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ABSTRACT

With large topographic gradients, rifted basins serve as efficient traps for partic-
ulate matter from adjacent lands and the ocean surface. However, the fate of organic
carbon in the sediment, mostly unaltered by the hydrothermal activities known to oc-
cur in young rifts, remains poorly understood. In this study, we present an examina-
tion of diagenetic activities and carbon remineralization based on the first complete
suite of pore-water data of sediment marginally affected by hydrothermal activities
in the Southern Okinawa Trough (SOT). The sediment showed an oxygen penetra-
tion depth of 1 cm, consumption of NOj; in the top 1 cm, smeared profiles of Mn?*
and Fe?* with the latter reaching up to 450 pmol L', and relatively unchanged SO,*
concentrations with depth. Net production rates of dissolved species resolved from
pore-water profiles provide an estimate of 1.68 +0.21 mmol C m™? d™' as the total car-
bon remineralization rate in the upper 30 cm sediment column, with aerobic carbon
oxidation being the major pathway. The rate, one order of magnitude lower than that
of the adjacent East China Sea, is attributed to the lower bottom-water temperature
and carbon flux in the trough. The high carbon burial efficiency of SOT (68% of
carbon reaching the seafloor and processed thereunder) reflects the combined effects
of small mountain rivers and rifting-induced particle trapping.

1. INTRODUCTION

The role of young rift systems in the global carbon
cycle remains contentious. The frequently occurring coastal
upwelling, in combination with the topographic gradients
that facilitate material transport and burial, render rifted
basins efficient traps for particulate carbon from adjacent
lands and the ocean surface (e.g., Calvert 1966; Thunell et
al. 1994; Sheu et al. 1999; Huh et al. 2006). On the other
hand, carbon sequestration in rift sediment can be stunted
by extensive magmatism and hydrothermalism (Sibuet et
al. 1998; Lizarralde et al. 2011), both of which act to mo-
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bilize and expel carbon back into seawater (Berndt et al.
2016; Lin et al. 2017). While the latter provides an intrigu-
ing aspect regarding how tectonism participates in carbon
cycling, it should be noted that the hydrothermal activity is
highly spotty at any given time (Lin et al. 2017), and car-
bon remineralization in the majority of young rift sediment
follows early diagenesis under the baseline conditions, i.e.,
cold temperature with no significant advective fluid flow
from deep subseafloor.

The opening of the Okiwana Trough, a curved backarc
basin at the convergent boundary between the Eurasian and
Philippine Sea Plates, commenced during the late Miocene
(9 - 6 Ma; Sibuet et al. 1998). The northbound Kuroshio
Current enters the trough from the south, collides with the
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shelf of the southern East China Sea (ECS), and triggers a
perennial upwelling center (Liu et al. 1992; Fig. 1). Since
the discovery of hydrothermal activities in the central (Sakai
et al. 1990) and south sections (Konno et al. 2006) of the
basin, much research effort has been devoted to the miner-
alogy (e.g., Glasby and Notsu 2003), biogeochemistry (e.g.,
De Beer et al. 2013) and microbiology (e.g., Inagaki et al.
2006) of vents and hydrothermally altered sediments, with
scant attention to the baseline condition of early diagenesis.
Lin et al. (2002a) first investigated the pore-water chemis-
try of nonhydrothermally altered sediments in the Southern
Okinawa Trough (SOT). For the deep-water (> 1000 m) sta-
tions, sulfate concentrations showed a mild downward de-
crease of 2 - 5 mmol L' for the top 100 cm, suggesting that
redox reactions thermodynamically more favorable than
sulfate reduction might prevail in this horizon. De Beer et
al. (2013) reported a shallow O, penetration depth (< 1 cm)
for their reference site sediment, alluding to the transition
to O,-depleted regimes in shallow depth. Aside from these
two studies, pore-water data that can be used to infer pro-
cesses other than aerobic respiration and sulfate reduction,
such as concentrations of NO;, Mn?*, Fe*, etc., are miss-
ing in the literature. Having the redox regime identified is
crucial for subsequent modeling work, which usually relies
on the selection of appropriate Redfield stoichiometry for
reactions of organic matter remineralization (e.g., Emerson
et al. 1980; Boudreau 1987).

This study attempts to portray the diagenetic activity in
the near-surface sediment under baseline conditions in the
SOT. We chose sites without signatures of liquid CO, im-
pregnation (to be discussed later) to represent sediment with
low levels of hydrothermal alteration. We estimate the contri-
bution of different electron acceptors to carbon remineraliza-
tion based on the pore-water profiles and calculation of net
solute production rates. We then compare our results with
published data of the ECS, and discuss factors controlling the
diagenetic activity and carbon preservation within the con-
text of regional hydrographic and depositional setting.

2. MATERIAL AND METHODS
2.1 Site Description and Expeditions

The field sites (Fig. 1; Table 1) were examined dur-
ing two expeditions: OR1-1164 (25 May to 3 June 2017)
and OR1-1194 (29 April to 1 May 2018) by R/V Ocean
Research I. As the objective of the cruise OR1-1164 was to
retrieve materials affected by hydrothermal activities, sam-
pling sites were chosen broadly based on prior knowledge
of subseafloor flow fields and heat flow (Chou et al. 2019;
Hsu et al. 2019; this issue), and refined to specific spots
based on echosounder images acquired on site. Sites P1-A
and P1-T are located in the same hydrothermal patch (Patch
“P17) about 10 km west of the Yonaguni Knoll IV. Towcam
images revealed the presence of mineral mounds and che-

mosynthetic communities, and the temperature anomalies
in the bottom water reached up to 12°C (Chou et al. 2019;
this issue). Site G2 is situated at the margin of Patch “Gas
Center,” about 4.5 km north of Patch P1. This patch features
active venting, vent clusters, and multiple mineral mounds.
A detailed seafloor survey of this patch is described else-
where (Chou et al. 2019; this issue). The *He/*He ratios for
the upper 40 cm sediment at Sites P1-T and G2 are 1.2- 1.4
and 2.4 - 2.5 R, (R, = *He/*He ratio for air), respectively (T.
Lan, unpublished data). No helium isotope data are avail-
able for the sediment at Site P1-A.

