Fluid conduits formed along burrows of giant bivalves at a cold seep site, southern Taiwan
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Abstract

At a Pliocene methane seep site in Taiwan characterized by numerous tubular carbonate
bodies and bivalves, a half meter-long dolomitic concretion containing a lucinid bivalve
Anodontia goliath reveals the impact of chemosymbiotic bivalves on fluid migration through
shallow sediments. The concretion consists of a cortex encasing a central channel filled with
sparite and varying amounts of brecciated material derived from the channel walls. The
studied bivalve is preserved with the hinge upward. When restored to life position, the central
channel is connected to the anterior side of the bivalve. In the lower longer segment, the
channel is connected to the posterior sector of the bivalve. The channels are interpreted as the
anterior tube for supply of respiration water and the posterior tube for mining sulphide
generated in the sulfate-methane transition zone of the sediment. The dolomitic cortex
surrounding the central channel is characterized by §'°C values as low as —29%. VPDB,
indicating that the rate of anaerobic oxidation of methane was enhanced around the conduit.
At the base of the central channel, upward soft sediment deformation structures likely resulted
from the dragging effect when fluid migrated out of the sediment and entered the channel.
Brecciation of the channel walls indicates pulsating seepage during the incipient stages of
cementation. The burrow, thus, acted as a highly permeable conduit channeling upstreaming
methane-charged fluid for a substantial period of time. Therefore, burrows can be efficient in
pre-determining the formation of fluid conduits at seep sites, having potentially a large impact
on fluid mixing and diagenetic reaction rates in sediments, and ultimately the amount of
methane released. The reported bivalve with its conserved burrow fossilized as seep carbonate
concretion provides direct evidence that fluid conduits form along animal burrows.



1. Introduction

Carbonate concretions are common and readily identified in fine-grained marine sediments of various
ages (Dietrich, 1999, for a bibliography; Bojanowski et al., 2014; Plet et al., 2016; Lash, 2018). Many
of them form during early diagenesis when carbonate oversaturation is favored by microbially
mediated anaerobic oxidation of the particulate organic matter within the sediment by seawater
compounds, in the order of the decreasing energy yield NO*, Mn*", Fe’*, SO, followed by
methanogenesis (e.g., Thullner and Regnier, 2019). This succession of reactions results in a
geochemical stratification of the sediment. Within the sulfate-methane transition zone (SMTZ),
upward advected or diffused methane produced in the methanogenic zone is oxidized while sulfate is
reduced by processes subsumed under the term anaerobic oxidation of methane (AOM; Boetius et al.,
2000). Depending on the methane flux, the SMTZ typically develops in a well-defined horizon a few
millimeters to several meters below the seafloor (Regnier et al., 2011). In the particular situation at
seep sites, methane sourced from deep subsurface reservoirs is added to the methane generated at
shallow burial in the sediment by the decay of organic matter, thus enhancing the rate of AOM and
pushing the SMTZ up close to the seafloor (Regnier et al., 2011). In such cases, high rates of AOM
strongly foster carbonate precipitation by the production of alkalinity and consumption of protons
(Blouet et al., 2021a). Such authigenic carbonates are commonly referred to as methane-derived
authigenic carbonates (MDAC; Ritger et al., 1987; Hovland et al., 1987; Ho et al., 2012), or seep
carbonates (Hecker, 1985; Juniper and Sibuet, 1987). They are often associated with highly specialised
chemosymbiotic animals, such as worms and clams (Kiel, 2010; Fischer et al., 2012). In particular,
lucinid bivalves harbour sulphide-oxidizing bacteria in their gills that receive sulphide from below via
tubes produced by the bivalves while oxygenated water is taken from the seafloor via a mucus-lined
tube (Taylor and Glover, 2000).

Tubular carbonate concretions such as chimneys and pipes are ubiquitous features at seep sites; they
may reach several meters in length and vary in diameter from a few centimetres to meters (Nyman et
al., 2009). They have been reported, for instance, from New Zealand (Campbell et al., 2008; Malie et
al., 2017), California (Stakes et al., 1999), Bulgaria (DeBoever et al., 2006), Italy (Viola et al., 2015),
Morocco, and Spain (Agirrezabala, 2009), to name a few. Tubes are considered as important
components of the ‘plumbing systems’ of the seep sites because they act as preferential fluid migration
pathways (Campbell et al., 2008; Nyman, 2009; Talukder, 2012; Malie et al., 2017; Ho et al., 2018a,
b). Through such tubes, rising fluids are quickly expelled to the seafloor and hence, rapidly (by)pass
the SMTZ, allowing the release of methane into the ocean. Additionally, fluid channeling triggers the
set-up of convection cells in the shallow seafloor sediment, favouring fluid mixing and cementation
around the tube (O’Hara et al., 1995; Henry et al., 1996; Santos et al., 2012; Aloisi et al., 2004). The
opening of the tubes is commonly interpreted to result from the rising buoyant fluid through a self-
generated preferential migration pathway (Martens and Val Klump, 1980; Mazzini et al., 2008; De
Boever et al., 2009). More specifically, Aiello (2005) described tubes oriented parallel to pre-existing
fractures in the host sediment. Alternatively, Y-shaped tubes belonging to Thalassinoides/Spongelio-
morpha burrows can act as fluid migration pathway (e.g., Wetzel, 2013; Wiese et al., 2015; Blouet et
al. 2017, 2020, 2021b).

