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Abstract To systematically quantify the production, consumption, and migration of methane, 210 sedi-
ment cores were collected from offshore southwestern Taiwan and analyzed for their gas and aqueous geo-
chemistry. These data, combined with published results, were used to calculate the diffusive methane
fluxes across different geochemical transitions and to develop scenarios of mass balance and constrain
deep microbial and thermogenic methane production rates within the accretionary prism. The results
showed that methane diffusive fluxes ranged from 2.71 X 10> t0 2.78 X 10" and from -1.88 X 10~ ' to
3.97 mmol m~2d " at the sulfate-methane-transition-zone (SMTZ) and sediment-seawater interfaces,
respectively. High methane fluxes tend to be associated with structural features, suggesting a strong struc-
tural control on the methane transport. A significant portion of ascending methane (>50%) is consumed by
anaerobic oxidation of methane at the SMTZ at most sites, indicating effective biological filtration. Gas com-
positions and isotopes revealed a transition from the predominance of microbial methane in the passive
margin to thermogenic methane at the upper slope of the active margin and onshore mud volcanoes.
Methane production and consumption at shallow depths were nearly offset with a small fraction of residual
methane discharged into seawater. The flux imbalance arose primarily due to the larger production of
methane through deep microbial and thermogenic processes at a magnitude of 1512-43,096 Tg Myr—
could be likely accounted for by the sequestration of methane into hydrate forms, and clay absorption.

Tand

1. Introduction

Atmospheric methane is ~23 times more effective in heat absorption than carbon dioxide on the basis of
100 year residence time [Forster et al., 2007]. Even with ~200 times less concentration than carbon dioxide
in the atmosphere, methane contributes 20-25% of the overall greenhouse effect [Lelieveld et al., 1998]. Sce-
nario modeling and geological records both have shown that its impact on climatic fluctuations over vari-
ous timescales could have been substantial [Dickens et al., 1995; Kennett et al., 2000].

Marine sediments along continental margins have been estimated to store a total of 455 X 10> Tg of
methane carbon, representing the largest methane reservoir on the Earth [Wallmann et al., 2012]. Over
the past few decades, great efforts have been dedicated to understanding the processes of methane
cycling and to deconvolving the quantities of methane released from seafloor or seawater worldwide
[Milkov, 2004; Wallmann et al., 2012]. Of various tectonic settings, sediments eroded from high-relief
mountainous area in tectonically active margins are rapidly deposited and accumulated at kilometer
thickness, providing organic matter that is readily exploited for methane formation through thermal mat-
uration and/or microbial degradation. Methane produced from either mechanism could be trapped as
gas hydrate or in gas form within sediments in the subsurface [Katz et al., 2002; Milkov et al., 2005]. The
substantial amount of carbon sequestered in active margins could become unstable and be transformed
into the mobile phase caused by environmental fluctuations, such as temperature, sea level, and slope
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stability, prior to ascending into the overlying seawater or even being discharged into the atmosphere
[Judd and Hovland, 2007].

The ultimate release of methane from marine sediments is, however, controlled by multiple mechanisms
and processes, such as thermal maturation of organic matter, microbial methanogenesis at depth, fluid
channeling and sealing, hydrate sequestration, and biological filtration near the seafloor [Reeburgh, 2007;
Hong et al., 2017]. Although intensive methane cycling occurs along continental margins [Pohiman et al.,
2009; Archer and Buffett, 2012], very few studies have provided a quantitative framework to constrain the
production, consumption, and migration of methane simultaneously at a regional scale in tectonically
active environments. In particular, the overall methane inventory and leakage from different tectonic
regimes could be greatly influenced by the supply, burial, and degradation of organic particulates. The
lack of such knowledge limits a better assessment of the contribution of marine sediments to global
methane emission.

In this paper, a systematic and comprehensive approach was adopted to quantify the rates for the meth-
ane sources and sinks from different compartments and to address the methane origin within the Taiwan
accretionary prism. First, the diffusive fluxes of methane across the sulfate-methane-transition zone
(SMTZ) and sediment-water interface were estimated by using 384 porewater profiles, 210 of which were
newly reported here. The correlation between the fluxes and distribution of geological structure was dis-
cussed. Combined with the methane fluxes previously reported for terrestrial mud volcanoes [Yang et al.,
2004; Chao et al., 2010; Hong et al., 2013a], an estimate of the regional flux entering the seawater column
and atmosphere was provided. The diffusion-based rates of anaerobic oxidation of methane (AOM) were
also evaluated with the results independently obtained from the box model which considers the mass
balance of solute concentrations and carbon isotopic compositions [Hong et al., 2013b]. Second, the per-
centages of microbial to thermogenic methane production at great depth (>1 km) were constrained
using published isotopic compositions of hydrocarbons from field samples and incubation experiments
[Sun et al., 2008; Ling et al., 2012]. The potential rates of methane production by thermal maturation were
assessed with the knowledge of sediment volume and properties, together with the rate and geometry of
plate convergence for the accretionary prism. Finally, the hydrocarbon abundance ratios combined with
their isotopic compositions from the cored bottom sediments were used to constrain the origins of
hydrocarbon gases. Overall, we present a quantitative framework to assess the methane inventory within
the Taiwan accretionary prism, and the possible source and sink mechanisms that control the methane
leakages into surface environments. This study represents part of the outcomes for the decadal efforts in
systematically exploring the distribution of methane seeps and hydrates as well as their environmental
impacts off southwestern Taiwan.

2, Study Area and Geological Setting

Offshore southwestern Taiwan is a west advancing accretionary prism formed during the subduction of
the Eurasian plate beneath the Philippine Sea plate starting about 18 Myr. The accretionary prism has
obliquely impinged on the northern South China Sea margin through the collision between the Luzon
Arc and Eurasian plate since 5 Myr [Teng, 1996; Lin et al., 2008]. The uplift associated with the plate con-
vergence generates extremely high rates of weathering and erosion onshore and drives rapid accumula-
tion of organic matter in the abyssal plain of the northern South China Sea through numerous river
systems [Dadson et al., 2003; Hsu et al., 2014]. With such a plate geometry, a transect from onshore to off-
shore southwestern Taiwan could be translated into a transition from active to passive continental mar-
gins. At the active margin, tectonic compression of the accreted terranes from the east generates a
series of folds and thrusts propagating westward [Lin et al., 2008]. The active margin consists two struc-
tural domains divided by the out-of-sequence thrust (OOST; Figure 1), namely, the lower slope and
upper slope [Reed et al., 1992]. At the upper slope, offshore mud diapiric structures and mud volcanoes
are commonly observed [Chiang et al., 2004]. These geological features could be further traced into their
terrestrial counterparts that are aligned with the identified fault systems [Lin et al., 2008]. In contrast, the
lower slope consists of a series of anticlinal ridges related to active thrusting and folding [Lin et al.,
2008].
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Figure 1. Map of coring sites offshore southwestern Taiwan (red triangles; n = 210). The locations of totally 384 sites were shown with 174
of them being previously reported (blue triangles) [Chuang et al., 2006, 2010, 2013; Ye et al., 2016]. The black line shows the deformation
front (DF) and the blue line near the shelf edge denotes out of sequence thrust (OOST). The tectonic structures are modified from Lin et al.
[2013].