2.2 Sampling

Most of the research material was retrieved during
OR1-1164. The precise underwater positioning of the cor-
ers was achieved by the use of an ultra-short baseline sys-
tem (Model GAPS NG, iXBlue SAS). Short sediment cores
(< 40 cm) with undisturbed sediment-water interface were
retrieved by a multicorer (Mega Corer, OSIL). Longer sedi-
ment cores (< 200 cm) were recovered with a gravity corer.
The coordinates and water depth of the cores used in this
study are listed in Table 1.

The cores were processed within 4 h after retrieval. The
overlying water of the multicores was collected with a plas-
tic syringe and then siphoned off. Pore waters were extract-
ed from the intact whole round cores with Rhizon suction
samplers (0.1 pm porous polymer, Rhizosphere Research;
Seeberg-Elverfeldt et al. 2005). The depth resolution ranged
from 1 - 5 cm for the multicores and 10 - 20 cm for the grav-
ity cores. The split for total dissolved sulfide (H,S) analysis
was immediately fixed with 5% (w/v) zinc acetate solution
at a volume ratio of 2:1. The subsamples for Fe?* and Mn?*
analyses were acidified (pH < 1.8) with concentrated HCI
(SEASTAR CHEMICALS). The pore-water samples were
kept at 4°C [cations, anions, H,S, dissolved inorganic car-
bon (DIC)] or -20°C (nutrients) until analysis.

At each site, parallel cores were dedicated for the analy-
ses of CH, concentration, porosity, and bulk properties. For
CH, analysis, cut-off plastic syringes were used to collect
material from freshly exposed sediment surface, created by
cutting the liner of gravity cores into short segments or dur-
ing slicing of the multicores. The samples were transferred to
glass vials containing 1 N NaOH solutions, sealed with thick
butyl rubber stoppers, and crimp capped. For determination
of porosity and total organic carbon (TOC) content, samples
were also taken with plastic syringes and transferred to pre-
weighted centrifuge tubes. Samples for total sulfur (TS), total
iron (Fer), and total manganese (Mny) were stored in polyeth-
ylene bags. All samples were kept at 4°C until analysis.

2.3 O, Profiling

O, profiling of the water column at Sites BG, G1,



Early Diagenesis in Southern Okinawa Trough Sediment 635

Elevation
(m)
2000
1500
1000
500
0
-500
-1000
-1500
-2000
-2500
-3000

‘Yonaguni
KnoII IV

Kurosh/o oL

; T T
121.6 121.8 122.0 122.2

1224 122.6 1228 123.0

Fig. 1. (a) The location of the Okinawa Trough (OT) relative to the nearby landmasses and the East China Sea (ECS). The dash line stands for the
inner shelf region defined in Kao et al. (2003). The square in bold line marks the region enlarged in (b). (b) The Southern Okinawa Trough (SOT)
and sampling sites. Site T6 is a sediment trap station reported in previous studies (Sheu et al. 1999; Hsu et al. 2003). Gray dots denote the sites
reported in Lin et al. (2002a). The gray shade and arrows indicate the route of the Kuroshio Current and its intrusion onto the East China Sea shelf.
The dash circle designates the upwelling center induced by the cyclonic eddy. ODP, Ocean Drilling Program.

Table 1. Coordinates, water depth, and bulk solid-phase properties of the sites

Porosity | TOCP (%wt) | TS (%wt)

Mn; (ug g")
>1cm

Fe, (%wt)
0-1cm

Site | Cast type* | Longitude (E) | Latitude (N) | Water depth (m)
BG | CTD,MUC | 122°35432 25°03.075° 1387

PI-A MuUC 122°36.764° 24°50.921° 1512

PI-T | CTD,MUC | 122°37.222’ 24°50.752° 1490

PI1-T GC 122°37.204° 24°50.683’ 1490
Gl CTD 122°36.580° 24°53.050° 1518
G2 MUC 122°36.598’ 24°53.385° 1516

0.60 - 0.83
0.57-0.83

0.72-0.84

0.65-0.73 | 0.72+0.07° | 0.10£0.01 | 433£0.27 1230 529 £32
0.74+0.10 | 0.10x0.01 | 446+0.18 | 2503 579« 149
070023 | 0.15+0.04 | 437+0.30 584 504 =25
0.58+0.06 |0.10+001 | 437x0.30 | 1003 522 +53

Note: a: CTD, conductivity, temperature and depth instrument; GC, gravity core; MUC, multicore. b: Abbreviations: TOC, total organic carbon; TS, total
sulfur; Feq, total iron; Mny, total manganese. c: The bulk properties of the solid phase were reported as the mean and standard error of measurements

at depth resolutions of 5 - 20 cm.

and P1-T was carried out using a dissolved oxygen sensor
(SBE 43, Sea-Bird Scientific), mounted on a conductivity,
temperature, and depth (CTD) instrument. Sediment O,
microprofiling was performed only at Site BG, visited dur-
ing OR1-1194. Multicores were kept at 4°C without stir-
ring for 8 h before analysis. We used Clark-type microelec-
trodes (OX-100, Unisense) with an outside tip diameter of
100 um. The microelectrodes were two-point calibrated
with air-saturated seawater and anoxic sediment pore waters
at 3 - 5 cm depth.

2.4 Analysis

Nutrients (NOs™ and NH,4*) were analyzed colorimetri-
cally with a gas-segmented continuous flow auto-analyzer
(QuAAtro, SEAL Analytical Inc.). A certified reference
material (MOOS-3, provided by the National Research
Council, Canada) and in-house seawater nutrient standards
(from Merck, traceable to NIST SRMs) were used to check
the accuracy and precision. The analytical precision was
1.8% for NO;5 and 5.5% for NH,*.
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For determination of Fe and Mn, fluid samples were
analyzed on an inductively coupled plasma optical emission
spectrometer (Optima 8000, Perkin-Elmer). High-purity
standard solutions (High-Purity Standards, Inc.) of multi-el-
ements were used to prepare a series of calibration solutions
for Fe and Mn measurements. The analytical precision is 6.4
and 5.8% for Fe and Mn, respectively, for overlying water
samples, and 4.8 and 1.8% for pore-water samples.

