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Carbon cycling and fluid seepage in marine sediments over the late Quaternary were investigated at a now-
extinct pockmark located in a mega-pockmark field in the SW Xisha Uplift (NW South China Sea). Measured par-
ticulate organic carbon (POC) content, and porewater sulfate (SOZ ), dissolved inorganic carbon (DIC) concen-
trations and §35-S03 ™ distributions were used to constrain a non-steady-state reaction-transport model and
quantify POC mineralization rates as well as estimate the time when fluid flow ceased at the investigated pock-
mark. An increase in POC content and 5>#5-S03 ~ and a decrease in sulfate concentrations in the upper ca. 2 m at
the pockmark and a reference core implied an increase in the flux and reactivity of organic matter during the
early Holocene around 10 kyr B. P. caused by enhanced primary productivity during the strengthened southwest-
ern summer monsoon. These features were simulated with the model assuming a Holocene increase in POC flux
and reactivity. Subsequently, starting from an initial condition reminiscent of a modern active cold seep (Hydrate
Ridge), hindcast simulations showed that fluid seepage at the pockmark ceased ca. 39 kyr ago. This corresponds
to a relative sea level high-stand, which is believed to be associated with gas hydrate stabilization. The non-
steady-state model presented in this contribution can also be used to constrain the time when fluid seepage
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ceased at other presently extinct cold seeps when suitable sediment and porewater data are available.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Migration of sediment pore fluid in the seafloor is characteristic of
both passive and active continental margins (Judd and Hovland,
2007). The latter are characterized by tectonically driven sediment com-
paction, faulting and fracturing of the overburden and resulting vertical
fluid advection. Advection rates here are assumed to be much greater
compared to non-tectonic passive margins (Minshull and White,
1989; Suess et al., 1999; Archer and Buffett, 2012). Despite a lack of
continuous tectonic compression, conspicuous features of focused
fluid flow have been observed on modern passive margins such as
mud volcanoes, pockmarks, hydrate mounds and carbonate slabs
(Bouriak et al., 2000; Hustoft et al., 2009a; Wang et al., 2010; Sun
et al., 2012b, 2013). Slow upward migration of these fluids, typically
enriched in hydrocarbons, creates so called ‘cold seeps’, which are
often regarded as windows to the deep biogeosphere. Cold seeps have
guided the exploration of hydrocarbons and support abundant chemo-
synthetic macrofauna and microbial communities (Heggland, 1998;
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Hovland and Svensen, 2006; Foucher et al., 2009). In addition, the
release of methane from sediments to the water column and, possibly,
the atmosphere is of environmental importance because methane is a
potent greenhouse gas (Judd et al., 2002; MacDonald et al., 2002). Fur-
thermore, fluid release is also associated with seabed instability
(Hovland et al.,, 2002; Berndt, 2005). Better quantification of fluid flow
is thus needed to better quantify carbon emissions from the seafloor.
Pockmarks are among the most common manifestations of fluid
flow on the seafloor and are widespread along continental margins
(Cifci et al., 2003; Hovland et al., 2005; Pilcher and Argent, 2007; Le6n
et al., 2010). They are seabed depressions of various sizes and morphol-
ogies that are generally created either by catastrophic eruption of meth-
ane gas or by slow and continuous fluid seepage (Hovland et al.,, 2002).
Discoveries of pockmarks in the northern South China Sea (SCS) have
been ongoing as part of exploration of hydrocarbons and gas hydrate
reserves (Chow et al., 2000; Wang et al., 2010). Recently, mega-
pockmarks (>1000 m in diameter) were documented in the SW Xisha
Uplift (NW SCS) and they may have been caused by active fluid flow
as well as strong bottom currents (Sun et al., 2011). Geochemical anal-
ysis of sediment porewater suggested that the pockmarks are presently
inactive and possibly in a quiescent period (Luo et al., 2013). The timing
of fluid flow and the widespread development of pockmarks in this area
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remain poorly constrained. Nonetheless, this information is important
to understand past fluid flow and its formation trigger mechanisms.
The temporal history of paleo-seepage features such as pockmarks
could further provide evidence for a possible link between methane
release from the seafloor and carbon isotopic excursions in the paleo-
climatic record (Dickens et al., 1997; Zachos et al., 2008). Seismic inter-
pretation has been successfully utilized to infer the timing and mecha-
nism of paleo-pockmark formation (Cole et al., 2000; Hustoft et al.,
2009b; Andresen and Huuse, 2011; Hartwig et al., 2012; Moss et al.,
2012). Isotopic dating of organic carbon, planktonic foraminifera, cold
seep fauna, and authigenic carbonates has also been used to elucidate
the time of pockmark formation and the historical evolution of fluid
seepage (Paull et al., 2002, 2008; Feng et al., 2010; Hill et al., 2012;
Taviani et al,, 2013).

Our present objective is to understand the timing of pockmark
formation in the NW SCS using non-steady-state model approaches

(e.g., Mogollon et al., 2012). Hindcast model simulations of a hypothet-
ical fluid seep constrained by geochemical measurements are used to
predict the minimum age of the formation of a now-extinct or dormant
pockmark in the SW Xisha Uplift. The rates of organic matter degrada-
tion and associated biogeochemical processes in pockmarks are also
described. The juxtaposition of seepage termination and sea level
high-stand leads us to suggest that pockmark activity may be related
to variations in the size of the gas hydrate reservoir due to sea level
fluctuations.