3. Materials and Methods

3.1. Sediment and Core Top Seawater Samples

Sediment and core top seawater samples at 210 sites were retrieved during cruises of the R/V Ocean
Researcher | (OR1; legs 804, 828, 834, 835, 860, 902, 934, 961, 978, 1029, 1044, 1070, 1107, and 1118), R/V
Ocean Researcher Il (OR3; legs 1323, 1368, 1384, and 1405), and R/V Ocean Researcher V (OR5; legs 1309-2
and 1311) using piston and gravity corers, and during R/V Marion Dufresne leg MD147 and MD178-10 using
the Giant Piston Corer (GPC) and Calypso Square Corer (CASQ). Most sampling sites are located at (1) cold
seep G96, Fangliao ridge (FLR), and Tsanyao mud volcano groups (TYMV) above mud diapirs; (2) Frontal
ridge (FTR), Four way closure ridge (FWCR), Palm ridge (PR), Tainan ridge (TNR), and Tsanyao ridge (TYR)
identified as anticlinal ridges; (3) Good weather ridge (GWR) and Yungan ridge (YAR) identified as monocli-
nal ridges; and (4) Formosa ridge (FMR) in the passive margin [Lin et al., 2013]. Detailed sampling sites and
core lengths are shown in Figure 1 and supporting information Table S1, respectively.

3.2. Sampling and Analytical Methods

Sediments (10 mL; 15 mL was used during MD178-10 cruise) and core top seawater for gas analyses
were collected and transferred into serum bottles with saturated NaCl as a preservative. The serum bot-
tles were sealed with butyl rubber stoppers, crimped with aluminum rings, and stored upside down at
room temperature or 4°C. Pore water for aqueous geochemistry was obtained through centrifugation
and subsequent filtration through a 0.22 um pore-sized nylon membrane syringe filter. The filtrates were
split into three fractions for anion, cation, and dissolved inorganic carbon (DIC) analyses. For cation anal-
ysis, concentrated nitric acid (70%) was added at a volume ratio of 1:45 for the preservation of redox sen-
sitive metals. The DIC samples were collected in a 5 mL polypropylene vial without gas bubbles and
stored at 4°C.
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The concentrations of hydrocarbon gases were determined using gas chromatography (GC). Two
approaches were used: (1) Samples obtained from MD147, OR1- 804, 828, 834, and 835 were analyzed using
a GC equipped with a MS-13X (molecular sieve) column and a Hayesep D column in line with two thermal
conductivity and one flame ionization detectors with H, and Ar as carrier gases (injection temperature 30°C,
held isothermal for 2 min, ramped to 250°C at 120°C min~"); (2) samples from other cruises were introduced
into a GC equipped with a 4 m long Hayesep D column in line with a helium ionization detector. The tem-
perature scheme for gas separation proceeded as the initial injection at 50°C, being held for 9 min, and
ramped to 200°C at a rate of 90°C min~". Analytical precision is typically better than 5%.

Major ion concentrations (sulfate, calcium, and magnesium) were determined using an ion chromatography
(882 Compact IC Plus) with a detection limit of 0.1 ppm in weight. Total alkalinity was determined by titrat-
ing the sample with 0.02 N HCI while bubbling nitrogen through the sample [Wallmann et al., 2006a]. The
concentrations and carbon isotopic compositions of DIC were measured using an Ol Analytical total organic
carbon (TOC) analyzer combined with a Picarro G1101-i cavity ring down spectrometer (CRDS) isotopic ana-
lyzer. A total of 10-15 mL of water sample was treated with 5% HsPO, in a glass vial at 25°C on line. The
CO, produced was stripped with N, and introduced into the detectors. The carbon isotopic compositions of
methane were measured using a Methane Carbon Isotope Analyzer (MCIA) equipped with a tunable diode
laser absorption spectrometry or an isotope ratio mass spectrometry (IRMS) in line with a GC and a combus-
tion oven. The hydrogen isotopic compositions of methane were determined using an IRMS in line with a
GC and a pyrolysis oven. The obtained isotopic compositions were expressed as the é notation referenced
to standards [0 = (Rsample/Rsta —1) X 10009, where R is the ratio of heavy to light isotopes]. The standards
for carbon and hydrogen isotopes are the Pee Dee Belemnite (PDB) and Vienna Standard Modern Ocean
Water (VSMOW), respectively. The precisions are *+0.5-19, for CRDS measurements, +0.5-19,, for MCIA
measurements, and +0.5%, for 6'*C-methane and +39%, for 5°H of methane by the IRMS.

3.3. Calculations of Fluxes Across Different Interfaces
The diffusive fluxes of methane across the SMTZ were calculated using the Fick’s first law [Berner, 1980],

ocC

F:—¢~DS-&,

(M
where F is the flux, ¢ is the porosity converted from water content assuming a sediment density of 2.7 g
cm 3 [Chen, 1981], Ds is the bulk sediment diffusion coefficient corrected for tortuosity, C is the methane
concentration, and x is the depth. Ds was calculated using equation (2).

Ds=Dy/(1—-In(¢?)), 2

where D, is the diffusion coefficient in seawater at in situ temperatures [Jahne et al., 1987; Boudreau, 19971.
Because the measured methane quantity represents the residual fraction postdegassing during core recov-
ery, the calculated diffusive flux is a conservative estimate. Raw data of methane and sulfate concentration
are listed in supporting information Table S2.

Fluid advection is assumed negligible. The assumption was based on the profiles of chloride which is inert
to biological and most abiotic reactions, thereby serving the best tracer for fluid migration. Deeply sourced
fluids are commonly characterized with low salinity derived from either hydrate dissociation or clay dehy-
dration [Kastner et al., 1991]. The contrast chloride concentrations between deeply sourced fluid and seawa-
ter render chloride a sensitive tracer to investigate whether advection is significant and affects the shallow-
ranging geochemical characteristics. Of 101 sites (including sites described in previous studies [Chuang
et al, 2013; Lin et al., 2014; Ye et al.,, 2016]) with chloride data available (supporting information Table S2),
most sites (94 sites) were characterized with no or insignificant changes in chloride concentration, sugges-
ting small contribution of advection in these shallow sediments. Only seven sites proximal to mud volca-
noes, mud diapirism or structural features are characterized by downward decreasing chloride
concentrations. The chloride profiles from six of them (OR1-1070-C11, OR1-1070-C9, MD178-3292,
MD178-3280, OR1-902A-9, and OR1-1107-MV12-1) showed a linear decreasing trend, whereas the other
one (OR1-1107-MV12-A) exhibited a concave downward shape. The linear decreasing of chloride content
indicating the dominancy of diffusion, whereas the concave-downward profile suggests the combinative
effect of diffusion and advection only on this site. To constrain the advection rate, the fluid transport
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equation (combining diffusion and advection) was used to fit the observed chloride variation. Our calcula-
tion yielded an advection rate of ~0.4 cm yr~". Such an advection rate could be translated into an advective
methane flux of 1.55 X 107" mol m~2 yr~ ' at the SMTZ (using a porosity of 0.35 and a methane concentra-
tion of 0.11 mM). The diffusive flux across the SMTZ was calculated to be 3.80 X 10" mol m 2 yr~", a magni-
tude approximately 240 times greater than the advective flux. Therefore, the advective flux could be
considered negligible even in the region with relatively high fluid flow. The modeling calculation also dem-
onstrates that unless the sampling was conducted right at the structural features, the majority of sampling
area is governed by diffusive transport of methane.

Methane concentration gradients were calculated from the depth intervals where the concentrations line-
arly increased. Linear regression was then applied to the target depth of interest. For methane fluxes across
the SMTZ, at least three data points across the sulfate minimum to methane minimum were used for the
analyses. Methane concentration data from 64 sites (with 20 sites reported by from Chuang et al. [2006,
2010, 2013], Lin et al. [2014], and Ye et al. [2016]) were calculated. The fluxes at 11 sites obtained from
Chuang et al. [2010] were included for comparison. The obtained diffusive fluxes across the SMTZ were fur-
ther categorized into two groups using a probability plot from which the flux corresponding to the drastic
change of flux to frequency ratio was selected as the threshold value for categorization [Sinclair, 1974]: hot
sites with fluxes more than 10~ mmol m 2 d~" and normal sites with fluxes lower than 10" mmolm >d .
The ranges of flux were multiplied with the areas to obtain the total area-based methane consumption rates,
considering that this geochemical transition resulted from the AOM process alone. Using the distribution of
sites, the areas of the passive margin and active margin for normal sites were calculated to be 3400 and
11,777 km?, respectively (supporting information Figure S1). The areas of all hot sites were estimated to range
from 0.11 to 40.7 km?. To simplify the calculation and avoid the contributions from extreme values, a minimum
area of 0.11 km? was used to represent all hot sites. We estimated the area occupied by hot sites from the dis-
tribution of methane flux across the sediment-water interface as the coverage of this sampling is large enough
for representative estimation. The resulting area of hot sites on the passive and active margins are 0.33 (n = 2)
and 2.86 (n = 26) km?, respectively.