In most instances, however, the processes leading to the formation of carbonate-cemented tubes are
not investigated in detail or difficult to assess because direct evidence is lacking as they form in the
subsurface. The present study addresses the — to our knowledge — so far first case of a lucinid bivalve
preserved in situ within a vertical dolomitic tubular concretion at a seep-carbonate site. The concretion
consists of a central channel surrounded by a cortex having the bivalve enclosed towards one tip. This
particular conduit appears to originate from a burrow that was also used as pathway of hydrocarbon-



charged fluids. This finding illustrates the important role of burrows as heterogeneities for fluid
circulation in near-surface sediments. It is the purpose of the present study to describe this burrow-
related methane-seep structure, to elucidate its development, and to decipher its cementation by
methane-derived authigenic carbonate.

2. Geological setting

The studied concretion was collected in the area adjacent to the village of Chiahsien (Taiwan), in the
lower Pliocene Yenshuikeng Shale Formation. It consists of massive silty mudstone strata with locally
intercalated thin sandstone beds deposited in a sublittoral environment of the Neogene Taiwanese
foreland basin (Yeh and Chang, 1991) (Fig. 1).

During the ongoing orogeny affecting Taiwan, the Eurasian continent collides with the Luzon volcanic
arc, which belongs to the Philippine Sea Plate, moving northwestward and obliquely relative to the
Eurasian passive margin at a speed of 8 cm yr' (Lallemand and Liu, 1998; Byrne and Liu, 2002).
Therefore, the geology of Taiwan can be considered as a partly exhumed accretionary wedge (Huang
et al.,, 1997; Liu et al., 2004). Structurally, the Chiahsien outcrop belongs to the Western Foothills of
the Taiwanese orogen. They comprise Miocene-Pleistocene marine sediments deposited on the
Eurasian margin, which were later incorporated into the accretionary wedge when a series of west-
verging thrusts developed during the southward propagation of the arc-continent collision zone.
During orogeny, the Western Foothills experienced burial depth typical of the oil window (Sakaguchi
et al., 2007).

The seep carbonates in the Chiahsien area have been mapped in detail by Chien et al. (2013). These

authors distinguish three types of concretions with respect to their morphology:

(1) ‘Massive Brecciated Blocks’ representing mound-shaped carbonate bodies having a few meters
diameter.

(2) ‘Giant Chimneys’ being cylindrical or fusiform, several meters in diameter and up to 30 m in
height and oriented perpendicular to bedding. An alignment of ‘Giant Chimneys’ is interpreted by
Chien et al. (2013) as formed above a fault used as gas migration pathway.

(3) ‘Slender Pipe Networks’ consisting of tubular concretions that are preferably oriented
perpendicular to bedding, but some branch and extend horizontally. They are commonly between
5 and 15 cm in diameter, but their vertical extent is unknown because they are truncated in the
outcrop. They occur isolated and in association with ‘Massive Brecciated Blocks’ and ‘Giant
Chimneys’.

The mineralogy of the concretions analyzed by Chien et al. (2013) is dominated by dolomite
exhibiting isotope values between endmembers given by —48%o< 8'*C<+6%o and —8%0<8'*0<+4%o.
The most negative d13C values are typical of carbonate precipitated from dissolved bicarbonate
generated by the anaerobic oxidation of biogenic methane (Hathaway and Degens, 1969; Milkov and
Etiope, 2018). Less negative 8'°C values are interpreted to result from a variable mixing of bicarbonate
generated by AOM with heavier sources, such as seawater and sedimentary organic matter (Peckmann
and Thiel, 2004; Bojanowski, 2012). Positive 8"°C values are attributed to dissolved bicarbonate
produced just below the SMTZ by methanogenesis of sedimentary organic matter (Raiswell and
Fischer, 2000; Meister et al., 2019). The low §'30 values are interpreted to represent alteration by
meteoric water (Chien et al., 2013).

The tubular concretion addressed in this study (‘Slender Pipe’ of Chien et al., 2013) has been found in
a ~1 m’-sized mudstone block fallen into a gully downslope from a sector occupied by an isolated



‘Giant Chimney’ that is particularly rich in large globular lucinid bivalves up to 15 cm in size (Fig.
2A; Chien et al., 2013). Originally the bivalves were classified as Loripes goliath (Yokoyama, 1928),
but later transferred to the genus Anodontia (Nomura, 1933; Taylor and Glover, 2009) (Fig. 2B, C, D).
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Fig. 1. Geological setting of the outcrop where the studied tubular concretion has been collected. (A) Tectonic
scheme of the Taiwan and surrounding areas (modified from Shyu et al., 2005). (B) Geological map of the
Chiahsien area where the seep carbonate concretions occur (modified after Sung et al., 2000, and Chien et al.,
2013); outcrop marked by star. (C) Schematic representation of the outcrop showing the location of the three
morphotypes of concretions and of lucinid fossils (redrawn from Chien et al., 2003).