SO,* was analyzed on an ion chromatography system
(DIONEX ICS-3000, Thermo), and calibrated with standard
solutions prepared from Merck Anionen-Mehrelement stan-
dard II. The precision was better than 2%. H,S was measured
by the methylene blue method (American Public Health As-
sociation, American Water Works Association and Water
Environment Federation 1998) with a precision of ~5%.
CH, was measured with a precision of ~3% using a gas chro-
matograph equipped with a flame ionization detector (Model
8610C, SRI Instruments). Detailed setup and discussion of
the accuracy, precision and detection limits of this system
were described in Lee (2004). Bottom-water DIC was mea-
sured by a dissolved inorganic analyzer (Model AS-C3;
Apollo SciTech Inc.). Standard seawater (certified reference
material prepared by the Scripps Institution of Oceanogra-
phy) was used to check the accuracy and precision (0.1%).
Pore-water DIC was determined using a Shimadzu TOC-
Veph carbon analyzer (Shimadzu Corp.). Repeated analyses
of an in-house standard yielded a precision of 2%.

Porosity was determined following the procedure de-
scribed in Blum (1997), assuming a pore-water density of
1.027 g cm™. For determination of TOC content, dried sedi-
ment was decalcified and analyzed with an elemental ana-
lyzer (Flash 2000, Thermo Fisher Scientific). Repeated anal-
yses of a certified soil standard (certificate number 133317,
Thermo Fisher Scientific) yielded a precision of 3%. De-
salted sediment samples were shipped to the Bureau Veritas
Mineral Laboratories for the determination of TS, Fe;, and
Mny;. The accuracy was assessed with the reference material
OREAS 25a (Ore Research & Exploration Pty. Ltd.).

2.5 Calculation

With the assumption that the pore-water profiles were
at a steady state, we used the software PROFILE (Berg et
al. 1998) to calculate the net production rates of dissolved
species. This software accounts for depth-dependent porosity
profiles and resolves specific depth horizons in which net pro-
duction or consumption takes place. The resulting rate values
were depth-integrated (R, in mmol m? d') and converted to
rates of organic carbon remineralization (Ci,,, in mmol C m?
d") assuming Redfield composition of sedimentary organic
matter (e.g., Helder 1989; Bakker and Helder 1993):

Cdiag = aR (l)

where ¢ is a conversion factor derived from the stoichiom-
etry of organic matter oxidation by different electron accep-
tors (Table 2; Aller 2014).

The burial rate of organic carbon (Cj,,) across a sedi-
ment horizon at the depth of z (z = 30 cm for the discussion
below) was calculated by the following equation (Lin et al.
2000):

Cburial = P(l - (P) a)[TOC]: (2)

where p is the dry bulk density (2.65 g cm™), @ the sedi-
mentation rate (0.4 cm yr! for our sites; C. C. Su, unpub-
lished data), and [TOC]. the TOC content at the depth z. The
sum of Cyiy and Ciyia, defined as C,., represents the flux
of organic carbon that reaches the seafloor and is processed
thereunder (cf. Reimers and Suess 1983, for a detailed defi-
nition of different carbon fractions used in the literature of
early diagenesis).

3.RESULTS
3.1 Solid-Phase Properties

The solid-phase properties of the sediment samples
are listed in Table 1. The porosity varied within the range
of 0.57 - 0.84. The TOC contents were in the range of 0.6
- 0.7%, statistically indistinguishable from previously re-
ported contents of TOC in the SOT sediment (p-value =
0.07 - 0.28; Welch’s t-test, two-tailed; Kao et al. 2003). The
TS contents were on average 0.10% in the multicorer sedi-
ment, and slightly higher (~0.15%) in the deeper sediment
of the gravity core (Table 1). The TS contents were consis-
tent with the sum of pyrite and acid volatile sulfide contents
presented in Lin et al. (2002a; p-value = 0.07 - 0.11). The
Fer contents were about 4.4%. The Mny contents of the top
1 cm sediment (1000 - 2500 ug g') were 2 - 5 folds higher
than those of deeper sediments (~500 pg g!). The Fe; and
Mn; contents were generally comparable to those reported
for deep sediment trap samples and surface sediments (p-
value =0.56 - 0.81; Hsu et al. 2003).

3.2 O, Profiles

Dissolved O, exhibited a similar pattern in the water
column at Sites BG, G1, and P1-T, with the concentration
decreasing from ~200 umol L' in the surface water to 66
- 69 pumol L in the bottom water (Fig. 2a). The O, concen-
trations of overlying water were ~6 umol L' higher than the
deep-water values obtained by the CTD casts (Fig. 2b). O,
penetrated down to 1 cm below the seafloor. The curve was
sigmoidal, caused by a top layer (0 - 0.08 cm) with enhanced
advective transport (advection) overlying deeper layers
dominated by diffusive transport (Bakker and Helder 1993).

The mismatch in O, concentration between the deep
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Table 2. Overall stoichiometric organic matter oxidation reactions discussed in the present study. The coefficients in bold fonts

are used in the conversion factor [a of Eq. (1)].

Redox process

Opverall reaction

Aerobic respiration

Nitrate reduction

(CH,0)06(NHs),(H,PO,) + 138 O, — 106 CO, + 122 H,0 + 16 HNO, + H,PO,
(CH,0)106(NH;),((H,PO,) + 84.8 NO, — 21.2 CO, + 63.6 H,0 + 84.8 HCO; + 42.4 N, + 16 NH, + H;PO,

Manganese reduction  (CH,0),4(NH;),4(H;PO,) + 212 MnO, + 318 CO, + 106 H,0 — 212 Mn* + 424 HCO; + 16 NH; + H,PO,

Iron reduction

Sulfate reduction

(CH,0)10¢(NH,),((H;PO,) + 424 Fe(OH), + 742 CO, — 424 Fe* + 848 HCO, + 318 H,0 + 16 NH, + H,PO,
(CH,0),46(NH,),(H,PO,) + 53 SO, — 53 H,S + 106 HCO, + 16 NH, + H,PO,

(@) Oz (umol L)
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Fig. 2. (a) Distribution of O, in the water column at three stations. (b) Measutred O, profile at Site BG and the adjusted profile for rate calculation.
The gray shades denote the net O, consumption rate (gray shades) in different horizons. SWI, sediment-water interface.

seawater and overlying water has been observed before
and attributed to exposure of cores to air during process-
ing on deck (Helder 1989). Using the software PRO-
FILE, we obtained two zones with net O, consumption
(Fig. 2b). The rates are 0.93 pmol cm™ d "' at 0.4 - 0.5 cm and
0.09 pmol cm™ d! at 0.7 - 1.0 cm. Following previous work
(e.g., Hyun et al. 2017), we attributed the upper zone to O,
consumption by aerobic organotrophic respiration, and the
deeper zone to reoxidation of reduced substances.

