygen Stable Isotopes of Carbonates

The §'3C values of the tubular carbonate fragments are exclusively negative (Figure 5; Table S1
(Supplementary Material)), spanning from —50.3%o0 to —29.0%o (mean = —40.5%o, SD = 7.3%o, n = 13).
The 5'80 values of the samples range from 1.8%o to 5.3%0 (mean = 3.6%o, SD = 1.1%o, n = 13).
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Table 1. Selected elemental contents of carbonate phases and bulk rocks.

7 of 17

Bulk Sample Carbonate Phase
Sample ID CaO MgO  Carb. cont. ! Sr Mg/Ca Sr/Ca Sr Mn Mn/Sr
% % % ug/g  wt/wt.  wt/wt. ug/g ug/g  wt/wt.
C1 11.9 44 36.5 353 0.310 0.004 293 875.4 3.0
C2 12.5 6.9 46.5 355 0.467 0.004 291 1146.5 39
C3 21.0 6.0 58.7 477 0.241 0.003 458 533.7 1.2
C4 20.2 5.8 56.5 497 0.242 0.003 483 502.7 0.1
C5 323 2.7 67.3 4760 0.071 0.021 5140 883.1 1.8
Co6 225 2.0 47.3 4680 0.075 0.029 4920 4904 0.1
Cc7 11.6 43 35.7 406 0.307 0.005 382 921.8 24
C8 1.6 2.7 12.5 126 1.432 0.011 60 639.9 10.6
9 9.7 32 28.3 248 0.276 0.004 195 657.7 34
C10 9.2 4.0 30.6 307 0.368 0.005 267 575.6 22
! Carb. cont. = mean carbonate content = CaCO3 + MgCOs.
0.17
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Figure 4. Relationship between Sr/Ca and Mg/Ca (wt. ratio) of carbonate samples. The end members
of the Sr/Ca and Mg/Ca ratios were 0.020 and 0.0063 for aragonite and were 0.0031 and 0.155 for high
magnesium calcite (HMC), respectively; data from Gong et al. [42]. The end-member ratios of the
biogenic calcite and the detrital fraction are from Yang et al. [43].

4.4. Rare Earth Elements

Table 2 presents the REE contents in the carbonate phase of the studied samples. The carbonates
show intermediate to high total REE contents (XREE), ranging from 23.2 to 47.0 ug/g (average =
32.9 £ 6.0 ug/g). The carbonate phases display similar REE patterns: (1) middle REE (MREE) enrichment
relative to light REE (LREE) and heavy REE (HREE; average Gdn/Yby = 1.48 + 0.24); (2) LREE depletion
(average Prn/Ybn = 0.72 + 0.34); (3) pronounced negative Ce and slightly positive La anomalies
(Figure 6; average Ce/Ce* = 0.70 + 0.06; La/La* = 1.37 + 0.10); (4) low Y/Ho ratios between 28.1 and 34.6
with an average of 31.3 + 1.7 (Table 2).
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Figure 5. Cross plot of §!3C and §'80 values of carbonates and shells (published data for this site are
from Feng et al. [30] and references therein).
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Figure 6. Shale-normalized REE patterns and plot of Pr/Pr* versus Ce/Ce* of tubular carbonates.
(a) The fragments of tubular carbonate have REE patterns similar to those of the samples of Ge et al. [44]
but are different from those of seawater (x10°) and anoxic pore water (x100) [45-47]. (b) Plot of Pr/Pr*
versus Ce/Ce* used to reveal Ce anomalies of the studied samples [41]. The fragments of tubular
carbonate display negative Ce anomalies, which are similar to those of seawater, biogenic carbonate,
and non-seep marine carbonates (data from [46,48]).
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Table 2. Rare earth element compositions (ug/g) of tubular carbonates from the northern South

China Sea.