Fig. 2. Outcrop when studied in 2016. (A) The investigated concretion was collected from a loose block within a
gully downslope of an isolated giant chimney; encircled geologist for scale (1.52 m). (B) Tubular concretions
within mudstone in the vicinity of the giant chimney. (C) Cluster of Anondontia goliath in concretionary
limestone of the giant chimney. (D) A tubular concretion with Anondontia goliath, close to the base of the giant
chimney; this specimen could not be sampled but illustrates in sifu orientation of the studied concretion.



3. Material and methods

Assemblages of bivalves connected with tubular carbonate concretions were found in the studied site,
and the best conserved one has been selected for performing analyses. The studied concretion has been
registered under the number of FC0324-113-LIN1 in the Kaohsiung County Jiasian Fossil Museum
(Taiwan). The 3D image of the studied concretion can be visualised online (https://fluid-venting-
system.org /first-discovered-bivalve-tubular-seep-carbonate).

Eight polished transversal and one longitudinal slabs of the tubular concretion were prepared to
accurately observe its internal structures in addition to natural fractures crossing the concretion. In this
way the continuity of the structures was proven. The polished sections were examined under natural
and 365 nm ultraviolet (UV) light. Three standard thin sections of the central channel, cortex and host
rock were investigated by optical microscopy.

For X-ray diffraction (XRD), 6 samples were crushed manually in an agate mortar. The powders were
analyzed using a Rigaku Ultima IV diffractometer system using Cu-Ka radiation. The diffractometer
is equipped with a position sensitive D-TEX detector and was operated at 40 kV and 40 mA; scans
were taken in step scan mode from 5° to 70°20, with a step interval of 0.01°26 and a goniometry speed
of 0.5°20 per minute. The identification of all minerals was performed using Rigaku’s PDXL-2
software and the ICDD Powder Diffraction File 2017 database (The International Centre for
Diffraction Data). Mineral quantification was made by Rietveld refinement (Rietveld, 1969) using the
code contained in the same software. The Rietveld method consists in minimizing the difference
between a diffractogram calculated for a given starting model (instrument and sample) and the
experimental diffractogram. Minimization is done by simultaneously adjusting instrumental and
sample parameters by a non-linear multivariable least square procedure. Zero shift and sample
displacement were the two instrumental parameters refined in addition to the sample parameter scale
factors, unit cell parameters, isotropic temperature factors, as well as coherent single scattering domain
sizes. Background intensities were fitted by a seventh order polynomial. Weighted residuals of the
whole pattern (Rwp) were taken to indicate the degree of fit between the measured and calculated
pattern (Toby, 2006). The Rwp values for the present refinements range from 4.72% to 8.53%.

For oxygen and carbon isotope analysis, 20 samples of carbonate were selected from polished blocks
and rock chips using a handheld microdrill under an alternation of natural and UV light. Samples were
then analyzed using a Kiel III automated carbonate preparation device coupled to a Finnigan MAT 252
isotope-ratio mass spectrometer. Carbonate material was reacted with 100% phosphoric acid for 10
min at 70°C. Instrumental precision was monitore by analysis of NBS 18, NBS 19, and in some
instances LSVEC reference material. Precisions are <0.05%o for carbon and <0.14%. for oxygen.
Isotope results are given relative to the Vienna Peedee Belemnite standard (VPDB). To check for any
spatial variability of the isotope signature within the cortex of the concretion, five regularly spaced
samples from center to rim were analyzed. Additionally, two samples of distinctive light intraclasts,
two samples from inside the bivalve, and two samples of brecciated clasts within the calcite-filled
septarian cracks were investigated. Two representative samples of the Yenshuikeng Shale were
collected in vicinity of the isolated giant chimney.



4. Results
4.1. Morphology and structure of the concretion

The retrieved part of the concretion is a ~4 cm wide, ~50 cm long cylinder, but both tips broke away
(Fig. 3). Vertical sections of the concretions with downward ramifying Chondrites provide evidence of
its vertical orientation and indicate the polarity. A globular bivalve about 11 cm in diameter identified
as Anodontia goliath occurs between an upper, short, 10 cm-long segment of the concretion and a
lower, ~30 cm-long segment. The concretion progressively enlarges towards the bivalve without
encompassing it completely (Fig. 3A and B). Most of the bivalve is preserved as an internal mold
coated in places by a <0.5 mm-thick crust of sparite (Fig. 3C, D, E, F). The anteroposterior axis of the
bivalve is oriented parallel to the axis of the tubular concretion, with the anterior side of the bivalve
upward (Fig. 3A). The two valves are separated by an up to 1 cm-wide gap at the posterior side. The
transition from the concretion to the encasing siltstone is gradual; irregular small-scale furrows and
ridges, knobs and depressions along the interface give the surface a rough appearance. Where not
covered by host rock, the surface of the concretion exhibits locally faint striations that are almost
parallel to its long axis (Fig. 3G and H). Within the lower segment, a reverse shear plane dipping ~35°
to the axis of the concretion displaces its lowest part for ~5 cm (Fig. 3G).