3.3 Pore-Water Profiles

NOj; concentration in the topmost pore-water samples
(Fig. 3) was 10 - 20 umol L' lower than the deep seawater
NOj; content (36 umol L'; Wong et al. 1989), indicating
active denitrification in the topmost 1 cm layer. NO;™ con-
centration decreased exponentially with depth and was no
longer detectable below 15 - 20 cm. A subsurface maximum
was found at 15 and 13 c¢m in the profile of Site P1-T and
G2, respectively. This feature has been found in other deep-
sea sediments (e.g., Bakker and Helder 1993; Hyun et al.
2017) and is attributed to bioirrigating burrows. NH,* ex-

hibited a downcore increasing trend, rising from a submi-
cromolar level in the bottom water to 100 - 380 pmol L at
the bottom of the multicores.

Dissolved Mn concentration was < 1 umol L' in the
deep seawater. In the interstitial space, Mn (presumably
in the form of Mn*) accumulated rapidly, reaching 45
- 65 umol L' in the top 5 - 6 cm. Below this top accumula-
tion zone, Mn?* concentrations decreased by ~20 pumol L
and then continued to increase with depth. In the long grav-
ity core of Site P1-T, the maximum Mn?*" concentration was
reached at 55 cm, below which a decreasing trend with depth
ensued. Dissolved Fe concentration was below the detection
limit in the deep seawater. In the multicores, dissolved Fe
(presumably in the form of Fe?*) concentration increased
with depth and reached 185 - 450 pmol L' at the core bot-
tom. In the gravity core of Site P1-T, Fe** concentration
showed a maximum at a depth of 60 cm and decreased with
depth to ~90 umol L at 115 cm.

Like the profiles of deep-water stations reported in Lin
et al. (2002a), SO,* concentrations were relatively constant,
deviating less than 2 mmol L' from the bottom-water con-
centration throughout the cored sediment. H,S concentrations
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Fig. 3. Results of pore-water analyses at Sites (a) P1-A, (b) P1-T, and (c) G2. Gray and light red symbols with dash line denote data from the gravity
core. Crosses on the x axes denote the solute concentration in the bottom water.
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were constantly low but detectable (0.4 - 2.7 umol L'). Some
of the measurements might have been affected by the colored
(slightly yellowish) substance in the pore water. The colored
substance may be iron hydroxide precipitates, but we did not
perform any correction on the photometric data.

At Sites P1-A and G2, DIC exhibited a downcore in-
creasing trend, rising from deep seawater concentrations of
~2.4 mmol L' to 4 - 4.5 mmol L' at the bottom of the multi-
core. Site P1-T showed a much gentler trend of DIC, reach-
ing only 2.8 mmol L' at the bottom of the multicore and
4.5 mmol L' at the bottom of the gravity core. Pore-water
CH, concentrations were in the range of 110 - 425 nmol L
and exhibited a downcore increasing trend in the multicores.
The concentration range is orders of magnitude lower than
the typical range known for methanogenic sediment (mil-
limolar scale; e.g., Lin et al. 2012). Of note is that dissolved
CH, concentrations in the deep water of SOT are up to 100
- 500 nmol L' (Hsu et al. 2003). Therefore, a portion of the
pore-water CH, might have originated from the entrained
bottom water during particle deposition.

Using the software PROFILE, we computed the
depth-integrated production rates of NO;, Mn*", Fe** and
NH,* (Table 3). The consumption rates of NO; (234 -
436 pmol m? d') are higher than the production rates of dis-
solved metals (24 - 160 pmol m? d!). The production rates
of NH," exhibited inter-site variations, ranging from 23 -
76 pmol m= d!.

4. DISCUSSION

Although the initial purpose of the sampling campaign
was to investigate the geochemistry of sediments altered by
hydrothermal activities, the bulk properties of our sediment,
such as TOC, TS, Fe; and Mn; (Table 1), are all statisti-
cally indistinguishable from the values reported previously
for regular SOT sediment. Moreover, in spite of the elevat-
ed values of *He/*He ratios (T. Lan, unpublished data), the
pore-water profiles did not exhibit signatures known for lig-
uid CO,-impregnated sediments, such as exceptionally high
total alkalinity or DIC at the tens of millimolar level, and

the rapid decrease of SO,> within the upper 30 cm (De Beer
et al. 2013). Liquid CO, impregnation and the associated
geochemical characteristics are the main features of hydro-
thermally altered sediment in this backarc basin (Inagaki et
al. 2006; De Beer et al. 2013). Therefore, we conclude that
our sites are only marginally affected by hydrothermal ac-
tivities, and the pore-water profiles reflect the general dia-
genetic condition in the deep SOT.

Pore-water profiles are sensitive to the quantity and
quality of remineralizable carbon, the supply of which is
governed by regional oceanographic and depositional envi-
ronments. Based on bulk properties and molecular proxies,
several studies support the notion that a major fraction of
organic matter in SOT sediment originates from the inner
shelf of ECS (Kao et al. 2003; Chen et al. 2017). The shelf-
exported organic matter that ultimate reaches the deep SOT
might be extensively processed, but the regional upwelling
center (Fig. 1) may add degradable carbon to the seafloor.
To clarify the effects of these factors on the observed di-
agenetic activity, in the following discussion, we compare
our data primarily with those of ECS sediment. Where ap-
propriate, other systems at comparable water depths are also
discussed.