2. Study area

The northern SCS margin is a passive continental setting bounded to
the west by a transform zone toward Indochina and to the east by a sub-
duction zone toward the Philippine arc (Clift et al., 2002; Liidmann et al.,
2005). The study area is located in the SW Xisha Uplift (Fig. 1) with the
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Fig. 1. (a) Map of the study area and sampling sites. The multibeam bathymetric maps in (b) and (c) show the location of the cores relative to the pockmarks.
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sedimentary filling similar to that of the Cenozoic rift basins in
the northern SCS. The structural evolution can be divided into Eocene-
Oligocene rift and Neocene-Quaternary post-rift subsidence (Robison
et al., 1998; Xie et al., 2006). The sedimentary layers deposited during
the Eocene-Oligocene rift are characterized by lacustrine and neritic
mudstone facies and coastal plain coal-bearing layers, which are the
primary high-quality source rock for hydrocarbon generation. The sed-
imentary layers of Neocene-Quaternary post-rift subsidence are mainly
composed of neritic shelf sandstones and neritic-hemipelagic-pelagic
calcareous mudstones, which are effective reservoirs and seals for
hydrocarbon fluid (Huang et al., 2003; Zhu et al., 2009).

The majority of the pockmarks in the study area are classed as mega-
pockmarks (1000-2500 m in diameter and 60-140 m in depth) with an
areal density of ca. 0.4-1 km™2. Their distribution is associated with
underlying fluid migration structures, such as gas chimneys, faults,
unconformities, polygonal faults and paleo-channels (Sun et al., 2011).
Due to rapid sediment loading and the resulting under-compaction,
overpressure accumulated throughout much of the study area during
the Cenozoic. In conjunction with high temperature-induced maturity
of source rock (geothermal gradient, 39-41 °C km™1), this led to
upward migration of hydrocarbons toward the seabed and pockmark
formation (Sun et al., 2012a). In addition, distinct bottom simulating
reflectors (BSRs) indicative for the phase boundary between free gas
and solid gas hydrate have been described for this area (Wang et al.,
2010). Furthermore, compelling evidence for the gas hydrate dissocia-
tion such as chlorinity decrease in tandem with porewater 5'80 increase
has been observed at core C14 in the pockmark field (Luo et al., 2014).

3. Sampling and methods
3.1. Sampling

The porewater concentrations shown here have been published pre-
viously (Luo et al., 2013), whereas particulate organic matter (POC)
content is new to this study. Two sediment cores were retrieved using
gravity-piston corers from the SW Xisha Uplift during the Shiyan-1
cruise led by the South China Sea Institute of Oceanology, Chinese Acad-
emy of Sciences (CAS) in May 2012. Core C9 (15°41.032'N, 110°57.246/
E; water depth, 829 mbsl (meters below sea level); core length, 7.6 m)
was sampled from outside a mega-pockmark and taken as the reference
core. Core C14 (15°54.507'N, 110°38.607'E; water depth, 840 mbsl; core
length, 6.7 m) was collected from inside a mega-pockmark and is
termed the pockmark core (Fig. 1). Surface sediments were lost during
gravity-piston coring. However, given the similarity of sulfate and DIC
concentrations in the uppermost sample and typical bottom water
values, we estimate that the lost interval is probably only a few centime-
ters at most. Porewater was sampled in the onboard laboratory by
means of Rhizon samplers consisting of a porous polymer tube with in-
tegrated filter (20 um). Aliquots of porewater were extracted using a sy-
ringe under vacuum, preserved with 10 pl saturated HgCl, solution and
stored at 4 °C under a N, headspace.

3.2. Analytical methods

Porewater samples were diluted 1:500 and 1:200 with ultrapure
water to determine the concentrations of SO3~ and Ca® ™, respectively,
using a Dionex ICS-900 ion chromatograph. An Ion Pac AS23-type col-
umn and a 4.5 mM Na,CO3; + 0.8 mM NaHCO3 mixed solution in an
anion system were used to determine sulfate concentration. An lon
Pac CS12A-type column and an 11 mM H,SO, solution in a cation sys-
tem were used to determine Ca®* concentration. The analytical preci-
sion for all ions was +2% as determined by measurement of IAPSO
standard water. DIC concentration was determined using an IsoPrime
100 continuous flow isotope ratio mass spectrometer (CF-IRMS) after
acidifying the sample with pure H3PO,4. NaHCO3; samples with concen-
trations of 0.85 mM, 2.07 mM, and 3.93 mM were used as standards.

The analytical precision of the DIC concentration was <2%. For the mea-
surement of particulate organic carbon (POC) content, 100 mg of sedi-
ment powder was first digested in 2-3 ml 10% HCl for 12 h to remove
carbonates. The residues were analyzed for carbon content using a
Vario EI-IIl elemental analyzer with an analytical error better than
0.03%. All the above measurements were performed at the State Key
Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochem-
istry, CAS.

For the sulfur isotope measurements, dissolved sulfate was precipi-
tated as barium sulfate by the addition of an excess of barium chloride
within 1 h after acidification. Samples of barium sulfate were converted
to SO, by combustion with Cu,0 in a high vacuum extraction line, and
the SO, was then analyzed with a delta-S mass spectrometer in the Lab-
oratory for Stable Isotope Geochemistry, Institute of Geology and Geo-
physics, CAS. Replicate measurements of the international standard
IAEAS?2 agreed within 4= 0.3%.. The results were expressed as per mil dif-
ference relative to the V-CDT (Vienna-Canyon Diablo Troilite) standard.