The concretion is tubular in shape, consisting of a vertical central channel surrounded by a micritic
cortex. The central channel crosscuts all other sedimentary structures. Various trace fossils have been
recognized within the cortex (Fig. 4). In nearly all cross-section, Chondrites occurs representing 2 size
classes having 0.5 mm- and 2 mm-wide tubes, both filled with light, fine-grained sediment. In
addition, above the bivalve, there are some curved spreite structures that resulted from the lateral
displacement of a nearly horizontal curved tube. These spreite structures are only partly preserved and
very likely continued outside the concretion (Fig. 4 B). This fragment is too small to be taxonomically
classified. In the lower segment, below the bivalve and at the base of the concretion, few subvertical,
irregularly curved tubes occur in the horizontal sections of the concretion (Fig. 4C, H). These burrows
are 0.5-0.8 cm in diameter and contain an infill similar to the host sediment. They crosscut
Chondrites. The outer boundary of these tubes may be transitional to the host sediment, or exhibits
some faint lamination organized in a concentric to slightly eccentric pattern (Fig. 4C, H).

The diameter and infill of the central channel vary from the base to the top of the concretion, and the
axis of the channel below and above the bivalve is shifted for about 4 cm (Fig. 5A and B). At the base
of the lower segment, a funnel-like narrowing-upward structure elongates upward into the central
channel (Fig. 4G). The funnel infill consists of millimetric, angular, micritic clasts embedded in a fine-
grained matrix. Further up, the matrix progressively turns to a sparry brownish calcite cement. Just
above the funnel, the central channel has an elliptical cross-section c. 1.5 x 3 cm in size and is filled to
75-80% by millimetric clasts (Fig. 4F). Further up, about 7-8 cm below the bivalve, sand-sized
patches of micrite are arranged over a crescent-shaped coating, lining two thirds of the periphery of the
channel, and leaving a circular central area only 0.4 cm in diameter filled with pure sparite (Fig. 4E).
Above, the channel widens to 3.5 X 2 cm and contains numerous brecciated clasts (Fig. 4 D). About 2
cm underneath the bivalve, the channel shows a cross-section of 1 x 1.5 cm and it is filled by thombic
clast, 0.3 x 0.7 cm in size cemented by sparite (Fig. 4C). At the lower tip of the bivalve, close to the
umbos of the bivalve, the channel continues indistinguishable into septarian cracks. The septarian
cracks are filled with brownish sparite containing angular micritic clasts in places. Above the bivalve,

the channel emanates at the anterior extremity of the two valves. It is, thus, offset by about 4 cm
towards the ventral side compared to the position where it enters the shell from below (Fig. 5A).
Above the bivalve, the channel is ~1 cm in diameter and filled for about 3 cm with sparite and milli-
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Fig. 3. Concretion housing Anodontia goliath. (A) Left side of A. goliath within the tubular concretion. (B) Same
view as (A), rotated by 90°, showing A. goliath in ventral view; location of cross-sections shown on Fig. 4
indicated. (C) Left side of the A. goliath. (D) Anterior view. (E) Low-relief ornamentation of the internal mold of
A. goliath. (F) Section of the locally molded shell (arrow). (G) Reverse shear plane truncating the concretion. (H)
Faint striations indicating the direction of movement along the shear plane.
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Fig. 4. Sections trough the concretion showing the variability of the central channel from top (A) to base (H) (for
position of sections see Fig. 3A); (A), (B) upper concretion segment above the bivalve, (C) to (H) lower
concretion segment below the bivalve. Black broken line = outer boundary of the central channel; white broken
line = outer boundary of conduit filled with sparite; solid circle = area shown enlarged in inset. (A) Central
channel consisting of two small sparite-filled tubes embedded in brecciated material. (B) Wide sparite-filled
central channel surrounded by brecciated margin above the bivalve (see inset); Cl = large Chondrites, sp =
spreite. (C) as (B) but below the bivalve; it = irregular tube (encircled by solid black line). (D) Central channel
filled clasts surrounded by thin sparite rims; Cl = large Chondrites. (E) Sparite-filled central channel surrounded
by brecciated wall. (F) Central channel filled with densely packed brecciated clasts; Cl1 = large Chondrites. (G)
Vertical section at the lower tip of the central channel showing an upward-narrowing funnel shape with upward
soft-sediment deformation (black arrows) and dragged laminae (d) and further up, brecciated material (white
arrows) and shown in inset. (H) Horizontal section of the funnel-shaped structure (encircled by black dotted
line); Cs = small Chondrites, it = irregular tube, both shown in inset.
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metric, elongate, angular micrite-clasts densely packed at one side of the channel (Fig. 4B). The

channel is then partially plugged by an array of millimetric angular micrite-clasts, leaving two
circulars opening about 0.3 cm in diameter filled with sparite (Fig. 4A).
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4.2. Petrography and mineralogy

The Yenshuikeng Shale host sediment consists of well sorted, angular, silt-sized detrital grains (50
um) exhibiting a packstone texture (Fig. 6A). The cortex of the concretion shows the same
composition as the host sediment, cemented by micrite whereas the siliciclastic grains are less densely
packed (Fig. 6B). The central tube is filled by weakly cemented siltstone, or brownish sparite,
composed of one generation of equigranular 0.5-1.5 cm-sized crystals, which show undulose
extinction (Fig. 6C). Brownish sparite also occurs in the septarian cracks inside the Anodontia shell. In
one thin section, the central tube appears to be lined with mud (Fig. 6C). Some scattered foraminifera,
partially pyritized, are present in the host sediment and the cortex of the concretion (Fig. 6D).