The diffusive boundary layer (DBL) is defined as the interface between seawater and sediment. Methane
effluxes across the DBL were calculated using the following equation [Jargensen and Des Marais, 1990]:

Co—Cyw
Zife

Fps.=Dw - 3)
where Fpg, is the flux across the sediment-seawater interface (i.e., efflux), Co is the methane concentration
immediately below the DBL in the surficial sediments, C,, is the concentration in the bottom water, and Z
is the thickness of DBL and is assumed to be 1.0 mm [Boudreau and Guinasso, 1982]. Because Cg is an
unknown value, the mass balance relationship between the methane efflux across the DBL and methane
flux at the top sediments was adopted to derive Cy and hence the efflux using the following equation [Dale
et al., 2008b]:

Co—Cu GG
Dw.Zdﬁ—gDO (DS T v Co), (4)

where ¢, is the sediment porosity at the seabed, C; is the methane concentration at the grid node immedi-
ately below Cy, Ax is the distance between depths of Cy and C;, and v is the advective flow rate. The meth-
ane concentration at the shallowest depth of the core was used as C;, whereas v was assumed to be
negligible. For sites without methane concentrations of bottom water, C,, for sites nearby was used. Meth-
ane concentration data from 370 sites (with 171 sites collected from Chuang et al. [2006, 2010, 2013]) were
calculated.

The calculated effluxes at specific sites were further extrapolated to derive the area-based discharge of
methane into seawater. Following a similar approach described above, the obtained diffusive effluxes were
further categorized into normal and hot sites using an arbitrary threshold value of 1072 mmol m~2d~". The
ranges of flux were multiplied by the areas to obtain the total quantity of methane discharged per unit
time. The area sizes for individual categories were the same as those described previously. These marine
effluxes were compared with the published methane emission from terrestrial mud volcanoes [Yang et al.,
2004; Chao et al., 2010; Hong et al., 2013a] and from submarine environments elsewhere.
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3.4. Methane Production and Consumption Constrained by the Box Model

The methane production and consumption rates (or fluxes) at the SMTZ were calculated to evaluate the
diffusion-based AOM rates independently using the solute and isotopic data available at these depth
ranges. The box model [Hong et al., 2013b] which considers the mass balance between five reactions, orga-
notrophic sulfate reduction (OSR), AOM, carbonate precipitation (CP), methanogenesis (ME), and CO, reduc-
tion (CR), were employed. CR represents the reversible pathway that is accompanied internally with AOM
[Yoshinaga et al., 2014], whereas methanogenesis (ME) produces methane from the degradation of organic
matter. Although the product is the same, these two reactions are intrinsically different and involve differ-
ent populations. Fluxes from deep sources are used to satisfy the mass balance at the SMTZ (supporting
information Table S3). Methane flux was derived by subtracting the total sulfate reduction rate from the sul-
fate consumption with organic matter, assuming that methane-fueled AOM is responsible for the rest of the
sulfate reduction. The gradients of SO2-, Ca®", Mg?*, and DIC were used to derive the fluxes or rates for
individual reactions. Carbon isotopes were used as an additional constraint. The carbon isotopic fraction-
ation factors related to AOM and CR were assumed to be 1.004 and 1.06, respectively [Whiticar, 1999]. While
most organic matter can be degraded in shallow sediments through OSR, the rest is buried into the metha-
nogenic zone for methane production. The partition factor of organic degradation via OSR was assumed to
be 0.8 based on the modeling results from Chuang et al. [2013]. Because of the data availability, 11 sites
(supporting information Figure S2 and Table S3) were chosen for model calculations, and all the geochemi-
cal characteristics were assumed to reach a steady state. Since the site numbers were small, no categoriza-
tion for hot versus normal sites was performed. The calculated AOM rates were compared to those
obtained from the concentration gradients to validate the diffusive fluxes. The calculated methane produc-
tion and AOM rates were also used to assess the methane mass balance at shallow depth.

3.5. Fractions of Microbial Methane Production at Great Depth

The absolute quantity of deep microbial methane production (>1 km) was obtained by combining the frac-
tion of pure microbial to thermogenic methane with the rates of thermogenic methane production
deduced from subduction geometry and parameters (see section 3.6). The fraction of deep microbial meth-
ane production was first estimated using published isotopic compositions of hydrocarbons collected from
the bubbling pools of terrestrial mud volcanoes [Sun et al., 2008, 2010]. The generalization of terrestrial for
marine environments stems from the fact that sediments in both compartments share genetic relationships.
As plate convergence has been driven by the accretion of the Luzon arc for at least 9.7 Myr [Huang et al.,
2006], all sediments previously deposited offshore southwestern Taiwan would be subject to a similar path
of burial and tectonic displacement or deformation, regardless of deposition time. Therefore, sediments cur-
rently located at great depth in both terrestrial and marine compartments were assumed to retain similar
reactivity for microbial methane formation. While sediment retrieval directly from great depth in marine
environments is not yet available, fluids and sediments from the bubbling pools of terrestrial mud volca-
noes are perhaps the best alternative materials to characterize the source of deep fluid, considering that
rapid fluid transport along fractures prevents the geochemical characteristics of pool fluids and sediments
from being altered or modified [Ling et al., 2012; Wang et al., 2014].

The following equation was used to obtain the fractions of microbial and thermogenic methane from great
depths.

613Cmeasured:513(:m><fmgd+513ctx(‘I 7fmgd)7 (5)

where 6Ceasured is the measured 6'3C value of methane, §'3C,, is the 5'3C value of microbial end-
component, §'3C is the §"3C value of thermogenic methane, and f mgd represents the fraction of microbial
methanogenesis at great depth.

To obtain the isotopic composition of pure thermogenic methane (6'3C; in equation (5)), the natural gas
plot was adopted [Chung et al., 1988; Milkov and Dzou, 2007]. This approach lies in the rationale that the
8"3C value and the reciprocal of carbon number of hydrocarbon (1/n) would follow a linear relationship for
hydrocarbons produced purely by thermogenesis. The slope and intercept at 7/n of 0 could be translated to
the maturity and initial composition of a hydrocarbon source, respectively. Published 3'C values of hydro-
carbons (C;-nCs) retrieved from gas seeps and mud volcanoes in southwestern Taiwan [Sun et al., 2008,
2010] were applied to the natural gas plot. A threshold of R* value at 0.9 obtained from linear regression
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Table 1. Summary of §'>C Values of Hydrocarbons From Onshore Mud Volcanoes and Seeps, Projected 6'>C Values of Pure Thermogenic Methane, and Potential Contribution of