4. Numerical modeling

A reaction-transport model was used to simulate one solid species
(POC) and five dissolved species including sulfate (S0%~), methane
(CH,), dissolved inorganic carbon (DIC), calcium (Ca®*) and 34S-S03~
(hereafter *S0OZ ). The latter was used to simulate the stable isotopic
composition of sulfate, 5>45-S0Z ~ (%.). The model solves the following
partial differential equations for solutes (Eq. (1)) and POC (Eq. (2))
(Berner, 1980; Wallmann et al., 2006a):
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where x (cm) is depth, t (yr) is time, & is porosity, D; (cm? yr—!) is the
molecular diffusion coefficient corrected for tortuosity, C, (umol cm™3)
is the concentration of dissolved species, POC is in wt.%, v, (cmyr™ ') is
the burial velocity of porewater, v (cm yr~!) is the burial velocity of
solids and 3R denotes the sum of the rates of biogeochemical reactions
considered in the model. Measured data used to constrain the model
were obtained from the upper ca. 7 m of sediments. The major processes
considered in the model that are relevant to these length scales in this
setting include organic matter degradation via sulfate reduction and
methanogenesis, anaerobic oxidation of methane (AOM), and authigenic
carbonate precipitation. Organic matter mineralization by aerobic respi-
ration, denitrification, manganese reduction, and iron reduction were ig-
nored since these are typically confined to the upper 10-20 cm (Van
Cappellen and Wang, 1996). For similar reasons, bioturbation and
bioirrigation were not considered. Besides, this layer was probably not
fully captured by the gravity-piston corer. Fixed model parameters are
listed in Table 1.

Sediment porosity decreases with depth assuming steady-state
compaction:

D=y 4 (p—ity) e )

where @rand & are the porosity below the depth of compaction and at
sediment surface, and p (cm™"') is the depth attenuation coefficient for
porosity (Wang et al., 2000).

In the absence of externally-imposed fluid advection at the present
seafloor, the velocity of porewater and solids is directed downward
under steady-state compaction relative to the seafloor:

Vp = ) (4)
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Table 1
Summary of model parameters and boundary conditions for the reference core (C9) and
pockmark core (C14).

Parameter Cc9 C14 Unit

Temperature (T) 5 49 °C

Salinity (S) 335 34 -

Pressure (P) 8.4 8.5 MPa

Density of dry solids (ps) 2.5 25 gcm 3

Sedimentation rate (®) ® 0.033 0.033 cmyr!

Porosity at sediment-water interface 0.7 0.7 -
(o)®

Porosity in compacted sediments ((I)f)b 0.54 0.54 -

Depth attenuation coefficient for 0.005 0.005 -
porosity (p)”

Molecular diffusion coefficient of SOF~ 191 191 cm? yr—!
in free seawater

Molecular diffusion coefficient of 4503~ 191 191 cm? yr—!
in free seawater

Molecular diffusion coefficient of CH,4 294 294 cm? yr—!
in free seawater

Molecular diffusion coefficient of DIC in 203 203 cm? yr—!
free seawater ©

Molecular diffusion coefficient of Ca™ 142 142 cm? yr—!
in free seawater

POC inhibition constant (K.)¢ 35 35 mM

Michaelis-Menten constant for POC 0.1 0.1 mM
degradation (K )4

Kinetic constant for AOM (kaom)® 1 1 cm® yr—!

mmol '

Upper boundary condition for SOZ~ 28.2 289 mM

Upper boundary condition for 34503~ 0.129 0.132 mM

Upper boundary condition for DIC 2.7 24 mM

Upper boundary condition for CHy 0 0 mM

Upper boundary condition for Ca®* 103 9.9 mM

Lower boundary condition for SO~ 0C/ox=0 0C/ox=0 -

Lower boundary condition for 3503~ 0C/ox =0 0C/ox=0 -

Lower boundary condition for DIC 0C/0x=0 0dC/ox=0 -

Lower boundary condition for CHy4 0C/ox=0 0C/ox=0 -

Lower boundary condition for Ca?* 0C/ox=0 0C/ox=0 -

2 Mean value derived from the six ODP184 drillings in SCS (Wang et al., 2000).
b Modified after Wang et al. (2000).

¢ Based on the molecular diffusion coefficient of bicarbonate ion.

4 Wallmann et al. (2006a).

v, = W (5)

where o (cm yr—!) is the sedimentation rate derived from six cores in
the SCS (Wang et al., 2000). Depth-dependent molecular diffusion coef-
ficients of dissolved species were calculated after Boudreau (1997) and
Oelkers and Helgeson (1991) and corrected for the effect of tortuosity:

Dm
Ds = W (6)

where D,, is the molecular diffusion coefficient in free seawater at the in
situ temperature, salinity and pressure.

The net reaction terms of all species used in the model are summa-
rized in Table 2. The mineralization of organic matter provides the prin-
cipal energy source for microbial activity in marine sediments (Froelich
et al., 1979). Below the surface oxidized layer, dissolved sulfate is the
main electron acceptor used by microbes in anaerobic marine sedi-
ments (Jergensen and Kasten, 2006). The mineralization of organic mat-
ter via sulfate reduction can be represented in simplified form:

2(CH,0) + SO, —2HCO; + H,S (7)

where CH,0 is the nominal stoichiometry of POC with a zero oxidation
state. When sulfate is almost completely consumed, the remaining

Table 2

Net rate expressions of all species applied in the model.
Species Rates
Particulate organic carbon (POC) —Rpoc
Sulfate (SOZ ™) —Rsr—Raom
Heavy sulfur isotope of sulfate (3503 ™) —Rusr
Calcium (Ca®*) —Rppr

Dissolved inorganic carbon (DIC)
Methane (CHy)

Rpp + Raom—Rppr
Rmc—Raom

organic matter is degraded fermentatively by methanogens to produce
methane and carbon dioxide:

2(CH,0)—CO, + CH,. (8)

The rates of sulfate reduction and methanogenesis depend on the
total rate of POC degradation, Rpoc (g C g~ ' yr—!), according to
Middelburg (1989) and later modified by Wallmann et al. (2006a):

Roe——— K (016 (a+ %)) poC 9)
POC = DIC] 1 [CH,] + K¢\ oty

where K. is an inhibition constant for POC degradation due to DIC and
CH,4 accumulation in the porewater. [DIC] and [CH4] are the simulated
concentrations of DIC and CH,4 respectively, and ag is the initial age of
organic matter reflecting the reactivity of organic matter that arrives
at the seafloor (Middelburg, 1989). The rates of sulfate consumption
via organoclastic sulfate reduction (OSR) (Rsg, pumol cm™—3 yr=! of
S037), methane production by methanogenesis (Ryic, pmol cm™> yr~!
of CHy), and DIC production via POC decomposition (Rpp, imol cm ™2 yr~!
of carbon) are thus dependent on Rpoc:

27
Ry — 0.5 P (1=#)-10°, [SO“] ‘R (10)
R = MWc- @ [S03 ] +Kgr ¢
ps- (1—d) - 10° Koz
Ryuc = 0.5 - : ‘R 11
MG MWc & [S0F ] +Kep- ° (1
-(1—d) - 10°
Rpp = % “Rpoc— Rmc (12)

where ps is the density of dry sediments, MW, is the atomic weight of
carbon, and K- is the Michaelis-Menten constant for the inhibition of
sulfate reduction at low sulfate concentrations.

The anaerobic oxidation of methane (AOM) coupled sulfate reduc-
tion mediated by a syntrophic consortium of methanotrophic archaea
and sulfate-reducing bacteria, is an important sink for sulfate in anoxic
marine sediments (Reeburgh, 1976; Boetius et al., 2000):

CH, + SO, —HCO; + HS™ + H,0. (13)

The rate of AOM (Raom) Was calculated using bimolecular Kinetics
e.g., Regnier et al. (2011):

Raom = know - [SO3 ™| - [CH,] (14)

where kaop is the rate constant.

The rate of Ca® " and DIC precipitation into authigenic carbonates
was estimated from the concentration difference between modeled
and measured Ca®™ concentrations (Rppr):

Repr = kppr - ([Ca“] - {Caz*] T) (15)
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where kppr is the first-order rate constant and [Ca® ™ ]; represents the
observed Ca?™ concentration which is almost constant below ca.
1.5 mbsf (meters below seafloor) at 6 mM for C9 and 5.8 mM for C14.
Since sulfate-reducing bacteria typically discriminate against >S and
preferentially consume 32S during bacterial sulfate reduction, the resid-
ual sulfate will become progressively enriched in the heavy isotope
(Habicht and Canfield, 1997). The §34S-S0%~ was simulated by consid-
ering 34503~ as a separate species (Jorgensen, 1979; Chernyavsky and
Wortmann, 2007; Dale et al., 2009; Wortmann and Chernyavsky, 2011):

34¢n2—
chOzzf*[ wll (16)
507 ]
4503~
Ricr = - (R R 17
hSR $SOT~ + g — g - $SOZ (R + Raom) (17)
34¢ 32 _ —_ (34¢ /32 ) 2
634S:< S/ S)VCDT ¢SO4 ( S/ S)VCDT ¢SO4 .1000 (18)

(345/325) VeDT (4)50421_ - 1)

where ®S0Z~ is mole fraction of 34503, [>*S0Z ] is the modeled
concentration of 34503, Rysr is the rate of 34503~ consumption by
OSR and AOM, aip is the fractionation factor for the reduction of sulfate
to H,S and (3*S/22S)ycpr is the standard sulfur isotopic ratio in Vienna
Canyon Diablo Troilite (0.00450045). asg is a tuning parameter
constrained by the measured 5>S-S03 ™ data.

To solve the model, the upper boundaries for solutes were set to
measured values at the top of the core (Dirichlet-type boundary),
assuming a CH,4 concentration of zero. The upper boundary for POC
was prescribed as a flux (Robin-type boundary). A zero concentra-
tion gradient (Neumann-type boundary) was imposed at the lower
boundary condition for all species. The length of the sediment col-
umn was set large enough (100 m) to ensure near-completeness of
methanogenesis within the model domain. The continuous differential
equations in Egs. (1) and (2) were discretized using finite difference
and the method-of-lines over an uneven grid (2000 layers) with a
high resolution at the surface (0.05 cm) and lower resolution toward
the bottom (19 cm). The model was solved using the NDSolve object
of MATHEMATICA V. 8.0. As explained in the following section, the
model was run in a non-steady-state configuration whereby the POC
flux to the seafloor was varied over time.

5. Results and discussion
5.1. Organic matter mineralization in the reference core

POC content in the reference core (C9) decreased from ca. 0.9% at the
surface to ca. 0.6% at ca. 1.5 mbsf. Below this depth, POC showed little
variability, suggesting the accumulation and burial of poorly reactive
material. The sulfate concentration also decreased from ca. 28 mM to
ca. 21 mM at 7 mbsf, with a marked change in the concentration gradi-
ent centered at ca. 1-2 mbsf (Fig. 2). This coincides with the decrease in
POC content and increase in 6>4S-S03 ~ from bottom water value (ca.
20%) to ca. 26%.. Below ca. 2 mbsf, sulfate decreased linearly down to