XRD analysis reveals a carbonate content of the host sediment of 0—19% (mean 12%), whereas the
cortex of the tube is composed of 58-78% (mean 67%) carbonate, partitioned in 82-93% (mean 87%)
dolomite and 7-18% (mean 13%) calcite (Table 1). Quartz, albite, and kaolinite are about twice more
abundant in the host sediment than in the concretion, whereas the illite content is five times higher.
Pyrite and chlorite form accessory components.

Fig. 6. Photomicrographs
illustrating the petrography
of the tubular concretion
and its host sediment. (A)
Host rock (Yenshuikeng
Shale). (B) Concretion
cortex. (C) Margin of the
sparite-filled central tube
with some micritic clasts
close to the margin. (D)
Foraminifera in the cortex,
partially filled with pyrite.

Table 1
Mi log position of the tubular concretion, sparitic septarian crack fill, and host rock. The carbon and oxygen isotope data of the corresponding camples 1z
indicated. Rwp: Weighted rezsiduals of the whole pattern; Dol: dolomite; Cal: caleite; Qt= quartz; Alb: albite; Kin: kaolinite; [It: illite; Chl: chlorite; Py: pyrite.
Narture of the zample Sample ID Mineralogic composition in weight percent Izotope data
Rwp Dol Cal Qz Alb Kn @It Chl Py Towlcarbonate Proportion 8%Cocs 5"Opee 5MOpeow
of
carbonates
Dol cCal
Sparite TWIS 47 o 100 0 L] V] 0 1] 1] 100 0 100 =135 -9.4 203
Cortex of the concretion TW7 65 45 10 - 9 3 6 1] 0 58 82 18 =251 L7 3.7
TWS 47 55 12 24 7 2 0 1] 0 &7 82 18 =255 1.4 314
™S 52 57 8 17 5 1 12 0 0 64 88 12 =273 1.0 31.0
T™WI2 5.1 73 5 16 0 3 3 0 0 78 93 7 -28.7 25 326
Average 54 58 9 20 5 2 5 0 0 67 87 13 -26.7 1.6 31.7
Host sediment TWI,1 6.8 5 10 41 13 o 21 10 0 16 34 66 =14 948 20.1
TW12 79 9 10 39 10 10 2 0 0 19 46 54 =16 =10.0 19.7
TWI 6.0 6 6 26 7 12 32 0 11 12 47 53 No analyziz
™21 85 0 0 49 15 3 31 o0 2 0 No analyzis
average 7.3 5 7 39 11 6 27 3 3 1.7 42 58 -15 -9.8 19.9
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4.3. Carbon and oxygen isotope geochemistry

The 2 samples of the host sediment show an average §'*C composition of —1.5%o and §'*O of —9.8%.
The 6 samples of the cortex of the concretion exhibit an average 5'"°C isotope signature of —26.9%o and
380 of +1.7%o. Narrow sampling from the center to the edge of the cortex does not show considerable
variation. Intraclasts, contained in the cortex or the brownish sparite show an average 5'°C of —26.6%o
and a §'0 of +2.0%o. The average of the 2 isotope values of the micrite within the bivalve are of §"°C

—28,2%0 and &0 +2.4%. whereas the

60,
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613C —165%0 and 6180 _88%0 The Sparitic 540 Ml Bulk cortex of the concretion
septarian fill displays an average isotope 1042 N T
signature of 8“C —13,6%0 and 5180 — A&A » Anodontia
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10.2%0. In summary, the isotope data are 24 ‘mm O(f t,w(o'm,:,”m, '

. .. . 20 g i
arranged in three Clusters, Comprlsmg (1) OClast within the septarian infil
host sediment (5"°C — 1.5%o; 8'*0 —9.8%o) 2 .?Q o
(i) cortex (8"°C —27%o; 8O +2%.), and 30| W = :
9 Anodontia shell

(iii) sparite (8"°C —14%o; 5'30 —10%o) (Fig. 35
7) (Annex 1). Fig. 7. Carbon and oxygen isotope composition of the

tubular concretion, including cortex, intraclasts, bivalve
shell, and sparite filling septarian cracks, and the host
5. Discussion sediment.

The association of the tubular concretion and the enclosed lucinid bivalve suggests that concretion
formation was related to the burrowing bivalve.

5.1. Carbonate precipitation processes
5.1.1. Depth of precipitation

The cortex of the concretion represents cemented silty host sediment as seen in thin-section analysis.
The carbonate of the concretion (67%) is mostly of diagenetic origin as the host sediment contains
12% carbonate. The volume of authigenic carbonate in the concretion (minus-cement porosity = 67%—
12%) is about 55% and matches the values of modern silty mud on the seafloor (55-65%; Briickmann,
1989; Wetzel, 1990; Einsele, 2000). Consequently, the concretion became cemented in very shallow
burial depth (Lippmann, 1955; Raiswell, 1971; Lash and Blood, 2004), very likely <2-5 m, that
compaction did not affect geometry (cross-section) of sediment-filled burrows like Chondrites (e.g.,
Wetzel et al., 1986). Furthermore, the reverse shear plane transecting the concretion most likely
resulted from differential compaction during burial because the early lithified concretion resisted
compaction relative to the dewatering host sediment (Wetzel, 1992). Striation formed during the shear
displacement indicates a movement at an acute angle to the long axis of the tubular concretion and
implies a (sub)vertical orientation when it developed.