Microbial Methanogenesis

Projected 6'C (%,) From

Measured 6'3C (%,)? Natural Gas Plot frngd

Sample Thermo Hydrocarbon Acetoclastic CO, Reduction CO, Reduction
Name @ G C nC, nCs G (6"Cy Source A (0"3C0"3C,)P Fraction® Fraction® Fraction®
KTL-06 —329 =2315 —=234%) —240 =2347/ —23.38 —23.8 =21 0.49 0.24 0.16
CLB-B12 —26.5 =253 —24.5 —24.0 —26.6 —234 0.1 0.00 0.08 0.05
CLB-SW06 —33.0 —24.1 —24.8 —24.8 —24.6 —24.6 —84 0.47 0.22 0.15
YNH-12 =3}il3) —27.7 —24.3 —24.7 —24.7 —314 —225 0.1 0.00 0.22 0.15
SYNH-10 —316 =258 =252 =252 —25.6 =31 —23.0 —0.5 0.04 0.22 0.14
WSD-04 —30.3 =283 =223 =235 —304 =203 0.1 0.00 0.24 0.16
LYS-02a —299 —243 —26.7 —25.6 =235 =255 —44 0.26 0.12 0.08
KSP-12 —51.0 —36.0 —30.2 —27.6 —51.1 —20.0 0.1 0.01 0.73 0.50
95G908 =252 =253 =2315 —236 =2315 —327 —20.0 —-0.5 0.05 0.31 0.21
95G925 —334 —19.2 —15.6 —18.3 =305 —9.7 —-09 0.09 0.45 0.33
95G926 =27 —24.8 —26.3 —26.2 =259 —25.8 —25.8 —6.9 0.41 0.19 0.12
95G907 —279 —24.2 —239 —24.3 —24.1 —24.1 —24.1 —38 0.21 0.10 0.07
95G924 2216 =23\2) =257/ —245 =235 =235 —6.1 0.32 0.16 0.10
95G913 =33 —26.6 —24.6 —24.7 —244 =3il2 =207) —0.1 0.01 0.23 0.15
95G927 —39.0 —26.8 —246 —24.1 —236 —383 —19.7 —0.7 0.17 0.45 0.31

“Terrestrial mud volcano data source from Sun et al. [2008, 2010].
bA((SBCm—(SBCp) represents the difference of 6'C values between measured methane and projected pure thermogenic methane.
“Potential contribution of acetoclastic methanogenesis to the total methane was calculated on the basis of equation (5) and a fractionation factor of 1.020 obtained from incuba-

tion experiments [Ling et al., 2012].

9potential contribution of CO, reduction fraction to the total methane was calculated on the basis of equation (5) and a fractionation factor of 1.040 [Ling et al., 2012; Whiticar,

1999].

®Potential contribution of CO, reduction fraction to the total methane was calculated on the basis of equation (5) and a fractionation factor of 1.060 [Whiticar, 1999].

was arbitrarily chosen in order to determine whether the 6'C values of C;-nCs were linearly distributed
(supporting information Figure S3a). For the covariance between §'>C value and 1/n (R? values greater than
0.9), the equation generated from regression was used to calculate the 8'3C values of pure thermogenic
methane and hydrocarbon source. For regression with R? values less than 0.9, the 6'3C values of C,, gener-
ally clustered within =19/, and were, therefore, averaged and extrapolated to 1/n of 1 and O for the deter-
mination of §'>C values of pure thermogenic methane and hydrocarbon source, respectively (supporting
information Figure S3b). Since microbial oxidation and synthesis would leave the residual hydrocarbons
(mostly C;, G5, and C,) enriched in 13C and produce "*C-depleted methane [James and Burns, 1984], such an
analysis allows for the identification of potential microbial processes that deviate §'>C values of hydrocar-
bons from the predictive thermogenic trend. The projected '3C values of pure thermogenic methane
(6"3C,, Table 1) combined with the 6'3C values of pure microbial methane produced from the decomposi-
tion of organic matter (see next paragraph) were further used to estimate the microbial contribution to the
overall methane inventory through equation (5).

Three scenarios were considered to constrain the §'>C,,, values in equation (5). In any scenarios, the isotopic
fractionation between particulate organic matter and methanogenic precursor was assumed to be negligi-
ble. Therefore, the 6'>C value of pure microbial methane could be deduced by subtracting the §'>C value of
particulate organic matter with the isotopic fractionation associated with methanogenesis. The 5'3C values
of the projected source composition or organic matter in offshore sediments [Hsu et al, 2014, and this
study] clustered mostly between —25 and —209%,. Therefore, a median value of —22.5%  was chosen to rep-
resent the isotopic composition of organic matter subject to microbial degradation. The first scenario con-
sidered assumes that the predominant methanogenic pathway was through acetate fermentation with a
carbon isotope fractionation of 209,,. This assumption is based on the incubation results using mud volcano
sediments in the region as inoculum and acetate as substrate [Ling et al,, 2012]. The §'3C,,, value was calcu-
lated to be -42.59,, (-22.5-20%, = -42.59%,.). The second and third scenarios focused on methanogenesis
through CO, reduction with carbon isotopic fractionations of 40 and 609, [Ling et al., 2012; Whiticar, 1999],
respectively. For these two scenarios, the 6'>C,,, values were calculated to be —62.5 and —82.5%,, respec-
tively. The obtained f,qq (Table 1) was further transformed into the microbial-to-thermogenic ratio, and
multiplied by the total thermogenic methane production (see the section 3.6) to derive the quantity of
regional microbial contribution.
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3.6. Thermogenic Methane Produced by Subduction and Accretion
The production rate of thermogenic methane within the accretionary prism was estimated based on the fol-
lowing equation proposed by Schmoker [1994],

Rthermo=Racc—-m -m - PP, (6)

where Rinermo 1S the production rate of thermogenic methane, R,cc.v is the sediment mass accumulated
within the accretionary prism, m is the maturity of the sediments, and PP is the hydrocarbon potential of
the sediments (i.e., the weight of hydrocarbon per unit weight of sediments). To determine the m value, the
following two assumptions were made:

1. Seventy percent of sediments were assumed to subduct along with the plate, with the remaining 30%
of sediments being accreted [von Huene and Scholl, 1991]. All the sediments being subducted were
assumed to be totally matured once they reached the depth of the gas window. This assumption
ignores the possibility that subducted organic matter could be completely oxidized to CO, or graphi-
tized. The remaining 30% accreted sediments could be matured for hydrocarbon formation if the
sediments are buried to a depth greater than 1.29 kmbsf considering an average geothermal gradient
of 70°C km ™' [Chi and Reed, 2008] and 90°C for the gas window. Based on the seismic reflection sig-
nals near the current trench and deformation front, the thickness of presubducted sediments was cal-
culated to be 1.24-4.49 km [Yeh and Hsu, 2004; Liao et al., 2016]. The contribution of thermogenic
methane from such accreted sediments is small and insignificant. For example, the greatest thickness
of pre-subducted sediments is 4.49 km. The thickness of accreted sediments would be less than
1.35 km (4.49 km X 30%). The proportion of accreted sediments immediately subject to thermal mat-
uration at subduction would be only 1.3% ((1.35-1.29) km/4.49 km X 100%). The fraction will be even
smaller for the presubducted sediments that is thinner than 4.49 km. Moreover, the thickness of pre-
subducted sediments more than 4 km is only representing 11% of the trench in length. As the poten-
tial accreted sediments for thermal maturation is small and the exact accretion rate has not been
constrained well, the thermogenic methane contributed from the accreted sediments was assumed
to be negligible.

2. Given that 40% of the total hydrocarbons are in cyclic structures and resistant to thermal decomposition,
all the other hydrocarbons were assumed to be eventually converted to methane under high tempera-
tures and pressures [Hunt, 1996]. Therefore, m was calculated to be 42% (70% X 0.6 = 42%). Based on
the results from the four ODP sites (ODP leg184, Site 1144, 1145, 1146, and 1148; at the northern slope
of the South China Sea [Wang et al., 2000]), the values of hydrocarbon potential (PP in equation (6)) were
assumed to be 0.15-0.5 mg of hydrocarbon per kg sediments.