POC (wt. %) S0, (mM) CH, (mM) DIC (mM)
002 04 06 08 1012 o5 10 15 20 25 30 o0 5 10 15 20 01020 30 40 50
a /(’ b c d
'
20f
51 51 51
E § E Eaf E
=) = = =
a.10f 2,100 a 210k
0 [ [+] [
a a A &l a
15} 15} 15}
8ot
20l 20l 100l 20l
<34 2- co 2+ 9 |
6780, (%) Ca” (mM) Rpoc*10(gC gSed” yr ) a, (kyr)
Q10 20 30 40 50 Q2 4 6 8 10 12 152.0 3.0 5070 Q100 200 300 400
e f h
¢
& 20
5 5t 1 5}
3
o~ ‘s':‘-\ Sr ﬂs-:'-\ —_—
E A= 40 E
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%10- %10' % %10_
a =] DSO a
15 15} 15F
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20l 20l 100 . 20L

0%  Ho?" f0®
Rpoc(gC ;:-Scd'l yr L)

Fig. 2. Non-steady-state model results for the reference core C9 include (a) POC, (b) sulfate, (c) methane, (d) DIC, (e) 6**S-SOZ~, (f) calcium, (e) Rpoc and (h) initial age of POC. Symbols
represent measured data. Black lines are the model profiles where the POC flux was increased from 2.4 x 10~%t0 3.6 x 10~*gcm ™2 yr~ ! over the last 10 kyr. Red lines are the results with
the same increase in POC flux in addition to a decrease in the initial age from 300 to 0.5 kyr. The profiles of POC and methane in the two scenarios are almost identical and only the black
lines are shown. Authigenic carbonate precipitation is only incorporated in the model of Scenario #2 during the last 10 kyr (f). Note the different depth scales.
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Table 3
Summary of model-derived parameters for the reference core (C9) and pockmark core
(C14).

Parameter (ac] C14 Unit
Flux of POC at sediment surface for t <10 kyr 2.4 x 2 x gcm ™2
1074 1074 yr!
Flux of POC at sediment surface for t >10 kyr 3.6 x 32 x gcm ™2
1074 1074 yr!
Initial age (ao) for t <10 kyr 300 300 kyr
Initial age (ao’) for t>10 kyr 0.5 0.5 kyr
Kinetic constant of authigenic carbonate 0.02 0.03 yro!

precipitation/dissolution (kppr)
Sulfate fractionation factor during sulfate reduction 1.045 1.051 -
(asr)

the bottom of the sampled core, indicative of a sink at greater depth. The
lowest 8'3C-DIC value is only — 12.5%. which could be a mixture of POC-
derived DIC and bottom water DIC (Luo et al., 2013). These observations
together suggest that OSR is the major sink for sulfate in the upper 2 m,
whereas AOM appears to play a role in sulfate consumption in the
deep-seated sediments that are beyond the reach of the piston corer
(Borowski et al., 1999). The DIC produced by these pathways is partly
precipitated as authigenic carbonates, as indicated by the decrease in
calcium concentrations in upper ca. 1.5 m sediments. However, even
though these processes as well as methanogenesis below the AOM
zone probably dominate the carbon cycle in the sediments sampled
here, steady-state simulations of organic matter degradation model
fail to capture the simultaneous decrease in POC and sulfate as well as
the accumulation of DIC and 3#S0, (model results not shown). In fact,
similar kink-type sulfate profiles have been attributed to non-steady-
state diagenesis (Hensen et al., 2003). Based on the regional sedimenta-
tion rate (Wang et al., 2000) and the depth of the kinks in the profiles of
POC content, sulfate concentration and §>*S-S0% ~ values (1-2 mbsf),
there may have been an increase in the flux and/or reactivity of organic
matter to the seafloor within the last several kyr over this layer.

There is evidence for an increase in the delivery of organic matter to
the sediments in the SCS during the early Holocene driven by enhanced
primary productivity. Primary production in the SCS is mainly con-
trolled by the prevailing monsoon and terrigenous nutrient inputs
(Tian et al,, 2004). Previous studies showed that the surface organic car-
bon content is extraordinarily high along the southeastern Sunda Shelf,
the northeastern slope of the SCS and offshore eastern Vietnam (Chen
et al,, 2010). Our study area is located off the east coast of Vietnam,
where intensified summer monsoons during the Holocene have
resulted in upwelling and enhanced primary productivity (Liu et al.,

2002). Abundances of Florisphaera profunda in sediment cores, one of
the lower euphotic zone species of coccolithophores, as well as a rise
in sediment Ba/Al and Br/Al suggested that primary productivity and
organic matter rain rates to the seafloor have been increasing since
the early Holocene in the NW SCS (Su et al., 2007; He et al., 2012).
Thus, we hypothesize that enhanced primary productivity induced by
the strengthened southwestern summer monsoon is responsible for
the observed features in the POC, sulfate, and 6>4S-S0% ~ data in the
upper 1-2 m of sediments.