4.1 Early Diagenetic Features of SOT Sediments

The pore-water profiles in the short multicores
(Figs. 2 and 3) have the following key features for dissolved
species related to terminal electron accepting processes. O,
was exhausted a depth of 1 cm with a change in the concen-
tration gradient at 0.45 cm, associated with a zone of active
O, consumption. NO5 consumption occurred even with the
presence of O, in the top 1 cm, and NO; exhaustion depths
occurred at ~15 cm. Mn and Fe reduction occurred with-
in 1 -5 cm where NO5 concentrations remains abundant
(10 - 15 pmol L''). Mn and Fe profiles are highly smeared,
increased to a maximum but decreased again with depths
(Fig. 3). The downward decreasing trend in deeper sedi-
ment is interpreted as the solubility control of authigenic
phases, such as Mn carbonates and Fe sulfides (Canfield et

Table 3. Depth-integrated net production rates (R, in mmol m? d!) of dissolved species in the
upper 30 cm sediment. Negative rate values represent net consumption. Depth range (in cm) is
the range of reaction zones identified by the software PROFILE (Berg et al. 1998).

BG P1-A P1-T G2
Species
Depthrange R |Depthrange R |Depthrange R |Depthrange R
0O, 040-050 -1.20 - - -
NOy 0-2 -0.44 0-2 -0.28 0-2 -0.23
Mn?* 0-2 0.16 5-7 0.03 0-7 0.02
Fe* 0-16 0.03 3-7 0.08 0-6 0.13
NH,* 10 - 25 0.05 10-12 0.02 25-30 0.08

Note: a: Rates underestimated due to a lower sampling resolution.
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al. 1993). The zigzag feature of Mn?* profiles is not uncom-
mon in marine sediment (e.g., Canfield et al. 1993), but the
underlying reason is barely discussed. This is possibly due
to the fact that both Mn?* and MnO, can couple to multiple
redox species other than organic matter (Aller 2014), com-
plicating the interpretation of Mn data as a manifestation of
a carbon oxidation process. Sulfate reduction is not signifi-
cant because SO,> concentrations are relatively unchanged,
and the methanogenic zone is below the examined interval
(125 cm). The observation is consistent with the data of
ODP Site 1202 (from Ocean Drilling Program Leg 195),
drilled 11 km southeast to our sites (Fig. 1). The long core
showed that the sulfate-methane interface is as deep as 10 m
(Mottl 2005).

4.2 Comparison of Pore-Water Profiles of SOT and
ECS Sediments

The features summarized above differ in several as-
pects from those reported for ECS sediments. Most of the
pore-water geochemical studies of ECS are based on sedi-
ments retrieved in the inner shelf (Fig. 1) during summer.
The water depths of ECS are shallow (10 - 63 m) and thus
the bottom water is characterized with high O, concentra-
tions (100 - 220 umol L'; Chen et al. 2007) and low NOy
concentrations (mostly < 10 umol L'; Gong et al. 2000) ex-
cept the estuaries, where anthropogenic input is significant.
Nevertheless, the O, penetration depth is as shallow as 0.3
- 0.7 cm in the reported sediment profiles, giving rise to
steep concentration gradients (Cai et al. 2014). NO;™ profiles
are highly heterogeneous for the shelf sites. Some showed
an extended NOj-rich upper layer up to 10 cm in thickness,
others showed a rapid decrease in the top 5 cm, and still
others had subsurface NO;” maximums (Song et al. 2013;
Zhao et al. 2017). Observable gradients of SO,*/CI ratio
were found in about half of the published profiles (Zhao et
al. 2017). The gentler O, gradients, deeper O, penetration
and a lack of marked SO,* concentration gradients indicate
lower diagenetic activity in SOT sediments than in inner
shelf sediments of ECS.

Like SOT sediment, most of the Mn?>* profiles of ECS
showed a steep gradient in the top 1 cm and reached maxi-
mum levels of 30 - 80 umol L' (Zhao et al. 2017). However,
a downcore decreasing trend of Mn?* below the subsurface
maximum could be readily observed in the 30 cm sediment
column, alluding to a higher flux of substances for precipi-
tating Mn?* out of the aqueous phase in ECS sediments than
in SOT sediments. A change in curvature could also be
seen in the Fe?* profiles, with subsurface maximum mostly
< 100 pmol L' (Zhao et al. 2017).

Interpretation of the differences in Mn** and Fe?* pro-
files from SOT and ECS is less straightforward, as the abun-
dance of these solutes also depends on the supply of reactive
metal species in the solid phase and co-precipitation agents

(e.g., CO;* and S%) in the pore fluids. The extremely high
Fe?* concentrations (up to 450 pmol L") and the smeared
Fe?* profiles in SOT sediments are distinct from Fe?* in oth-
er continental slope sediments at comparable water depths,
where Fe?* contents barely exceed 50 umol L' (e.g., Helder
1989; Kiister-Heins et al. 2010; Hyun et al. 2017). The Mny
and Fe; contents in the surface sediment of our cored sites
are comparable to those in the inner shelf sediments of the
ECS (Lin et al. 2002b; Zhu et al. 2012). However, at the
species level, Hsu et al. (2003) reported enrichment of reac-
tive Mn and Fe in the settling particles of the sediment trap
station T6 (Fig. 1) because of incorporation of hydrother-
mally derived particles. In their 1340-m trap samples, the
sum of exchangeable, carbonate, and easily-to-moderately
reducible Mn and Fe fractions constitutes 86 + 6 and 41
+ 1%, respectively, of the Mn; and Fey. If the deep-water
trap samples are good approximations of surface sediment
samples in terms of solid-phase composition, surface sedi-
ments of SOT would be enriched in reactive Fe relative to
those of ECS (33 + 4%; Zhu et al. 2012). Therefore, the
pore-water Fe?* features of SOT is attributed to (1) the ad-
dition of hydrothermally-derived Fe, which provides for the
iron reducing communities, and (2) the sluggish sulfate re-
duction (Lin et al. 2002a), which supplies H,S slowly for
removing dissolved Fe from soluble phase.