Sample Number C1 C2 C3 C4 C5 Cé6 Cc7 C8 C9 C10
La 6.2 5.0 7.1 8.0 8.9 6.6 5.4 3.9 7.0 6.4
Ce 9.4 9.1 10.8 11.7 13.8 9.4 8.2 7.3 11.0 8.7
Pr 1.6 13 17 1.6 2.2 1.4 15 1.0 1.6 1.6
Nd 7.1 59 7.3 6.8 9.7 6.3 6.7 4.6 7.1 7.1
Sm 1.9 1.6 1.9 1.5 2.6 1.2 1.8 1.2 1.9 1.9
Eu 0.5 0.4 0.5 0.3 0.6 0.2 0.5 0.3 0.5 0.5
Gd 2.0 17 2.0 1.5 2.8 0.9 1.9 14 2.1 2.0
Tb 0.3 0.3 0.3 0.2 0.4 0.1 0.3 0.2 0.3 0.3
Dy 19 15 1.8 1.3 2.5 0.7 1.7 1.3 19 1.8
Ho 0.4 0.3 0.4 0.3 0.5 0.1 0.3 0.3 0.4 0.4
Er 1.0 0.7 0.9 0.7 1.4 0.3 0.9 0.7 1.0 0.9
Tm 0.1 0.1 0.1 0.1 0.2 0.0 0.1 0.1 0.1 0.1
Yb 0.9 0.7 0.8 0.6 1.3 0.3 0.8 0.8 0.9 0.9
Lu 0.1 0.1 0.1 0.1 0.2 0.0 0.1 0.1 0.1 0.1

Y 12.0 9.0 11.5 8.3 16.2 3.6 9.8 7.8 13.2 11.3
~REE 33.3 28.5 35.7 34.6 47.0 275 30.2 23.1 359 327
Y/Ho 324 31.8 31.3 323 31.6 28.1 29.4 29.7 34.6 315
La/La’ 1.34 1.29 1.32 1.52 145 1.42 1.27 1.26 1.36 1.52

Ce/Ce" 0.66 0.79 0.69 0.72 0.69 0.67 0.64 0.81 0.72 0.60
Pr/Pr’ 1.10 1.04 1.09 1.03 1.06 1.08 1.12 1.03 1.06 1.10
Dyn/Smy 1.16 1.08 1.12 1.00 1.18 0.69 1.09 1.23 1.16 1.12
Prn/Ybn 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59
Gdn/Yby 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44

5. Discussion

5.1. Constraints on the Formation Environment of Tubular Carbonates

The carbonate mineralogy, stable isotope characteristics (613Carp, and 5'80yyp), and REE patterns
of carbonates can be used to constrain the fluid sources and formation environments (e.g., [30,49,50]).
The carbonate mineralogy of rocks can be constrained by the Mg/Ca and Sr/Ca ratios of whole
rocks [42,51,52]. According to the concept of Bayon et al. [51], high-magnesium calcite (HMC) is
the main carbonate mineral phase of the studied samples (Figure 4). In contrast to the dominance
of dolomite cement in most extant and ancient tubular carbonates (e.g., [53-56]), the dominance of
HMC in the studied samples may be ascribed to an incomplete consumption of sulfate in pore water
or concentrations of sulfide not high enough to catalyze dolomite formation [57,58]. In addition,
tubular carbonates show low carbonate contents (Table 1) and contain abundant detrital quartz and
feldspar [59]. Therefore, tubular carbonates originally precipitated in an anoxic environment within
the sediment column.

Compared to the 513C values of shells collected from the same area [20], the extremely low
813C values (—50.3%o; Figure 5) of the authigenic carbonate pipes indicate biogenic methane as the
dominant carbon source for carbonate precipitation [3]. This interpretation is supported by the
isotope composition of methane from a neighboring site, varying from —72.3%o0 to —69.4%o [60].
Tarutani et al. [61] reported that 10%In & "8 O picite-water Will increase by 0.06 %o with each mol% of
MgCOs; incorporated into the crystal lattice. Assuming the tubular carbonates formed at current
temperature (6.7 °C, CTD data) and the HMC contains 20 mol% MgCOs [59], according to Equation
(1), the calculated §'80 values of the fluids from which the carbonate precipitated are +2.6%0 VSMOW,
using the §'80 values of the analyzed samples [62].

10%In 4 8O acite-water = 18.03 (10%/T) — 32.42 (T is degrees Kelvin) (1)
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Such positive 31801, values reflect the addition of 18O-rich fluids (e.g., [4,63]). The dominance
of biogenic methane suggests a shallow source, where temperature and pressure conditions are
insufficient for the dehydration of clay minerals. The local occurrence of methane hydrate indicates
that the 8O-enriched fluid was derived from hydrate decomposition (e.g., [60,64]).