Based on these observations, we performed non-steady-state model
simulation with the aim of testing this hypothesis. We began by deter-
mining the POC flux and initial age of POC in the pre-Holocene setting,
that is, based on the data below 2 mbsf. To achieve this, the model
was run to steady-state until a good fit of the POC and sulfate data
below 2 mbsf was attained (modeled profiles not shown). This required
a POC flux of 2.4 x 107% g cm™ 2 yr~ ! and an initial age, ao, of 300 kyr
(Table 3). For the pre-Holocene setting, the total POC mineralization
rate was 1.93 umol cm™2 yr~! (Table 4). Sulfate was consumed via or-
ganic matter mineralization at a rate of 0.67 umol cm™2 yr™ !, while the
AOM rate was 0.18 umol cm ™2 yr— 1,

Subsequently (Scenario #1), we attempted to fit the measured data
in the reference core by increasing the POC flux (Fpoc) over the last
10 kyr using the following function:

Feoc(t) = b1+ (b2 x (Erf[(t—c1)/c2])) (19)

where b1-b2 represents the POC flux before the change 10 kyr ago,
2 x b2 represents the increase in POC flux during the last 10 kyr,
b1 + b2 represents the present-day POC flux, c1 is half of the perturba-
tion length and c2 controls the rate of change of the POC flux. The
schematic illustration of function (19) is shown in Fig. 3a. Using the
steady-state model results as the initial conditions (t = 0 yr), the tran-
sient increase in POC content was tuned to the data by adjusting param-
eters b1, b2, c1 and c2 (ensuring that b1-b2 = 2.4x 10~ 4gcm =2 yr— 1)
(Table 5). The results (black curves, Fig. 2) show that the POC data
could be simulated by increasing the flux from 2.4 x 10™% to
3.6 x 10~* g cm~2 yr~ ! over 8 kyr followed by a constant POC flux
for the last 2 kyr. However, the resulting model fits to sulfate, DIC and
5>4S-S03~ were poor, whereby sulfate concentrations were too high
in the upper ca. 10 m sediments and DIC and &>*S-S0% ~ were too low
(Fig. 2). This indicates that the additional POC arriving at the seafloor
during the Holocene was too unreactive in the simulations, implying
that it may also have been more labile.

We tested this idea (Scenario #2) by decreasing ap as POC flux in-
creased. However, according to Eq. (9), ao is a fixed constant, and a

Table 4
Depth-integrated turnover rates and benthic fluxes.?
9 9 C14 Tai-Nan ” Yung-An ®
(before 10 kyr) (present day) (present day)
Fpoc: total POC mineralization rate 1.93 11.8 10.1 1.94 10.2
(umol cm™2 yr~ ! of C)
Fsg: sulfate reduction via POC degradation 0.67 5.5 4.5 0.47 3.9
(umol cm~2 yr~! of SO3 ™)
Fu: methane formation via POC degradation 0.29 0.43 0.46 0.49 13
(umol cm~2 yr~! of CHy)
Faom: anaerobic oxidation of methane 0.18 0.24 1.1 24 48
(umol cm™2 yr~! of CHy)
Fca: authigenic carbonate precipitation - 3.9 4.8 - -
(umol cm~2 yr~ 1 of Ca)
Benthic flux of SO~ at sediment-water interface 0.85 5.8 5.5 29 8.7
(umol cm™2 yr~ ! of SO3 ™)
Benthic flux of CH,4 at sediment-water interface —0.003 —0.003 —0.01 —0.07 —0.16
(umol cm™2 yr~! of CHy)
Benthic flux of DIC at sediment-water interface —14 —73 —55 - -

(umol cm—2 yr~1! of C)

2 Negative fluxes are directed upward from the sediments to the bottom water, and vice versa.

b Ridges located offshore SW Taiwan, northern SCS (Chuang et al., 2013).
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Fig. 3. Schematic plots of the error functions (19) and (20).

decrease in ap would affect the whole POC profile simultaneously and
not only the new material arriving at the seafloor. We sidestepped
this problem by simulating ag as a dummy conservative solid variable
that is transported through the sediment at the same rate as POC
(Eq. (2)). In this case, the upper boundary condition for ag was
described analogously to Eq. (19):

Fage(t) = d1 + (1—d2 x (Erf[(t—el)/e2])) (20)

where d1 and d2 determine the maximum and minimum Fjge,
respectively (Fig. 3b), and el and e2 are defined identical to c1 and
c2. In this way, the initial age of POC in each modeled depth layer
can be adjusted over time by varying F,ge. Fage Was decreased from
the previous steady-state model results as POC flux increased
(Eq. (19)) for a period of 10 kyr. Parameters d1 and d2 were tuned
to the data as before (Table 5).

Taking this approach, the model is able to simulate the measured
POC content as well as sulfate and DIC concentrations (red curves,
Fig. 2) by allowing the initial age to decrease from 300 to 0.5 kyr over
the last 10 kyr (Fig. 2h). 8>5-S03 ™ is also well simulated using a frac-
tionation factor for sulfate reduction of 1.045, which is a typical value
for marine sediments (Canfield and Teske, 1996). This represents a sig-
nificant freshening of the POC arriving at the seafloor from the older,
probably reworked, material that characterized the early Holocene.
The initial ages used to derive these results are well within the range
of values reported for modern continental margin sediments (102 to
10 yr, Middelburg (1989); Boudreau and Ruddick (1991)). Carbonate
precipitation was also required to simulate the DIC concentrations in
the last 10 kyr of the non-steady-state model run. Without it, DIC con-
centrations in the upper 1.5 mbsf are around twice the measured values
(data not shown).

Under this present-day condition, total POC mineralization rate
(Rpoc) decreases sharply by two orders-of-magnitude within the upper
ca. 2 m compared to the pre-Holocene setting (Fig. 2e). The depth-
integrated rate of total POC mineralization is 11.8 pmol cm™2 yr—!
which is roughly one order-of-magnitude higher than 10 kyr ago
(Table 4). The vast majority of sulfate is consumed by OSR at a rate of
553 umol cm™? yr~! while sulfate consumption by AOM is
0.24 umol cm™2 yr~!. The depth-integrated rate of DIC production in-
cluding OSR and AOM is 11.34 umol cm™2 yr~'. Authigenic carbonate
precipitation removes DIC at a rate of 3.92 pmol cm~2 yr—! whereas
the diffusive flux of DIC to the surface is 7.33 umol cm™2 yr~!. Thus,
ca. 35% of total DIC generated in the sediments is removed via authigenic
carbonate precipitation.