By corollary, one would anticipate the same smeared
shape and high concentrations for the Mn?* profiles. The
SOT sediments do have smeared Mn** profiles relative to
ECS sediments, but the maximum concentrations are not
significantly elevated. This could be either due to leakage
of Mn?** from the sediment into overlying water (Hyun et
al. 2017), strong adsorption of Mn** onto Mn oxides (Can-
field et al. 1993), or other as yet unaccounted-for processes.
The impact of hydrothermally derived Mn precipitates on
diagenesis, if present, remains elusive and awaits clarifica-
tion via incubation-based approaches.

4.3 Partitioning of Carbon Oxidation Pathways

One classical approach of quantifying diagenetic activ-
ities is to convert production or consumption rates of redox-
related dissolved species into rates of organic carbon remin-
eralization by the use of Redfield stoichiometry [Eq. (1)].
This approach, though not as accurate as tracer techniques
(Reimers and Suess 1983), provides an initial quantitative
assessment of diagenetic activities. As pore-water analysis
is more frequently carried out than tracer experiments, this
approach furnishes a common basis for comparison across
different systems.

We calculated the Cy;,, rates (Table 4) by different elec-
tron acceptors using the depth-integrated net production or
consumption rates of dissolved species (Table 3). Although
sedimentary O, data are not available at Sites P1-A, P1-T,
and G2, the O, consumption rate of Site BG is only slightly
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lower than that determined for regular sediment in the nearby
Yonaguni Knoll TV (1.51 mmol O, m? d™!; calculated from De
Beeretal.2013). It is possible that the actual O, consumption
rates of the other three sites fall around the values determined
for Site BG and Yonaguni Knoll IV, and minor deviations
in O, consumption rates from the Site BG value would not
change our conclusions. The SO,* gradient is barely detect-
able except for Site P1-A, which showed a decrease in SO,*
by 2 mmol L' at the core bottom. The production of NH,*,
instead, exceeds the theoretical contribution by Fe reduction
(cf. Table 2 for the stoichiometry). Therefore, we used the
excess NH,* production rate, i.e., the rate that cannot be ac-
counted for by Fe reduction, to estimate of the amount of
carbon oxidized by sulfate reduction. The resulting Cg,, rates
0f 0.30 £ 0.17 mmol C m? d"! agree within uncertainties with
the radioactive tracer-based estimate (0.34 mmol C m?d"! for
the deep-water station; calculated from Lin et al. 2002a). The

total Cy;,, rates for the upper 30 cm sediment column are 1.68
+0.21 mmol C m?d". The total Cg, rates are low, being only
~70% of the values of the Savu Basin sediments in Indonesia
(242 = 0.51 mmol C m? d'; ~2000 m water depth; Helder
1989) or the acrobic carbon oxidation rates of East Sea sedi-
ments in Northeast Asia (2.52 = 1.65 mmol C m? d'; 1500
- 2000 m water depth; Hyun et al. 2017). The contribution of
different electron acceptors, in decreasing order of relative
importance, is O, (55 = 7%) > NOs (24 + 8%) = SO> (18 +
10%) > Mn oxides (2 + 2%) = Fe oxides (1.2 + 0.8%).

A similar practice was performed using literature data
of inner shelf sediments in the ECS (Table 5). We are aware
that due to seasonal variations in weather and current condi-
tions, the pore-water profiles are not under a steady state at
an annual time scale. Therefore, we based our calculation
only on data of one single season, and the results should
not be extrapolated to annual estimates. We obtained a total

Table 4. Areal rates of carbon oxidation via early diagenesis (Cy;,,), derived from the depth-integrated net production rates of dissolved spe-

cies listed in Table 3, for the upper 30 cm sediment.

Cing (mmol C m? d™) Average over sites
Carbon remineralization by: | Conversion factor (a)* Cing (mmol Cm?d"')  Relative importance (%)
BG Pl1-A PI1-T G2

Mean o Mean o

Aerobic respiration 106/138 0.92 - - - 0.92 - 55 7

NOj; reduction 106/84.8 - 054 035 029 0.40 0.13 24 8

Mn reduction 106/212 - 008 002 001° 0.04 0.04 2 2
Fe reduction 106/424 - 0.007 0.02 0.03 0.02 001 12 0.8

SO,* reduction 106/16 - 031 0.14 047 0.30 0.17 18 10

Total - - - - - 1.68 0.21 100

Note: a: Conversion factor is the stoichiometric ratio used to calculate carbon remineralization rates from net production or consumption rates of
dissolved species based on stoichiometric organic matter oxidation reactions (Table 2). The carbon remineralization rates by SO/ reduction
was calculated from the production rates of excess NH,*, i.e., rates that cannot be accounted for by Fe reduction. b: Rates underestimated due

to a lower sampling resolution.

Table 5. Depth-integrated net production rates (R) of dissolved species, the corresponding Cy,, rates, and the relative importance of each
process in diagenetic carbon oxidation in East China Sea sediments. Integration depth: 30 cm.

. .. . R C i Tate Relative importance
Carbon remineralization by: (mmol m?d") (mmol C m? d-) (%) Method Reference
Aerobic respiration 1(51'920 21526.;9 1221 + 1.84 63+ 15 O, microelectrodes Caietal.2014
. . 1.34+£1.09 Pore-water profiles analyzed by
NOj reduction (030-3.06) 1.68 +1.36 9+7 PROFILE® Song et al. 2013
. . 0.20+0.19 Pore-water profiles analyzed by
Mn oxides reduction (0.04-0.63) 0.10 £0.09 05+05 PROFILE Zhao et al. 2017
S . 0.15+0.11 Pore-water profiles analyzed by . )
Fe oxides reduction (0.03-0.44) 0.04 +0.03 02+02 PROFILE Zhao et al. 2017
SO,?* reduction 2.(712;61(.)‘;2 5.45+2.83 28 +15 S, whole core incubation Lin et al. 2000
Total 20.31 +2.99 19.48 + 3.62 100

Note: a: Numbers in the parentheses indicate minimum and maximum values. b: The denitrification and dissimilatory nitrate reduction rates
determined by N tracer experiments (Song et al. 2013) are not included in the calculation due to the high concentration (100 umol L) of

NOj applied in the incubation.
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Cig rate of 19.48 = 3.62 mmol C m? d”! for the ECS sedi-
ment in summer (Table 5), with the relative importance of
different electron acceptors decreasing in the order of O, (63
+ 15%) > SO,* (28 £ 15%) > NO5 (9 £ 7%) > Mn oxides
(0.5 +£0.5%) = Fe oxides (0.2 £ 0.2%).