The rare earth element patterns of seep carbonates have been used to constrain the diagenetic
conditions under which authigenesis took place [49,65-68]. The lack of a good correlation between
the total REE (XREE) and Fe and Mn contents (Figure S1 (Supplementary Material)) suggests that the
dissolution of iron and manganese hydrous oxides has no significant effect on REE patterns. The lack of
linear relationships between Ce anomalies and Dyy/Smy;, ZREE (Figure S2 (Supplementary Material)),
and low Mn/Sr ratios (Table 1) in our samples render significant diagenetic alteration unlikely. Therefore,
the studied carbonate fragments are likely to preserve the composition of pore water. The XREE
contents of the tubular carbonates are in the same orders of magnitude as those of other seep carbonates
(Figure 6a; e.g., [28,44,65,67,69,70]). All the studied samples display similar shale-normalized REE
patterns (except for sample C6), suggesting precipitation under similar conditions (Figure 6a). The REE
patterns reflect slight enrichment of HREEs (Prn/Ybyn = 0.7 £ 0.2), pronounced cerium anomalies
(Ce/Ce* = 0.7 £ 0.0; Figure 6b), and slight lanthanum anomalies (La/La* = 1.4 + 0.1). At first glance,
these patterns reflect the pore fluids from which carbonates precipitated, apparently strongly influenced
by oxygenated seawater (Figure 6a). However, the moderate MREE enrichment (Gdn/Ybyn = 1.5 + 0.2)
and low Y/Ho ratios (31.3 + 1.7; Table 2) disagree with a strong influence of oxygenated seawater
during carbonate precipitation. MREE enrichment can be explained by the reduction of iron and
manganese hydrous oxides in anoxic sediment [71]. Previous studies reported that anoxic pore water
at seeps is typified by MREE enrichment (Figure 6a; [45,72]).

Given that AOM requires strictly anoxic conditions, it is difficult to understand why the tubular
carbonates exhibit pronounced negative Ce anomalies (Figure 6). Negative Ce anomalies in oxygenated
seawater result from the microbial oxidation of Ce®** followed by the preferential scavenging of
Ce** [73]. The presence of negative Ce anomalies in seep carbonates has been ascribed to intermittent
oxygenation during carbonate formation [65,69,74,75]. Alternatively, one study suggested that negative
Ce anomalies and the HREE enrichment of seep carbonates may reflect high porewater alkalinity [67].
Considering the overall high alkalinity in pore waters at seeps, it is feasible that a combination of high
alkalinity and organic matter content in pore water resulted in the negative Ce anomalies and HREE
enrichment of the studied samples.

5.2. Mode of Tubular Carbonate Formation

Tubular carbonates characterized by a large diameter (particularly >1 m) have been regarded as a
product of ancient subseafloor plumbing systems [14,76]. In contrast, tubular carbonates derived from
the lithification of tubeworms have much smaller diameters (typically a few millimeters; [18]). Complex
carbonate towers projecting into the water column are mainly composed of fibrous aragonite cement,
including examples from the Black Sea, the eastern Mediterranean Sea, and the oxygen minimum zone
in the Arabian Sea (e.g., [5,8]).

Considering the morphology (diameter > 2 cm; Figures 2 and 3) of tubular carbonates, the lack
of tubeworm fossils in the carbonates, and the scarcity of tubeworms in the study area, the studied
samples are unlikely to represent the residues of worm tubes (e.g., [10,11,77,78]). Burrows generated
by seep-dwelling macrobenthos (bivalves and crustaceans) can act as fluid migration pathways for
focused methane seepage [10,79-82]. The studied tubular carbonates are best interpreted as the result
of carbonate precipitation within burrows and preceding lithification of the surrounding sediment
caused by the precipitation of methane-derived microcrystalline carbonate [9]. However, we are
unable to determine the type of organism that generated the burrows. Abundant bivalve shells were
discovered at the study site, and bivalves are also abundant at a neighboring active methane seep
(e.g., [19,29,30]). In addition, crustaceans were also found among the mussel beds of a neighboring
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methane seep, including galatheid crabs and shrimp [30]. To sum up, the studied tubular carbonates
most likely represent the cemented burrows of seep-dwelling benthos (i.e., bivalves or crustaceans).