5.2. The minimum age of pockmark formation

Mega-pockmarks are usually formed by intense fluid expulsion and
later reshaped by external forcings such as bottom currents (Hovland
et al., 2002; Cathles et al., 2010). Long-term observations suggest that
pockmarks do not necessarily require persistent fluid venting to main-
tain their shape (Brothers et al., 2011). A long quiescent or micro-
seepage period may follow the expulsion of over-pressured fluid and,
hence, most pockmarks in hemipelagic and pelagic sediments are cur-
rently dormant (Judd and Hovland, 2007; Paull et al., 2008). After the
dormancy prevails, the porewater distribution of solutes will vary over
time as the system relaxes toward the new steady-state situation
where solute transport is dominated by molecular diffusion. Thus, if
the geochemical characteristics of the active seep can be estimated,
the time elapsed since the last major seepage event in a dormant seep
may be constrained from the present-day porewater distributions by
simulating their evolution following the cessation of fluid flow.

We took this approach to estimate the minimum age of pockmark
formation in the study area by modeling measured data sampled
from an extinct mega-pockmark (C14). The data bear many similar-
ities to the reference core, demonstrated by the inflections in the
profiles POC content in the upper 1-2 mbsf as well as for sulfate and
5>4S-503 ~ (Fig. 4). This implies that the early Holocene changes inferred
from the reference core also apply to the pockmark core. As an initial
condition, it is not unreasonable to suggest that the active pockmarks
in the study area had a similar biogeochemistry to the well-studied and

Table 5

Derived parameters of the error functions describing the upper boundary conditions for
POC and initial age in the reference core (C9) and pockmark core (C14). In Scenario #1,
the POC flux was varied for the reference core (C9) only. In Scenario #2, both the POC flux
and the initial age were varied in both cores (see text).

Parameter C9 C14 Unit
Scenario #1 b1 30x107% - gcm 2yr!
(change of POC flux only) b2 06x107% - gcm 2yr!
cl 4000 - yr
c2 1500 - yr
Scenario #2 b1 30x107% 26x107% gem 2yr !
(change of POC fluxand b2 06x107% 06x107* gcm 2yr!
initial age) cl 4000 33000 yr
c2 1500 1500 yr
dil 4010 4010 -
d2 3990 3990 -
el 4000 33000 yr
e2 1500 1500 yr
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Fig. 4. Transient state model results showing the evolution of (a) POC, (b) sulfate, (c) 5*S-S03~, (d) methane, and (e) DIC in core C14 starting from the initial conditions in Fig. 5. Symbols
represent measured data. Profiles are shown for 5, 29, and 29 + 10 kyr. The model results fit the measured values after running for a period of 29 + 10 kyr. The simulated Ca>* concen-
tration profile during the last 10 kyr is shown in (f). Note that only the upper 20 m are shown for each variable.

currently active Hydrate Ridge cold-seep. Both in-situ measurements
and modeling results indicated heterogeneous but moderately high
fluid flow rates (>10 cm yr~ ') (Tryon et al,, 2002; Luff and Wallmann,
2003). Sulfate penetrates no deeper than several decimeters below sea-
floor and methane concentrations are in equilibrium with gas hydrate
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(ca. 70 mM) below a thin transition zone where sulfate and methane
are consumed by AOM (Torres et al., 2002).

Starting from ¢t = 0 yr and using these general profile characteristics
as initial conditions (Fig. 5), the model was run forward in time until the
present-day data were simulated. During this period, the sulfate

CH, (mM) DIC (mM)
) 20 40 60 80 100 0 10 20 30 40 50
0 T T T T \ 0 T T T T )
c d
2F 2
g
4 2 ar
=
oL
[
6 A 6
8 14
10 10L

Fig. 5. Hypothetical initial conditions of (a) POC, (b) sulfate, (c) methane, and (d) DIC for an active pockmark seep. POC content was set equal to the measured data below ca. 1 mbsfin core
C14 (Fig. 4). Solute concentration profiles are based on observations at Hydrate Ridge (Luff and Wallmann, 2003). Only the upper 10 m are shown. All concentrations are invariable from

10 mbsf down to the base of the simulated sediment column (100 m).
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Fig. 6. Global sea level changes during the last 150 kyr for different Marine Isotope Stages,
MIS (after Siddall et al. (2003)). The red circle shows the sea level at the proposed time
(39 kyr B. P.) when seepage at the pockmark ended. Blue (Tong et al., 2013) and green
(Han et al., 2014) circles denote the U/Th dating of authigenic carbonates collected from
Dongsha Area, northern SCS.

penetration depth increased over time as the rate of sulfate consump-
tion by AOM decreased due to the cessation of upward advection of
methane-rich fluid (Fig. 4). Consequently, 535-S03~ decreased as the
porewater became less enriched in 3#S0Z~ and DIC also decreased due
to less production by AOM. The measured profiles of sulfate, DIC and
§345-S03~ could be reproduced after running the model for 39 kyr
(Fig. 4), which represents the time elapsed since the cessation of the
last major fluid expulsion event. This includes the 10 kyr Holocene
change in upper boundary conditions. Note that the flux of POC was
slightly different from the parameterization for the reference core,
which may be due to minor differences in sediment accumulation rate
between the two sites (Table 5).