Race-m in equation (6) was calculated by assuming a simplified geometry of the accretionary prism (Figure 2)
and the density of bulk sediments (p,,) using the following equation:

RaceM= Racev * Poulks )

where Rqc..y is the rate of sediment volume accumulated, calculated by the following equation [von Huene
and Scholl, 19911:

Raccv=Hu - Lu - Rsa, (8)

where H,, is the thickness of the sediments in the trench, L;, is the length of the trench, and R, is the sub-
duction rate. Specifically, the thickness of sediments in the trench (H,,) was assumed to be 1.24-4.49 km
(described above). The length of trench (L) was calculated to be 400 km (from 21°N to 24.5°N) based on
the definition by Chi et al. [2003] and Huang et al. [2006]. Because the investigated area represents 71% of
the whole trench in length (from 21°N to 23.5°N), the trench length used in the model calculation was
assumed to be 284 km (Figure 2). The subduction rate (R4) was assumed to be 66-76 km Myr ™" [Suppe,
1981; Lundberg et al., 1997]. In order to convert the volume of sediments to its mass (Rycc-u), porosity and
Pouik Values from ODP sites mentioned above were used [Wang et al., 2000]. The obtained quantity repre-
sents the volume of methane potentially formed through the subduction and accretion for the investi-
gated trench length. All parameters used in the calculation are summarized in supporting information
Table S4.
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Figure 2. Conceptual framework of methane cycling and transport and from various tectonic compartments of the Taiwan accretionary
prism. All processes considered for methane effluxes, sinks, and sources are shown. The red line shows the deformation front (DF) and the
blue line near the shelf edge denotes out of sequence thrust (OOST) [Lin et al., 2013].

4, Results

4.1. Methane Fluxes Across Geochemical Transitions at Shallow Depth

The calculations yielded diffusive methane fluxes ranging from 2.71 X 10 >t02.78 X 10" ' mmol m 2d "’
(n = 64, Figure 3) across the SMTZ, and from —1.88 X 10™" t0 3.97 X 10° mmol m~2d™" at the sediment-
seawater interface (n=370; Figure 4; 29 sites had negative values; supporting information Table S1).
For the SMTZ, fluxes at most sites were in the range between 1072 and 10" mmol m~2 d™". Fluxes with
higher values (more than 107" mmol m™2 d~") were observed predominantly at ridges and seep area,
including sites at TNR (0.32 mmol m~2 d"), FTR (0.25 mmol m~2 d~ "), area between YAR and GWR
(0.23 mmol m™2 d™ "), and cold seep G96 (0.11 mmol m~2 d~'; Figure 3 and supporting information
Figure S4). Combined 11 sites with previous results [Chuang et al., 2010] and area coverage, the area-based
methane consumptions mediated by AOM were from 188 to 5976 (mean = 2054) Mg yr ' in the active
margins. Since only one site of flux across SMTZ was obtained in the passive margin, no area-based flux was
calculated. For the sediment-seawater interface, the effluxes at most sites were between 10~ ° and 103
mmol m~2 d~". Most effluxes in active margin were around 10~* mmol m~2 d~' and around 10~> mmol
m 2 d" ' in the passive margin (Figure 4). Sites at cold seeps G96, TYMV, and FMR exhibited particular
higher fluxes (more than 10" mmol m~2 d ™). The few negative fluxes were excluded from further calcula-
tion of area-based effluxes, because the high methane concentrations of bottom seawater might result
from the disturbance caused by the coring penetration. With the area coverage described above, the area-
based methane effluxes were 0.04-47.0 (mean = 4.21) Mg yr ' and 0.3-683 (mean = 52.0) Mg yr™ ' in the
passive and active margins, respectively.
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Figure 3. Methane fluxes across the SMTZ of the investigated area (n = 75). The red rectangle defines the region with intensive sampling,
and enlarged as shown in supporting information Figure S4. The tectonic structures are modified from Lin et al. [2013]. Part of data used
for calculation was adopted from Chuang et al. [2013] and Ye et al. [2016]. The fluxes obtained from Chuang et al. [2010] are included for
comparison (n = 11).

4.2. Methane Production and Consumption at Shallow Depth

AOM, OSR, CP, CR, and ME rates derived from the box model for the SMTZ zone at 11 sites ranged from
0.08 to 2.42, 0.07 to 1.15, 0.15 to 1.92, 0.17 to 0.84, and 0.04 to 0.57 X 10" ' mmol m~2 d ", respectively
(supporting information Table S3). AOM accounted for the majority of sulfate consumption at seven sites
(AOM/OSR ratios exceeded 1.7; supporting information Table S3), whereas rates of AOM and OSR were
nearly equivalent (the proportion of sulfate consumed by AOM ranged between 43 and 53%) at the other
three sites. The AOM rates derived from the box model were comparable with diffusive fluxes for sites C17,
EN1, C5, 3289, and 3280 (supporting information Table S3), but were greater than diffusive fluxes by a factor
of 3.2-5.6 for the remaining sites. The overall methane production (ME+CR) was 0.3-1.7 times the con-
sumption (AOM) rates.

4.3. Microbial and Thermogenic Methane Production at Great Depth

The natural gas plot (supporting information Figures S3 and S5) was applied to project the isotopic compo-
sition of the pure thermogenic methane. Of the 15 data sets, 6 sets (terrestrial mud volcanoes: CLB-SW06,
KTL-06, LYS-02A, 95G926, 95G907, and 95G024) that did not meet the R? threshold (R? value <0.9) obtained
from the regression analysis exhibited almost invariant 5'3C values of C,,. compounds (Table 1). The exten-
sion of averaged ¢'>C values of C,; to 1/n of 1 predicted the §'3C values ranging between —25.8 and
—23.89%, for methane produced purely by thermal maturation. The offsets between the predicted and mea-
sured §'3C values of methane ranged from 3.8 to 9.1%, (Table 1 and supporting information Figure S5).
Eight out of the remaining nine samples possessed 6'>C values of C;-nCs compounds varying in a linear
fashion (R? value >0.9). The regression analyses yielded 6'>C values of hydrocarbon source from —23.4 to
—19.7%, and of pure thermogenic methane from —51.1 to —26.6%,. The predicted 4'>C values of methane
differed from the measured values by <19%,. The analytical scheme described above was not directly
applied to sample 95G925. Regression for 95G925 yielded an improbable §'3C value of hydrocarbon source
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Figure 4. Methane effluxes (fluxes across the sediment-seawater interface) of the investigated area (n = 370). Open circles indicate nega-
tive values of fluxes. Part of data used for calculation was adopted from Chuang et al. [2006, 2010, 2013].

(-9.7%,) with an R? value of 0.92. Therefore, the data were excluded from further interpretation and
discussion.

The offsets between the measured and projected 6'3C-CH, values for six sets of data represent thermogenic
hydrocarbons impacted by methanogenesis at various degrees. For the scenario with acetoclastic methano-
genesis as microbial end-component, the contribution of microbial methane to the overall methane inven-
tory at great depth ranged from 21 to 49% with a mean of 39%. For the scenario with hydrogenotrophic
methanogenesis, the microbial contribution ranged from 10 to 24% with a mean of 17% and from 7 to 16%
with a mean of 11% using isotopic fractionation factors of 40 and 609, respectively.

Using the rock properties and geometry of the subduction wedge, thermogenic methane production rates
for the investigated area (60% of onshore and offshore area) were calculated to range between 1406 and
21,979 Tg Myr~'. Depending on the microbial scenarios described above, microbial processes could con-
tribute 106-21,117 Tg Myr~ ' methane at great depth, considering offshore and onshore areas combined.