Comparison of the Cy;,, data of SOT and ECS revealed
several intriguing features. First, while the SOT sediments
have TOC contents (0.4 - 0.7%; Kao et al. 2003) only slightly
lower than those of ECS inner shelf sediments (0.4 - 1.0%;
Zhu et al. 2012), Cy,, rates of the former are one order of
magnitude lower than the latter. Second, despite the distinct
bottom-water O, concentrations of the inner shelf (the cited
O, profiles of ECS sediment were not generated in the hy-
poxia region) and in the trough, aerobic respiration is the
dominant redox process in both systems. Lastly, the relative
importance of nitrate reduction in organic carbon oxidation
is elevated in SOT compared with ECS sediments. Associa-
tions of these features to the quantity and quality of organic
carbon, bottom-water conditions, and methodological limi-
tations will be elaborated in succeeding text.

4.4 Budget, Quality and Burial Efficiency of Organic
Carbon

To assess the quantity and quality of organic carbon,
we first evaluated the benthic-pelagic carbon budget for the
SOT and ECS regions (Fig. 4). The SOT has a clear com-
ponent of vertical transport. The primary production at the
trap station T6 is 24 + 1 mmol C m? d! (Gong et al. 2000).
Based on the sediment trap data (Sheu et al. 1999), lateral
transport is present but mild under regular conditions (i.e.,
not during episodic flood events). The C, (cf. section 2.5)

East China Sea
(water depth < 100 m)

is 5.2+ 2.3 mmol C m? d", in agreement with the flux mea-
sured at 1346 m of Station T6.

Such a budget has already been presented previously
for the ECS (Song et al. 2016). Here, we slightly modified
the existing ECS budget by using our own estimates of Cyj,,
(Table 5) to cover the diagenetic activity of 30 cm sediment
column. The C,,,. for the ECS is 26.3 += 8.0 mmol C m?d"',
much lower than the trap-derived settling fluxes (200 -
300 mmol C m? d! in the inner shelf; Zhang et al. 2006) or
the primary production (78 + 53 mmol C m? d"'; Gong et al.
2003). The unbalanced budget reflects the steering role of
lateral transport and resuspension, both of which are diffi-
cult to quantify, in governing the deposition and distribution
of organic carbon on the shelf.

Because C,. is less sensitive to resuspension com-
pared with sediment trap measurements, the quality of or-
ganic carbon is assessed by the ratio Cg,e/Cproc. TO take into
account that Cy;, rates, like all microbial activities, are tem-
perature dependent (Price and Sowers 2004), we first calcu-
lated the theoretical Cgy,, value at 4°C (Cyiygaoc) assuming a
temperature coefficient (Q,,) of 2:

(4°C-T, ) /10°
Cdiag,4“C = CdiangO / (3)

The in situ bottom-water temperature (7}, ;;,,) in summer
is 20°C for the ECS (Song et al. 2016). The Cg,g 4 value of
ECS (6.4 + 1.2 mmol C m? d!') remains significantly higher
than that of SOT, but the Cyig 4:c/Cproc Tatios (ECS, 0.24 +
0.09; SOT, 0.32 + 0.15) no longer indicate a higher propor-
tion of degradable organic carbon on the shelf. Accordingly,
there is no conclusive evidence for a lower quality of organic

Southern Okinawa Trough
(water depth ~1500 m)

primary production 78 + 532
recycled ?

@
~J

primary production 24 + 1°
recycled 21 + 1

.J

- , § trep33z10 1746 m
lateral resuspension
transport
lateral
5 mab-| . trap 200 — 300° transport l trap 4.9  1.9' 11346 m
diagenesis + burial diagenesis + burial
26.3 £ 8.0 52+23
30 cm[ \30 cm
diagenesis 19.5 + 3.6° diagenesis 1.7 + 0.2°

l burial flux 6.8 + 7.1¢

l burial 3.5 + 2.39

Fig. 4. A simple pelagic-benthic budget for organic carbon flux in the ECS and deep SOT. The fluxes are in the unit of mmol m? d!. Sources: a =
Gong et al. (2003); b = Zhang et al. (2006); ¢ = this study; d = Song et al. (2016); e = Gong et al. (2000); f = Sheu et al. (1999); g = Lin et al. (2002a)

and this study. Abbreviation: mab, meters above bottom.
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matter in the SOT. This finding seems to contradict the pre-
sumption that the SOT, being the terminal of cross-shelf sedi-
ment transport (Kao et al. 2003; Chen et al. 2017) and verti-
cal deposition, should receive particles containing relatively
refractory organic matter. Uncertainties in the estimates of
Cing the use of an inappropriate 0, value, or the presence of
unaccounted sources of labile carbon (e.g., fresh phytodetri-
tus from the perennial upwelling center; Fig. 1) might result
in the lack of a significant difference in the Ciiag, 42/ Cproc ratios
between the two systems. Further degradation experiments
are necessary to clarify this issue. Based on the existing data,
we tentatively attribute the 10-fold difference in Cy, rate to
different bottom-water temperature and carbon flux.

The burial efficiency, assessed by Ciyia/Cproc X 100%,
is 68 and 26% for the SOT and ECS, respectively. With
net sediment accumulation rates available for both regions
(Su and Huh 2002; Li et al. 2012), their carbon preservation
efficiency can be further compared with other major depo-
sitional systems around the world (Fig. 5; Blair and Aller
2012). The SOT plots next to continental boundaries fed by
small mountain rivers, whereas the inner shelf of ECS dots
the region defined for deltaic fluidized muds.