5.1.2. Diagenetic reactions

The §"C values of the studied tubular concretion (Fig. 7) broadly match the data obtained for
numerous other concretions at Chiahsien seep site (Chien et al., 2013) and other tubular concretions
worldwide (Cavagna et al., 2105; Nyman et al., 2010). They are diagnostic of the anaerobic oxidation
of methane (AOM). The moderately depleted 613C values of the studied concretion compared to
typical seep carbonates concretions around the world (Peckmann and Thiel, 2004), however, imply a
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mixing of bicarbonate produced by AOM with heavier one, most likely from seawater (Bojanowski,
2012). Dolomite is the dominant carbonate phase of the studied tubular concretion. This matches the
observations made on many other seep-carbonate occurrences including modern and fossil vertical
tubular carbonate bodies (e.g., Aloisi et al., 2000; Diaz-del-Rio et al., 2003; Takeuchi et al., 2007;
Magalhaes et al., 2012).

The discrepancy between the proportions of illite in the host sediment and in the cortex of the
concretion, compared to detrital minerals such as quartz by a factor of /s and ¥, respectively, imply
that illite is mostly of diagenetic origin and formed when the concretion was already fully cemented.
This is consistent with the fact that illite is known to forms under oil window conditions (Galan and
Ferrell, 2013) and supported by the burial history of the Western Foothills of Taiwan (Sakaguchi et al.,
2007).

For oxygen isotopes, the mineral-water equilibrium composition of carbonates (8'*Oc, for calcite and
3'80p.l for dolomite) is controlled by the temperature of precipitation (T°K) and by the §'0O of the
precipitating fluid (8'®Owaer). The fractionation factor between calcite and water (Acalwaer), and
between dolomite and water (Apol-water), can be calculated by using the equation of Friedman and
O’Neil (1977) (equation (1)) or of Fritz and Smith (1970) (equation (2)), respectively.

Acatwater = " Ocar — " Oyarer = [(2,78%10°)/T%] - 2,89 (1)
Apot-water = 02 O0pol — 5" Oyarer = [(2,62%10°)/T°] - 2,17 ()

The measured bulk isotopic composition of the cortex 8'*Opui results of the weighted sum (average of
87%wt dolomite and 13%wt calcite) of the mix of pure dolomite and pure calcite (equation (3)).

5180bulk - 5180water = (_0; 13*5180&41 + Oy 87*5180D01) - 5180water (3)

Assuming that both carbonates precipitated at the same temperature and in isotopic equilibrium with
seawater having 8'"* Owaer = 0%0 SMOW then, the temperature of precipitation of the four samples of
the concretion cortex for which both mineralogic and isotopic composition have been determined
would be 22,8 + 1,2°C (equation (4))

0,13*2,78*10° + 0,87%2, 62*10°

=] “4)
\' 0,13%2,89 + 0,87*2,17 + 6" Opunc

This temperature is most likely above the temperature on the seafloor and could be explained by
seepage of warm or '*O-depleted fluid (Loyd et al., 2012), and/or re-equilibration of oxygen isotope
composition during burial. For the late diagenetic calcite in the septarian cracks, characterized by low
380 values, a precipitation temperature of 75°C is calculated for a pore fluid having seawater
composition. Similarly, the isotopic composition of the calcite material representing the shell mold
does not record its original isotopic composition but was precipitated during late diagenesis. The low
8'%0 values of the host rock indicate a precipitation temperature of 95°C that implies a dolomitization
process of the Yenshuikeng Shale during rather deep burial diagenesis. It is likely that this late episode
of dolomitization led to partial re-equilibration of the '®O in the concretion and resulted in an apparent
temperature of precipitation above the temperature expected at the seafloor.
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5.2. Bivalve burrow and burrowing behavior

All modern specimens of the family Lucinidae, including the genus Anodontia, follow a
chemosymbiotic mode of live (Taylor and Glover, 2005, 2006). They are burrowers living at the
transition of the oxic to the suboxic/anoxic zone in sediment (Fig. 8a), sometimes up to 50 cm deep,
and usually vertically oriented with the hinge and umbos uppermost (Fig. 8b) (Taylor and Glover,
2010). The lucinids derive much of their nutrition from symbiosis with sulphide-oxidizing bacteria
that is well known through numerous investigations (Taylor and Glover, 2010 and references therein;
Gros et al., 2012). The sulphide is collected via one or several tubes produced by the foot penetrating
downward while oxygenated respiration water is acquired from the seafloor via an anterior mucus-
lined tube that is also produced by the foot because the symbionts have a high oxygen demand (e.g.,
Taylor and Glover, 2010). In that tube arrangement, Anodontia differs from other lucinids, which
produce both an inhalant and an exhalant tube to circulate respiration water (e.g., Stanley, 1970).
Although most chemosymbiotic bivalves are small, particularly large forms have been recurrently
encountered at methane seep sites (Taylor and Glover, 2009, 2010). For instance, modern counterparts
to the studied specimen live at active methane seep in the Taiwan Strait, like the giant lucinids
Meganodontia acetabulum (Bouchet and von Cosel, 2004). Therefore, the exceptionally large size of
Anodontia goliath implies a habitat being extremely favorable for this bivalve.