4.4. Methane Origins

By using the Bernard plot [Bernard et al., 1976], the abundance ratios of hydrocarbons against isotopic data
identified the possible origin of methane (Figure 5). These data points were obtained from the deepest sam-
ple of the cores, where sulfate was depleted and methane was abundant (except for site MV12-1, a submar-
ine mud volcano, where sulfate concentration was 10 mM and methane concentration was more than
2 mM; supporting information Table S2). The only C,/C,, ratio and the 6'3C-CH, value from the passive
margin (site 3264) were 935 and —90.5%,, respectively, falling in the region of mixed microbial and thermo-
genic methane (Figure 5 and supporting information Table S5). Ratios of C; to C,.. for sites located at the
lower slope were between 78 and 36,047, whereas the corresponding 8"3C-CH, values ranged from —103.0
to —68.19,,. Equal numbers of sites were classified into the field of purely microbial methane and a mixture
of microbial and thermogenic methane. At the upper slope, C;/C, ;. ratios were between 9.2 and 3893 while
5'3C-CH, values were in the range between —81.0 and —35.6%,. Most §'3C-CH, values obtained from the
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Figure 5. Plots of (a) hydrocarbon abundance ratios versus 8'>C-CH, and of (b) 8'*C-CH, versus 6°H-CH,. The assignment of the region for specific gas origin is based on Bernard et al.
[1976] and Whiticar [1999]. Data previously reported in Chuang et al. [2010, 2013] and terrestrial mud volcanoes in southwestern Taiwan from Sun et al. [2010] are shown by the gray
symbols and regions, respectively. Square symbols denote data from the upper slope; triangle symbols are data from the lower slope.

upper slope were greater than —509,. However, their, C;/C, ratios varied considerably. While only data
from two sites (site MV12-3 and MD4-P3) fell into the field of thermogenic methane, all the other sites were
in the field with mixed sources. The §°H-CH, values ranged between —225 and —1709,. These values, com-
bined with their corresponding ¢'>C-CH, values, were plotted in the field of methanogenesis through CO,
reduction for most of the samples analyzed. Only data for site GT39B fell in the field of thermogenic
methane.

5. Discussion

5.1. Fluxes Across Different Interfaces and Correlations With Structural Features

The results obtained in this and previous studies [Chuang et al., 2006, 2010, 2013; Ye et al., 2016] indicate
that except for the cold-seep sites at the Formosa Ridge, methane fluxes across the SMTZ and sediment-
seawater interface (i.e., effluxes) are low in passive margins (Figures 3 and 4). In contrast, methane fluxes are
elevated at the bathymetric high of the active margin, including sites from TNR, FTR, YAR, and GWR, G96
seep, and Tsanyao mud volcano (Figures 3 and 4 and supporting information Figure S4). The fluxes derived
from the concentration gradient were generally comparable with those obtained by the box model calcula-
tion (i.e., within the same order of magnitude), validating the utility of diffusive fluxes to a broader area
coverage.

All the ridges described above are distributed at the lower slope of the active margin, where a series of anti-
clines was formed by displacement of blind thrusts [Lin et al., 2008, 2009, 2013]. Seismic data show that
emergent thrusts exist near YAR and GWR, titling the strata perpendicular to seafloor [Lin et al., 2009]. By
comparison, mud diapirism is prevalent at the upper slope. EK500 sonar-gram also reveals that a number of
mud volcanoes are distributed at upper slope [Chen et al., 2010, 2014; Yang et al., 2014]. The intimate associ-
ation between methane fluxes and structural features suggests the structurally controlled transport of
methane. Migration of deeply sourced methane is facilitated by the potential fluid channels along faults
and/or stratigraphic interlayers as well as by the buoyant migration associated with mud diapirism. The sim-
ilar structural correlation could be also observed from the terrestrial setting where mud volcanoes in south-
western Taiwan are well aligned along NNE-SSW trending faults [Chao et al., 2013]. These faults provide a
fluid channel through which unconsolidated sediments with gases and fluids generated from water-rock
interactions could ascend to surface environments. Although methane flux and structural feature are quali-
tatively correlated to a certain degree, most profiles of chloride did not indicate substantial influence of
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fluid advection in shallow sediments. It is likely that rapid fluid migration only proceeded at restricted spots
where structural features are directly exposed on seabed or extended to very shallow depth intervals. For
the majority of investigated area, methane transport in shallow sediments in still dominated by diffusion.

5.2. Methane Origins

Our results, compiled with previous studies [Chuang et al., 2010; Sun et al., 2010], revealed that most meth-
ane from the passive margin and the lower slope of the active margin was microbial in origin (Figure 5). The
8'3C-CH, values became greater with increasing landward distance from the passive margin, suggesting
greater inputs of thermogenic gas at the active margin and onshore mud volcanoes.

Seeps and mud volcanoes at the upper slope and onshore are associated with mud diapirism and faults,
respectively [Lin et al, 2009, 2013]. The increasing contribution of thermogenic methane to the observed
geochemical signatures suggests that the permeability of fluid channels at the upper slope and onshore is
great. Therefore, thermogenic hydrocarbons formed through sediment burial at depth could transport tran-
siently within the fluid channel with relatively limited incorporation of microbial methane formed at shallow
depth. In contrast, microbial contribution to the overall methane inventory increases dramatically at the
lower slope and passive margin. The transport of deeply sourced thermogenic methane could be impeded
with either the overlying thick, fine-grained sediments, or low connectivity and permeability of fluid chan-
nels. As such, thermogenic methane could be trapped within the strata, thereby allowing the detection of
the predominance of microbial methane formed at shallow depth. The abundance ratios and isotopic com-
positions, however, did not enable us to infer the possible depth range for the generation of microbial
methane, even though the available deepest sample was considered. This is because any microbial meth-
ane produced could have ascended either with deeply sourced fluids over a long distance, or through diffu-
sion within the local depth range.

The 6%H and 6'3C values of methane from site GT39B located at FLR (submarine diapir), Gutingkeng Mud-
stone zone (terrestrial area), and Chishan Fault (terrestrial area) suggest that methane was predominantly
produced by thermal maturation (Figure 5b). However, the C;/C,; ratios were higher than 1000 (Figure 5), a
characteristic typical of microbial methane. Such contradictory inferences for a gas origin have also been
observed in some seeps and mud volcanoes in Azerbaijan, Japan, and Italy where an inverse correlation
between C,/C, ratio and gas flux has been identified [Etiope et al., 2007, 2009]. For these examples, the
abundance ratios were higher than 1000 before mud eruption (with low flux), and decreased gradually
thereafter (with high flux). The temporal variations in abundance ratio or isotopic composition suggest that
both fluid residence time and magnitude of isotopic fractionation might play a role in controlling the
observed geochemical signatures. With a longer gas-water-mud interaction time and a smaller isotopic frac-
tionation associated with methanogenesis, in situ microbial processes could produce methane and signifi-
cantly enhance the C;/C, ratio while maintaining low §'>C values. A small isotopic fractionation has been
observed for acetoclastic methanogenesis in sediments collected from the Gutingkeng Mudstone zone
[Ling et al., 2012], partially supporting the assertion described above.

5.3. Biofiltration Efficiency of AOM

To investigate the efficiency of microbial filtration of methane, sites with flux estimates from two interfaces
(the SMTZ and sediment-seawater interface; 61 sites) were chosen (supporting information Table S1). The
biofiltration efficiency (BE) of AOM was calculated as the following equation:

fluxes across SMTZ

E= X 100%. 9
fluxes across SMTZ + effluxes ° ©)

Since the penetration depth of dissolved oxygen is commonly less than 1 cm [Sommer et al., 2010; Boetius
and Wenzhofer, 2013], the oxygen availability for aerobic oxidation of methane (AeOM) would be greatly
limited. Therefore, the methane sink catalyzed by AeOM was assumed to be negligible. Of all investigated
sites (included previous studies), 51 had positive effluxes, indicating that methane escaped from sediments
to overlying seawater. Although the negative fluxes could also originate from the net benthic consumption
through AeOM, additional measurements of benthic fluxes for methane and oxygen would be needed to
prove this assertion. These negative fluxes were excluded from further discussion. The BE values for the
majority of sites were greater than 50% (supporting information Table S1), suggesting that AOM plays an
important role in regulating the quantity of methane exported to seawater. The effectiveness of AOM is
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also supported by the elevated DIC concentrations (supporting information Figure S2), the percentage of
sulfate consumed by AOM (supporting information Table S3), and abundant anaerobic methanotrophs at
the SMTZ [Lin et al., 2014]. The exceptions (less effective AOM) were sites located proximal to cold seeps or
with shallower SMTZ (<50 cmbsf; including cold seep G96, YAR, GWR, and area between YAR and GWR).