The proximity of the inner shelf sediments of ECS to
deltaic fluidized muds in Fig. 5 alludes to the same con-
trolling mechanism of the low carbon burial efficiency,i.e.,
prolonged exposure of particles to oxygen-rich water as a
result of frequent sediment reworking and suspension (Blair
and Aller 2012). The controlling mechanisms of the high
carbon burial efficiency in the SOT are more complicated,

including the factors of small mountain rivers and rifting.
These two factors act differently in facilitating carbon burial.
Small mountain rivers actively deliver deposits containing
fossil organic carbon during storm events (Blair and Aller
2012), whereas rifting works passively via creating steep
topographic gradients and deep basins. The steep gradients
induce geofocusing of particles toward the bottom, whereas
the deep water depth results in prolonged alteration of phy-
todetritus during vertical transport and suppressed microbial
activities due to lowered bottom-water temperature (Price
and Sowers 2004). The notion supported by previous stud-
ies, i.e., a major fraction of organic matter in SOT sediment
originates from the inner shelf of ECS instead of rivers in
northeastern Taiwan (Kao et al. 2003; Chen et al. 2017),
argues in favor of a greater contribution from rifting over
small mountain rivers. However, mineralogical evidence
suggests that rivers in northeastern Taiwan (Fig. 1) provide
massive clastic materials to the SOT (Diekmann et al. 2008),
implying substantial contribution of fossil organic carbon to
the high burial efficiency. To clarify whether and how rift-
ing alone can elevate carbon sequestration, further study is
warranted to investigate the early diagenesis of regular sedi-
ment in the central section of the Okinawa Trough, which is
distant from major mountain rivers in Taiwan and Japan.

4.5 Effects of Bottom-Water Conditions and
Methodological Limitations

The deep basin of SOT is a suboxic environment

100
801 SMR
S
o SOT ° L e Normal marine
8 o Low O, bottom water
i EAR
QE_) 60 o © H o Euxinic/semi-euxinic
7] I A
o Oz depletion L A Deltaic fluidized muds,
o A 00 o marine organic matter
8 40+ o 1 A Deltaic fluidized muds,
2 ° ° o0 o terrestrial organic matter
¢ Terrestrial organic matter
Normal < o Deltaic
20 marine ¢ C fluidized
o Y A huds
o © Hae—A—
°
0__._. q L T T T T
0.0001 0.001 0.01 0.1 1 10
Net sediment accumulation rate
(gem™yr’)

Fig. 5. The percentage of organic carbon (OC) preserved versus net sediment accumulation rate of the SOT, ECS (inner shelf), and major deposi-
tional environments (modified from Blair and Aller 2012). Abbreiviations: EAR, extreme accumulation rates; SMRs, small mountain rivers.
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with low O, (66 - 69 umol L'; Fig. 2a) and high NOy
(36 pmol L'; Wong et al. 1989) concentrations. This bot-
tom-water condition is in contrast to that of the ECS, which
is relatively enriched in O, (mostly > 100 umol L' except
for the hypoxia region; Chen et al. 2007) and depleted in
NO; (mostly < 10 pmol L''; Gong et al. 2000). Hence, our
findings of reduced contribution of O, and elevated contri-
bution of NO; in the SOT, compared to those of the ECS,
likely reflect the control of bottom-water conditions on the
partitioning of carbon oxidation processes in near-surface
sediment, as suggested by earlier modelling work (e.g., So-
etaert et al. 1996).

Lastly, it is necessary to acknowledge the limitations
of this pore-water profile-based approach in quantifying
early diagenesis. First, it is not common to have the com-
plete suite of redox-related dissolved species characterized
in one single site. For example, the pore-water data from the
ECS are collected from different sites. Given the high het-
erogeneity of shelf water and sediment, the composite par-
titioning scheme of carbon oxidation pathways might have
errors larger than presented in Table 5. Second, it is well-
known that dissolved Mn** and Fe** profiles generally lead
to underestimation of Mn and Fe oxides reduction (Canfield
et al. 1993; Hyun et al. 2017). This is because Mn** and
Fe?* also accumulate in the solid phase, which represents
the major fraction of the reduced pools. For example, the
rates of Fe reduction calculated by the pore-water profiles
of the East Sea sediments are two to three orders of magni-
tudes lower than those obtained via incubations (Hyun et
al. 2017), and Fe reduction contributes up to 20% of carbon
oxidation. Lastly, this approach does not consider the aero-
bic carbon remineralization contributed by faunal activities
(i.€., Cpre-buriat In Reimers and Suess 1983), including biotur-
bation, bioirrigation and metabolic demands (Glud 2008;
Snelgrove et al. 2018). Therefore, the partitioning of carbon
oxidation pathways summarized in this study for the SOT
and ECS sediments (Table 5) should be considered tenta-
tive. Additional studies using incubation-based techniques
are sorely needed to revise the partitioning scheme, and to
better estimate the Cg,, rate.

5. CONCLUSION

This study presents an examination of diagenetic activ-
ities and carbon remineralization based on the first complete
suite of pore-water data of sediment marginally affected by
hydrothermal activities in the SOT. Below is a summary of
our main findings.

(1) The pore-water data show an oxygen penetration depth
of 1 cm, consumption of NO;™ in the top 1 cm, smeared
profiles of Mn?*" and Fe?* with the latter reaching up to
450 wmol L, and relatively unchanged SO,* concentra-
tions with depth. The remarkably high Fe* concentra-
tions possibly reflect the incorporation of hydrothermal-

ly derived reactive Fe into settling particles.

(2) Analysis of the pore-water profiles provides an estimate
of 1.68 +£0.21 mmol C m?d"' as the total carbon remin-
eralization rate in the upper 30 cm sediment column. The
rate, about 10-fold lower than that of ECS, is attributed
to the lower bottom-water temperature and carbon flux
in the trough.

(3) Compared to the ECS, the relative importance of O, and
NO;™ as electron acceptors is reduced and enhanced, re-
spectively, in the SOT, reflecting the control of bottom-
water conditions on early diagenesis. However, aerobic
respiration remains the major carbon oxidation pathway.

(4) The SOT has a carbon burial efficiency of 68%, and
plots close to continental boundaries fed by small moun-
tain rivers on the carbon preservation-mass accumula-
tion graph. The high carbon burial efficiency reflects the
combined effects of small mountain rivers and rifting-
induced particle geofocusing and refrigerating.
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