Contrary to the common living position of lucinid bivalves having the anterior-posterior axis
horizontal and the hinge upward, the studied Anodontia goliath specimen is rotated by about 90
having the anterior-posterior axis parallel to the axis of the tubular concretion (Fig. 3) (see also Fig.
8b-c). Many lucinid bivalves need to rotate their shells for burrowing (‘rocking’, Allen, 1958) or for
maintenance of the anterior and posterior tubes as the foot needs to be shifted (Allen, 1958).
Therefore, it can be speculated that the shell was rotated to respond, for instance, to a depositional
event that blocked the connection to the seafloor and hence, respiration water supply (Fig. 8b-c).

C
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Fig. 8. Steps of cementation of an Anondontia goliath burrow. (A) Methane seeps upward and reacts with
seawater sulfate a few tens of centimeters below the seafloor, defining the sulfate methane transition zone
(SMTZ). The reaction produces sulfide and dissolved bicarbonate. Bicarbonate typically reacts with seawater
calcium and magnesium ions to precipitate carbonate, sulfide may precipitate as iron sulfide if reactive iron is
available in the sediment, or remains in solution. (B) Anodontia goliath settles just above the SMTZ; as for any
lucinid, the umbos are upward and tubes are dug downward through the SMTZ to provide sulfide for the
symbionts within the bivalve while oxygenated water is inhaled via an anterior, mucus-lined tube. (C) The
bivalve tilts its shell by 90, possibly for maintenance of the anterior tube in response to a supposed plugging
event, and died. (D) After the death, fluid flow channeled into a particular, probably last active, sulfide-mining
tube and the mucus-lined anterior tube, forcing the setup of convection cells along the channel and enhancing
anaerobic oxidation of methane and cementation along these portions of the tubes.
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Alternatively, a decreasing flux of methane and the resulting shortening in sulfide could have forced
the bivalve to burrow downward. Both events may have stressed the bivalve and it tried to overcome
this situation. In contrast, a tilting of the shell by a vigorous burst of fluid appears rather unlikely due
to the friction between the large shell and the host sediment. In addition, the rotated position of the
shell is less favorable relative rising fluids. When restored to live position with umbos upward (Fig.
8b), the upper channel within the concretion is situated above the anterior part of the studied
Anodontia and thus, it is interpreted as the anterior tube produced by the bivalve for supply of
respiration water. Similarly, the downward channel within the concretion is connected underneath to
the posterior sector of the shell where sulphide can easily reach the gills (Fig. 8b; also Fig. 8c), and
matches the typical position of the sulphide mining tubes and hence, is interpreted as such. Very
likely, it represented the last open ‘sulphide-mining’ tube, which acted later as conduit for methane-
charged fluids that in turn led to carbonate cementation and brecciation, partially overprinting the
original tube (Fig. 8d).

Modern Anodontia dig repeatedly ‘sulphide-mining’ tubes, in particular after a domain has become
depleted in dissolved sulphur; after abandonment, a ‘sulphide-mining’ tube becomes filled and a new
one is produced. The nearly vertical tubes displaying laminated margins observed in the vicinity of the
channel (Fig. 4H) are interpreted to represent such abandoned tubes. They are similar in size to the
central channel and match the observations on modern lucinids that slightly shift these tubes (e.g.,
Pervesler and Zuschin, 2004). As there is a number of such tubes, they appear to branch downward
although branching has not been directly observed. The foot of modern Anodontia is about 1/10 to
1/20 of the size of the bivalve that corresponds to the diameter of the tubes (e.g., Lebata et al., 2001;
Taylor and Glover, 2009).

The burrow has not been classified taxonomically because its 3D geometry cloud not be exactly
evaluated due to later overprint by rising fluids and subsequent brecciation; in particular the
arrangement and number of the downward probing tubes as well as the characteristics of the tube
providing the connection to the seafloor could not exactly be evaluated. Furthermore, the concretion
preserves only part of the whole burrow system. The laminated fill structure of downward tubes (Fig.
4H) would match Saronichnus as described by Pervesler and Zuschin (2004). In contrast, underneath
the producer, Saronichnus should exhibit a peculiar vertical spreite (see Pervesler and Zuschin, 2004:
p- 112, Fig. 2). Such a vertical spreite has not been observed in the studied material. The spreite
observed in the studied concretion is located above the bivalve and horizontal and can geometrically
not be connected to Anodontia.