The BE values for offshore sediments appear to be comparable with the terrestrial counterpart. Reactive
transport modeling for geochemical profiles obtained from the Shing-yang-nyu-hu MV in southwestern Tai-
wan indicated that sulfate-dependent AOM processes in the mud platform surrounding the bubbling pool
could account for the removal of 60% of deeply sourced methane [Cheng et al., 2012]. Such efficiency could
have decreased to an even lower level for the mud pool, considering that fluid advection is substantial and
sulfate is less abundant (14-249 uM in the pool versus ~4 mM in the top sediments) [Cheng et al., 2012].
Overall, biological filtration of methane mediated by anaerobic methanotrophy is generally effective in sedi-
ments offshore and onshore southwestern Taiwan. However, their magnitudes in terrestrial settings might
vary by a considerable magnitude, particularly at sites where fluid advection is significant.

The variation in BE value for sediments offshore southwestern Taiwan (21-100%) has also been observed in
other marine methane-rich sediments (supporting information Tables S1 and S6) [Boetius and Wenzhofer,
2013]. Sites right above cold seeps and submarine mud volcanoes are generally interpreted to be controlled
by the velocity of fluid flow. Previous field observations and modeling results indicate that rapid advection
would enable the advancement of oxidant-deprived fluids to very shallow depths, thereby greatly restrain-
ing the penetration of seawater sulfate and the activity of sulfate dependent anaerobic methanotrophy
[Niemann et al., 2006; Wallmann et al., 2006b; Felden et al., 2010]. As a consequence, the net flux of methane
released into the seawater column would be enhanced at seeps with high advection rates [Treude et al.,
2003; Haese et al., 2003; Wallmann et al., 2006b]. Alternatively, mud volcanism and associated temperature
fluctuations have been considered to inhibit benthic methane consumption [Feseker et al., 2014]. In this
study, the BE values for six sites proximal to cold seeps and mud diapirs were less than 50%. Although the
corresponding chloride profiles do not indicate rapid fluid advection (supporting information Figure S6),
the relationships between the lower BE values and seepage/mud diapirism might still suggest partial con-
trol of fluid regime on the efficiency of microbially mediated methane removal.

5.4. Fate of Methane in Taiwan Accretionary Prism: From Source to Sink

Three categories, including efflux, sink, and source of methane, were provided in Table 2 with each com-
posed of the contributions from individual compartments or processes. Such an assessment allows us to
examine the overall methane budget in a region where methane cycling and transport are highly tectoni-
cally controlled.

Considering the area sizes, the mean area-based methane effluxes were calculated to be ~52 Mg yr~ ' with
the majority contributed by normal sites (46 Mg yr~'; Table 2). The area-based methane effluxes from all
onshore mud volcanoes in southwestern Taiwan were summed to be 130 Mg yr~' [Hong et al., 2013a]. Con-
sidering the small area coverage, onshore mud volcanoes contribute disproportionately greater to methane
discharge than their marine counterparts.

The primary sink considered was the methane consumptions mediated by AOM processes. To calculate the
total AOM consumption, AOM rates for the hot sites and normal sites were multiplied by the area coverage
to yield the area-based methane sink rates, ranging from 1.82 to 5.57 Mg yr ' and from 186 to 5970 Mg
yr~! for the hot and normal sites, respectively. Although most coring operations targeted sites with high
methane ebullition and higher AOM rates, the overall area-based methane sink is apparently skewed by the
area size. The normal sites outcompeted the hot sites in methane removal by orders of magnitude. Methane
consumptions of AOM and AeOM from terrestrial mud volcanoes were 948 X 10 > and 6.17 X 10 > Mg
yr ', respectively [Cheng et al., 2012]. The summed area-based methane consumption for onshore mud vol-
canoes were 2 orders of magnitude lower than the consumption from the offshore hot sites. Their impacts
to the overall methane cycling and budget could be marginally ignored.

Major methane sources include microbial methane production in the near seafloor and deep sediments,
and thermal decomposition of organic matter during subduction. For near-seafloor marine sediments, the
methane production rates (CR (CO, reduction) + ME (methanogenesis)) estimated by the results of box
model and a previous study ranged from 0.56 to 14.1 X 10 2 mmol m~2 d ' [Chuang et al, 2013]. The
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Table 2. Assessment of Sources, Sinks, and Effluxes in Offshore and Onshore Southwestern Taiwan

Flux/Rate Area Area-Based Area-Based # of Sites/
(mmolm—2d™") (km?) Fluxes (Mg yr~") Fluxes (Tg Myr~")  Features References

Effluxes

Efflux from onshore mud volcanoes 1%X10 "to1 % 10* 0.0089 130 130 Yang et al. [2004] and Hong et al.
[2013a]

Efflux from sediment to seawater (normal sites)  1.78 X 10 °t0 892 X 10> 11,777 0.12-613 (46%) 0.12-613 (46%) 225 Chuang et al. [2013] and This
study

Efflux from sediment to seawater (hot sites) 1.05 X 10 %10 3.97 2.86 0.18-69.6 (6.23%) 0.18-69.6 (6.23%) 26 This study

Total 130-813 130-813

Sinks

Methanotrophy (onshore mud volcanoes) 0.03 0.0089 0.016 0.016 1 Cheng et al. [2012]

AOM (offshore normal sites) 0.27-8.68 X 102 11,777  186-5,970 (2,050%)  186-5,970 (2,050 67 Chuang et al. [2010], Lin et al.
[2014], and This study

AOM (offshore hot sites) 1.04-3.18 X 10" 2.86 1.82-5.57 (4.019) 1.82-5.57 (4.019) 7 Chuang et al. [2010] and This
study

Total 188-5,976 (2,054%)  188-5,976 (2,054°%)

Sources

Shallow methanogenesis (onshore) 36 X 102 0.0089 0.01 0.01 1 Cheng et al. [2012]

Shallow methanogenesis (offshore) 0.56-14.1 X 102 11,780 385-9,700 385-9,700 18 Chuang et al. [2013] and This
study

Deep methanogenesis (through 0.12-23.8 X 102 20,260 374-21,117 374-21,117 Ling et al. [2012], Sun et al. [2008,

acetoclastic methanogenesis) 2010], and This study

Deep methanogenesis (through CO, reduction) 20,260 106-6,941 106 - 6,941 Sun et al. [2008, 2010] and This
study

Deep thermogenic methane 1.58-24.8 X 1072 20,260 1,406-21,979 1,406-21,979 This study

Total 1,512-43,096 1,512-43,096

#Mean values.

area-based rates were calculated to be 385-9700 Mg yr~' (Table 2). The methane production rate from
onshore near surface sediments (0.36 mmol m~2 d ') was larger than that in marine counterparts [Cheng
et al,, 2012]. However, the small area renders the contribution of near surface methanogenesis negligible
(0.01 Mgyr ).

Our model calculation (equation (5)) suggests that deep microbial methanogenesis could contribute 7-49%
of the overall methane production. With the estimates of 1406-21,979 Tg Myr™ ' of thermogenic methane
produced during the sediment subduction, deep microbial methanogenesis was calculated to produce
methane at an area-based rate of 106-21,117 Tg Myr~', depending on the fractionation factors used for
individual pathways (Table 2).

The overall methane fluxes estimated for individual categories revealed an imbalanced budget with the
deep methane production rates potentially exceeding the sum of methane consumption rates and effluxes
by orders of magnitude. Since such estimates were based on specific assumptions or data coverage, several
considerations are provided below to assess the accuracy and validity of individual fluxes, and to provide
additional consideration that remains to be addressed in future investigation.