The contemporary total POC mineralization rate in the pockmark
core is similar to the reference core and those collected from Yung-An
Ridge, offshore SW Taiwan with the POC initial age of 2 kyr (Table 4).
Sulfate is removed by OSR at a rate of 4.52 umol cm™2 yr~ ' and AOM
reaches 1.11 umol cm~2 yr~!, which is roughly five times higher than
that in C9. The AOM rates in our study area are much lower than
those reported for Tai-Nan and Yung-An ridges (Chuang et al., 2013)

(b) at ~39kyr B.P.

Relative sea level high-stand

(a) at~47kyr B.P.

Relative sea level low-stand N

i

because those sites are characterized by upward gas bubble transport
and dissolution. DIC is consumed via authigenic carbonate precipitation
at 4.84 pmol cm™2 yr~! and its flux toward the bottom water is
5.53 umol cm ™2 yr~ ! (Table 4). Near-zero benthic methane flux at
both sites suggests that AOM is an effective “microbial filter” that
consumes almost all dissolved methane ascending from underlying sed-
iments. Dissolved methane has been demonstrated to only discharge
into bottom water at high fluid flow velocities whereas slow seepage
of methane bearing fluid (<5 cmyr~!) does not contribute considerably
to the overall methane emission (Luff and Wallmann, 2003; Niemann
et al., 2006; Wallmann et al., 2006b; Vanneste et al., 2011; Karaca
etal., 2014).

Cold seeps in the northern SCS are characterized by several intermit-
tent fluid release events over the last 330 + 24 kyr B. P. (Tong et al.,
2013; Han et al., 2014). U/Th ages of the '80-enriched authigenic car-
bonates collected from the northeastern Dongsha Uplift indicate that
authigenic carbonate precipitation was linked to gas hydrate dissocia-
tion during sea level low-stands (Tong et al., 2013) (Fig. 6). The termina-
tion of fluid seepage at the pockmark derived from the non-steady-state
modeling (ca. 39 kyr) occurred while eustatic sea level reached a max-
imum (Fig. 6). One could speculate that the cessation of fluid flow is
linked to the depletion of gas hydrate reservoir following the many
sea level fluctuations since the late Pleistocene. Further evidence is
required to support this possibility. Alternatively, assuming the meth-
ane release event at ca. 47 kyr B. P. recorded in the '®0-enriched
authigenic carbonates (Han et al.,, 2014) was also the last fluid seepage
event in the pockmark, it is likely that the relative sea level high-stand at
ca. 39 kyr B. P. stabilized the gas hydrate because of the increase in
hydrostatic pressure.

A conceptual model of the fluid flow in the pockmark field is pro-
posed as follows. At ca. 47 kyr B. P., fluid seepage was driven by gas
hydrate dissolution and subsurface overpressure build-up during a rel-
atively low sea level stand (Fig. 7a). Ensuing sea level rise presumably
favored the stabilization of gas hydrates and ended active fluid release
at ca. 39 kyr B. P. (Fig. 7b). Subsequently, bottom currents promoted
the enlargement of the pockmarks (Sun et al., 2011) (Fig. 7c). Our

(c) At present
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Fig. 7. Proposed schematic representation of the evolutionary history of fluid seepage in the study area. (a) At ca. 47 kyr B. P. fluid seepage occurred due to gas hydrate dissociation during
relative sea level low-stand. This age based on authigenic carbonate dating is assumed to be the timing of the last fluid seepage event in the pockmark field. (b) At ca. 39 kyr B. P., fluid
seepage ceased owing to either gas hydrate re-stabilization during relative sea level high-stand or the total depletion of gas hydrate reservoir. (c) Recharging of gas hydrate reservoir with-
in the gas hydrate stability zone in the pockmark field during present-day sea level high-stand. Pockmarks have since evolved into mega-pockmarks after being reshaped by bottom

currents.
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model results are consistent with no fluid seepage from ca. 39 kyr B. P. to
the last glacial maximum (LGM, ca 20 kyr B. P.) inferred from the
absence of authigenic carbonate spanning this time period (Fig. 6)
despite a continual decrease in the sea level. There is evidence that sur-
face sea temperature decreased from ca. 50 kyr B. P. until the LGM and
several indications for Heinrich cold events since mid-MIS 3 were
recorded in the sediment cores in the northern SCS (Tang et al., 2003;
Wei et al., 2007). A decrease in bottom water temperature from ca.
4 °C (Han et al., 2014) at ca. 47 kyr B. P. to ca. —1.2 °C (Adkins et al.,
2002) at the LGM would counteract gas hydrate destabilization induced
by a pressure decrease of 6 bar, equivalent to a drop in sea level by 60 m
(Siddall et al., 2003). This may explain the absence of fluid seepage be-
tween 39 kyr B. P. and the LGM as indicated by the U/Th dating of
authigenic carbonate collected from Dongsha, northern SCS (Tong
et al, 2013; Han et al., 2014).

6. Conclusions

Porewater geochemical profiles in sediments sampled at a reference
core and pockmark core were simulated using a non-steady-state
reaction-transport model in order to estimate the time when pockmark
activity ceased, which represents the minimum age of the pockmark.
The model suggests that the pockmarks formed at least 39 kyr B. P.
and the termination of fluid seepage may be ascribed to gas hydrate sta-
bilization or complete depletion when sea level reached a relatively
high-stand. We were also able to show that POC flux and reactivity
increased during the Holocene due to enhanced primary and export
production related to the monsoon. This is, to our knowledge, the first
study that uses a reaction-transport model to constrain the cessation
of fluid flow at pockmarks. The proposed method could be a significant
tool in illuminating temporal evolution of fluid seepage in pockmarks
because most pockmarks on continental margins are presently dormant
(Judd and Hovland, 2007; Paull et al., 2008), especially if a reliable age-
control is lacking.
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