5.3. From burrow to fluid conduit to dolomite tube

As evidenced by the cementation of the sediment surrounding the burrow, rate of anaerobic oxidation
of methane and associated carbonate cementation were enhanced along the burrow walls (e.g., Ziljstra,
1995; Stieglitz et al., 2000; Wetzel, 2013). Therefore, the burrow acted as a highly permeable conduit
(Fig. 8c). Upstreaming methane-charged fluid moved to a (supposedly) open sulphide-mining shaft,
flowed upward, entered the bivalve at the posterior part, traversed the already dead bivalve towards the
anterior tube and migrated further up to the seafloor (Fig. 8c). The funnel-like structure at the lower tip
of the concretion was likely produced by the dragging effect of fluid migrating out of the sediment and
entering the tube (Fig. 8c).

Although several shafts of sulphide mining tubes were possibly available as open pathways for
methane-charged fluids up to the surface, it is likely that a phenomenon known as ‘flow channelling’

focussed the fluid flow along a single path of least resistance (Tsang and Nerethieks, 1998; Eaton,
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2006). Very likely, the tube used last for sulphide mining remained open, developed into a channel for
methane-charged fluids, and carbonate was precipitated around it whereas non-irrigated shafts became
or were already plugged with sediment. Brittle deformation may occur in semi-consolidated or partly
cemented material if fluid release is pulsed (e.g., ladanza et al., 2013) that is commonly observed at
seep sites (Leifer et al., 2004; Tryon and Brown, 2004; Saffer and Tobin, 2011). Depending on flow
velocity within the channel and stability of its wall, brecciation affected the cross-sectional geometry
of the channel as parent feature of the incipient concretion. Upward channel flow probably induced the
setup of convection cells in the sediment surrounding the concretion, favouring mixing of seawater
and methane-charged fluid and thus, enhancing cementation (O’Hara et al., 1995; Henry et al., 1996;
Santos et al., 2012; Aloisi et al., 2000). According to the reaction transport model of Blouet et al.
(2021a), the rate of precipitation of an authigenic carbonate crust, in a shelf setting (200 m water
depth), and for advection speed of methane-charged fluids commonly encountered at seep sites (5—-100
cm yr'; Regnier et al., 2011) is in the order of 2-14 c¢m kyr'. The model of Blouet et al. (2021a),
however, does not take into account the effects of convection that rather likely enhances the rate of
precipitation. Nevertheless, the time necessary to precipitate a 2 cm-thick carbonate cortex around a
conduit definitely exceeded the lifetime of a bivalve. The burrow, thus, remained an active fluid
pathway over a significant time period and was still open when the septarian cracks formed in a still
plastic concretion (Wetzel, 1992) and when the sparite precipitated during burial diagenesis.

6. Conclusions

A lucinid bivalve Anodontia goliath cemented in a tubular carbonate concretion in the Pliocene seep
carbonate outcrop of Chiahsien (Taiwan) illustrates the role of burrows as heterogeneities within the
seafloor sediment fostering flow channeling at methane seep sites. As any lucinid, Anodontia goliath
most likely settled close to the sulfate methane transition zone (SMTZ), located centimeters to tens of
centimeters below the seafloor. There, it excavated downward posterior tubes exceeding 25 cm in
length to mine sulfide generated within the SMTZ. The bivalve also excavated an upward-directed
anterior tube for respiration water supply. In normal living position, Anodontia is oriented with the
umbos upward, but the studied bivalve rotated by 90 in posterior direction very likely as it burrowed
or maintained the anterior tube just before dying. After the death of the animal, a sulfide mining tube
and the anterior tube served as open pathways for ascending fluids and channeled them within a single
preferential path-of-least-resistance along that anaerobic oxidation of methane triggered the
precipitation of the carbonate cortex. Cementation lasted substantially longer than the lifespan of a
bivalve and therefore, the burrow remained a preferential fluid migration pathway for a relatively long
period. Consequently, burrows can play an important role as long-lasting open pathway for the release
of methane-charged fluids into the ocean at seep sites.
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Annex 1 Carbon and isotope data

Sample ID Description 5"*Cypps 5'%0ypps 5'%0smow
TW1,1 host sediment (Yenshuikeng Shale) -1,4 -9,6 20,1
TW1,2 host sediment (Yenshuikeng Shale) -1,6 -10,0 19,7
T™W2 bulk cortex -23,9 0,9 309
TW3 infill of Chondrites in the cortex —-26,2 2,5 32,6
TW4 infill of Chondrites in the cortex -27.1 1,0 31.0
TW5 Sparite -13,9 -11.1 18,5
TWé6 bulk cortex -24,1 0,9 30,9
TW7 bulk cortex -251 1,6 31,7
TWS bulk cortex -25,5 1.4 3514
TW9 bulk cortex -27.3 0,9 51,0
TW10 bulk cortex -28,1 0,1 30,1
T™WI11 bulk cortex -29.3 1,5 31.5
TWI12 micrite material inside the Anodontia —-28,7 2,5 32,6
TW13 micrite material inside the Anodontia -27,6 2.2 32,2
TWi14 clast within the septarian infill -26.1 3.0 331
TWI15 clast within the septarian infill —-26,1 27 328
TWI16 Sparite -13,5 -9.4 20,3
TW17 Sparite -13,3 -10,9 18,7
TW18 Sparite -13,3 -10,2 19,5
TW23 Anodontia shell -16,5 -8.8 20,9

Appendix Supplementary data
Supplementary data to this article are online at https://doi.org/10.1016/j.marpetgeo.2021.105123.
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