Of all individual fluxes, those related to offshore shallow methanogenesis and methane consumption were
calculated on the basis of the box model involving reactions related to methane, organic and inorganic car-
bon, and sulfate transformation. For most sites investigated, the calculated AOM rates were comparable
with those derived from the concentration gradient, suggesting that the reactions considered for the box
model were sufficient and that the rate estimates were constrained properly. The results from the box
model also suggest that shallow microbial methanogenesis was mostly offset by AOM within the SMTZ
zone (within an order of magnitude; see Table 2 for the exact quantity). The calculation based on the box
model described above was primarily applied to the hot sites near seeps or mud volcanoes. For the normal
sites, the rates between methane production and consumption could be offset to an even greater degree,
leading to a smaller methane leakage. In this way, extrapolation to the whole investigated offshore area is
considered valid, even though the lack of complete data sets renders the estimate of shallow microbial
methane production for all sites impossible.

The nearly equal rates between methane production and consumption for shallow offshore sediments leave
the potentially imbalanced methane budget controlled by deep microbial methanogenesis and thermal
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maturation. The major uncertainties associated with the estimates for deep microbial methanogenesis
stemmed from the pathways and fractionation factors chosen for deep subsurface environments. A previ-
ous study has demonstrated that methanogens utilizing H,/CO,, acetate, and methyl compounds are all via-
ble in hot muddy sediments emanating from a terrestrial mud volcano [Ling et al., 2012]. Molecular analyses
yielded the predominance of Methanosaeta thermophilia over the others in the archaeal community. The
fractionation factors for M. thermophilia have been experimentally determined to be less than 109, [Valen-
tine et al.,, 2004]. These fractionation factors based on pure strain are comparable with those derived from
incubations amended with acetate at high temperatures for natural populations [Ling et al., 2012]. The des-
ignation of a specific methanogenic pathway for our model calculation could be complicated by the small
fractionation factor (<10%,) associated with hydrogenotrophic methanogens (strain 121) under extremely
high pressure (>40 MPa) and temperature (>110°C) [Takai et al., 2008]. With decreasing pressures and tem-
peratures imposed, the fractionation factors would resemble those commonly observed for hydrogenotro-
phic methanogens. Head et al. [2003] and Jones et al. [2008] argued that methanogenesis in petroleum
system proceeds with syntrophic partnerships between the fermentation of complex organic matters and
hydrogenotrophic/acetoclastic methane production at <80°C (equivalent to ~3 km depth or 30 MPa hydro-
static pressure, assuming a geothermal gradient of 25°C/km and a surface temperature of 25°C). Therefore,
it is likely that methanogens residing at great depths catalyze methane production with the isotopic frac-
tionation at a magnitude across a wide range, which has been observed in a 2.5 km deep borehole offshore
Japan [Inagaki et al., 2015]. The current data did not allow us to attribute a specific fractionation factor or
pathway to obtain a more precise estimate.

The uncertainties for estimates of thermogenic methane production through sediment subduction stem
from two main factors: the sediment thickness above the subducted plate, and hydrocarbon potential (PP
value). Because the South China Sea is a small marginal sea, sediment accumulation would be strongly
affected by sediment discharge from the nearby Eurasian plate and islands, thereby resulting in variable
sediment thicknesses in the leading Eurasian plate during the presubduction phase [Lin et al., 2008]. In addi-
tion, the hydrocarbon potential could be dependent on sediment reactivity, which is intrinsically related to
its source properties and transport pathways. Low TOC contents have been commonly observed for sedi-
ments offshore southwestern Taiwan (<0.7% in wt.) [Hsu et al., 2014]. This range of TOC is much lower than
that for sediments in other marginal basins where hydrocarbons or hydrates are abundant (e.g., >2% in the
Black Sea and Ulleung Basin), and might reflect the possibility that rapid uplift, short-term soil development,
strong chemical weathering and physical erosion, and multiple cycling events associated with Taiwan'’s tec-
tonic configuration could have led to the reduced contents and enhanced recalcitrance of organic matter.
Whether the exact hydrocarbon potential is the same as that cited in the literature remains to be
determined.

The summed area-based rates of deep methane production by microbial methanogenesis and thermal mat-
uration ranged between 1512 and 43,096 Tg Myr~ . If the rates for shallow methanogenesis are assumed to
offset those for AOM completely, the deep methane production rates exceed the summed effluxes of 130-
813 Tg Myr ' by various degrees, regardless of which microbial scenarios are considered. The imbalance
between deep methane production and efflux might be best accounted for by the presence of huge vol-
ume of gas hydrates stored in the current sediments. Using the depth and distribution of the bottom reflec-
tion simulator and temperature-pressure stability condition of methane hydrate, the potential amount of
gas hydrate was estimated to be 1269 km® or between 537 and 631 Tg in the active margin [Chung et al.,
2016]. Similarly, hydrocarbon gases absorbed on surface of clay minerals have been quantified to exceed
the volume of free or dissolved gases in marine sediments [Ertefai et al., 2010]. The capacity of clay minerals
for absorbing methane is dependent on pressure imposed and in situ methanogenesis. Assuming an
absorption capacity of 0.01 mmol of methane per kg of sediments [Ertefai et al., 2010] and 1 km thickness
of sediments, the overall quantity of methane absorbed in offshore and onshore subsurface could reach
8 Tg. An order of magnitude greater in absorption capacity and several kilometers of sediments would
make the absorbed methane a significant untapped source. Nevertheless, gas hydrates and absorbed meth-
ane stored within the sediments could at least partially account for the budget imbalance described above.

Finally, the timescale represented by the measured data sets or the model calculation was unavoidably
small when compared to the long-term tectonic activity. The geological background and associated organic
characteristics and microbial activities were assumed to be invariant over a million year timescale. The
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incorporation of field measurements into a long-term budget estimate could be biased due to the under-
sampling limitation.

6. Conclusions

We have presented a systematic and comprehensive approach to quantify methane fluxes in individual
compartments of the Taiwan accretionary prism. Based on the data obtained in this and previous studies,
the calculated diffusive fluxes across the SMTZ and effluxes spanned over four and six orders of magnitude,
respectively. Such a wide range of fluxes was controlled by the distribution of structural features, with high
values generally proximal to mud diaprism, thrusts, ridges, and formation intersection. Abundance ratios
combined with isotopic compositions further indicated the increasing contribution of thermogenic meth-
ane along a transect from the lower slope, to the upper slope and onshore mud volcanoes. It is likely that
the permeability of fluid channeling determines the quantity of microbial methane incorporated from shal-
low depth. The flux calculation also indicated that biological filtration, catalyzed by AOM processes, is effec-
tive in removing >50% of methane reaching the shallow depth at most offshore and onshore investigated
sites, leaving a small fraction of methane leaked into the seawater or atmosphere. The exceptions are sites
located near mud diapirs or cold seeps, where high fluid flow and/or temperature fluctuation associated
with mud volcanism could have inhibited microbial methane consumptions to a great degree. The calcula-
tion based on the box model not only independently validated the diffusive fluxes derived from the con-
centration gradient, but also indicated that the rates of methanogenesis and AOM at shallow depths were
nearly balanced, a phenomenon comparable with that observed in other marginal seas. The methane fluxes
at shallow depth are, however, imbalanced from those at great depth. The mass balance based on the
observed isotopic compositions for field samples and incubation experiments, and the scenario configura-
tion, projected that microbial methane could contribute 7-49% of the total methane inventory at great
depth. With the wedge geometry of subduction and sediment property inferred from pre-existing data, the
rates of methane production through combined microbial methanogenesis and thermal maturation was
estimated to be 1512-43,096 Tg Myr'. As the effluxes were much less than the fluxes of the deep source,
the methane generated at depth has to be sequestered into hydrate forms or clay minerals. The exact quan-
tities of these two untapped components remain to be validated through other independent methods. The
quantitative framework constrained by multiple methodologies highlights the possible decoupling of a
deep production source from shallow methane cycles and the factors that would enable better assessments
on the regional methane budget in the future.
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