The precipitation of tubular carbonates occurred in a restricted environment within the sediment
column. Some tubular carbonates were vertically or sub-vertically orientated within the sediment.
The exposure of dense accumulations of fragments of tubular carbonates on the seafloor and the
presence of iron and manganese hydrous oxide coatings indicate exhumation by strong bottom currents
and the alteration of pipe surfaces by oxidized seawater. In addition to hydrographic characteristics,
the local frequency of mass-wasting processes (turbidity currents and sediment slumps) may have
been favorable for the exhumation of tubular carbonates. Finally, vigorous methane emissions caused
by the decomposition of gas hydrate that occurred in the study area during times of falling or low sea
levels (cf. [55]) may have contributed to the exhumation of carbonate pipes.

In our scenario, methane seeps provided nourishment for lush megafauna, which produced
numerous burrows in the unconsolidated host sediment (Figure 7a). At the time of burrowing
activity or slightly later, burrows acted as conduits for fluid discharge (Figure 7b). AOM occurred
within the burrows and the surrounding sediments, generating high alkalinity that induced the
lithification of the surrounding sediments (Figure 7b). The dissociation of gas hydrate generated
substantial quantities of methane gas that generated localized overpressure. The sediment pingoes
discovered in the study area likely resulted from the accumulation of sediment on the seafloor due to
the expulsion of mixtures of water, gas, and solid materials (Figure 2f,g; [83]). The fragmentation of
tubular carbonates took place during or after exhumation, probably involving mass-wasting processes
(Figure 7c). The strong local deep-water bottom currents developed in the study area [32,34,35] likely
contributed to exhumation, but it is unknown if they contributed to fragmentation too. Bottom currents
generated from the near-bottom breaking of internal waves have velocities as high as 77 cm/s [35,38].
The coarse-grain foraminifera-rich sediment possibly reflects winnowing by such high-velocity bottom
currents. However, the possibility that the foraminifera-rich sediment derived from turbidity currents
cannot be ruled out either. Finally, the observed current ripples possibly provide further evidence
for strong bottom currents or turbidity currents. Accordingly, mass-wasting processes and strong
bottom currents are potential mechanisms for the exhumation and fragmentation of tubular carbonates,
the latter also preventing their burial (Figure 7d; [84-86]). After exhumation, exposure to oxic seawater
led to the precipitation of iron and manganese hydrous oxides on the surface of carbonates (Figure 7d).
Similar scenarios for the exposure of carbonate pipes have been put forward for occurrences in other
regions, such as the Montenegro Margin [15], the Gulf of Cadiz [16], and the Stirone River locality [84].

a b SWI
sulfate

sulfate

carbonate|precipitated
along intet wall of burrows

CH,

Figure 7. Cont.
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SWI
sulfate

sulfate

Figure 7. A conceptual model for the formation of the tubular carbonates from the northern South
China Sea (not to scale). (a) Active methane seepage occurred in the passive margin setting. Burrows
produced by megafauna served as conduits for methane and sulfate flow. (b) The upward movement
of the SMTZ placed burrows into the zone of anaerobic oxidation of methane (AOM), which resulted in
the lithification of the surrounding sediments and carbonate cement precipitation within the inner parts
of the conduits. (c) Turbidity currents and sediment slumps and slides caused the fragmentation of
tubular carbonates. The overlying sediments were then eroded by the strong bottom currents. (d) Iron
and manganese hydrous oxides coated the surface of carbonates during prolonged exposure of pipe
fragments to oxic seawater (Figure 7d). SWI = sediment water interface, SMTZ = sulfate methane
transition zone.

6. Conclusions

A pervasive occurrence of tubular carbonate was discovered in the Dongsha area of the South
China Sea. Based on the morphology, 813Carp and 880y, values, and trace and REE patterns of
the samples, the carbonates pipes are inferred to have formed within the host sediment under anoxic
conditions. The tubular carbonates probably resulted from the lithification of burrows generated by
seep-dwelling megafauna such as crustaceans or bivalves. Biogenic methane, derived from hydrate
decomposition during sea level lowstands, was apparently the dominant carbon source of carbonates.
The tubular carbonates were fragmented by mass-wasting processes or the vigorous emission of
fluids. This study elucidated the formation mode of a new mass occurrence of fragmented tubular
carbonates, highlighting the combined effect of burrowing, sediment movement, and bottom currents
on their formation.
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