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Abstract
to specific surface area (SSA)) and the fate of organic carbon (OC) is critical to understand the marine

Knowledge about organic carbon loadings (ratio of sedimentary organic carbon (SOC) content

carbon cycle. We investigated the variations in the patterns of OC loadings and the preservation capacities
of sedimentary OC in the Yap Trench and other marine environments. The average OC loading in sediment
cores from various marine environments decreases with increasing water depth at a rate of ~0.06 mg OC/
(m?-km) (R?>=0.23, P<0.01). Distinct low OC loadings (0.09+0.04 mg OC/m?) were observed in the Yap
Trench, with the lowest values as ~0.02 mg OC/m?. A further comparative analysis indicated that OC/
SSA=0.2 mg OC/m? is a good indicator to distinguish between oxic deep-sea regions and suboxic energetic
deltaic areas. Regression analysis between OC loading and bulk carbon isotope compositions indicates that
marine OC (83C ~-20.4%o to -18.6%0) dominates the lost OC within the Yap Trench and does not differ from
that of the abyssal zone. In contrast, terrestrial OC with §'*C values of approximately -27.4%o to -20.5%o was
the major source of remineralized OC in the sublittoral zone. The ratios of OC loadings in the bottom layer
relative to those in the top layers of sediment cores indicate that the preservation capacities of hadal trenches
are much lower than those of other environments, and only approximately 30% of the SOC deposited in
hadal trenches is finally buried. The value is equivalent to 0.066% of the primary production-derived OC
and much lower than the global ocean average (~0.3%). Overall, the hadal zone exhibits the lowest OC
loading and preservation capacity of SOC of the different marine environments investigated, despite the
occurrence of a notable funneling effect.
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1 INTRODUCTION

Typical hadal zones (water depth >6 000 m) are
found in deep ocean trenches formed by the convergent
movements of two oceanic lithospheric plates at
subduction zones (Fig.1a) (Clift and Vannucchi,
2004). While limited biogeochemical studies have
been done, the particular geological structures and
physiognomic characteristics of hadal trenches may
lead this unique environment to play a key role in the
global organic carbon cycle, as the funnel-like shape
of a hadal trench easily traps settling particulate
matter delivered from natural sedimentation, ocean
circulation and submarine turbidity currents and

serves as a large-scale sediment trap in the deep ocean
(Longhurst et al., 1995; Danovaro et al., 2003; Glud
etal.,2013; Lietal., 2018). Widespread bare rock and
steep slopes in hadal trenches significantly weaken
the velocity of water flow (~cm/s) (Fig.1a) (Hallock
and Teague, 1996; Fujio et al., 2000; Taira et al.,
2004), and it is difficult for deposits to be physically
moved out of the hadal trench. In the active convergent
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plate boundary system that forms a hadal trench,
sediment remobilization induced by earthquakes and
associated turbidity currents triggers the formation of
dense nepheloid layers resulting in high deposition
rates and sedimentary organic carbon (SOC) contents
(Fig.1a) (Nozaki and Ohta, 1993; Bao et al., 2018).
Moreover, subduction of the oceanic plate into the hot
mantle promotes delivery of the overlying SOC to the
deep earth interior, such that hadal trenches serve as
an organic carbon sink in the deep ocean (Fig.1a)
(Danovaro et al., 2003; Glud et al., 2013; Nunoura et
al., 2015).

Acting as a global sink for excess carbon dioxide in
the atmosphere, the oceans fix atmospheric CO, via
the so-called “biological pump”, whereby particulate
organic matter sinks and is buried in the deep ocean
(Lasaga et al., 1985). Exploring the final fate of
settling OC is crucial for evaluating the strength of
atmospheric CO, fixation by the ocean, which
dominates the negative feedback loop associated with
global warming and thus regulates the global carbon
cycle (Mayer, 1994a; Chen et al., 2004, 2015; Blair
and Aller, 2012). On geologic timescales, the
preservation capacity of SOC in marine environments
relies heavily on the OC loading of settling particulate
matter (Mayer, 1995; Keil et al., 1997a; Blair and
Aller, 2012; Li et al., 2017). The ratio of OC content
to the specific surface area (OC/SSA) of the sediment
has been widely used to trace variations of sedimentary
OC loading in different marine environments (Mayer,
1994b; Aller et al., 2008; Goni et al., 2013; Li et al.,
2014). Specific ranges of OC loadings in sedimentary
deposits have been used to distinguish preservation
status and characterize marine settings as reflecting a
net balance between loss and supply of SOC under
distinct environmental regions (Aller et al., 2010;
Zonneveld et al., 2010; Blair and Aller, 2012; Li et al.,
2014; Yao et al., 2014). For example, significantly
lower OC loadings associated with mobile mud belts
in continental marginal seas indicate -efficient
remineralization of SOC in this environment (Aller,
1998; Aller and Blair, 2004, 2006; Yao et al., 2014). In
conjunction with previous research, research presented
here investigating the features of OC loadings in the
extreme and least-studied hadal environments that act
as potential sediment traps and carbon sinks in the
deep ocean provides more comprehensive information
on the marine organic carbon cycle.

The Yap Trench is located in the equatorial western
Pacific Ocean at the junction between the oceanic
Pacific Plate, the Philippine Plate and the Caroline
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Plate constituting a link between the Philippine
Trench and Mariana Trench. The primary production
rate of the overlying euphotic layeris ~82 g OC/(m?-a),
which is comparable to that of the adjacent Mariana
Trench (Longhurst et al., 1995; Lutz et al., 2007;
Jamieson, 2015). Trace element ratios (Ni/Co and
V/Cr) in sediments from the Yap Trench indicate an
oxic sedimentary environment, which is overlain by
dissolved oxygen (DO)-enriched local bottom water
(approximately 5.1 mg/L) (Li et al., 2018; Yue et al.,
2018). To accurately determine variations in the OC
loading of the sediments and evaluate possible factors
influencing OC loading within the Yap Trench and
adjacent abyssal plain, push core sediments were
collected from the northern and southern Yap Trench
and box core sediments were collected from the
adjacent abyssal plain. The SSA, OC content, and
013C values of core sediments were analyzed. Spatial
and vertical variations in SOC loading and preservation
status in different regions of the Yap Trench and the
adjacent abyssal plain were then calculated. Literature
values on OC loadings of sediments obtained from
shallower marine environments (including continental
marginal sea, slope, ocean basin, and abyssal plain)
were also compiled for comparative analysis. This
work extends our knowledge about the patterns of OC
loading in the ocean and contributes to a better
understanding of the role that hadal trenches play in
marine organic carbon cycles.

2SAMPLECOLLECTIONANDANALYSIS

Six push cores were collected using China’s first
manned deep sea bathyscaphe, Jiaolong, and
additionally, one box core was collected during the
cruises of the 37" and 38" China Oceanic Expeditions
of Spring 2016 and Spring 2017 onboard the R/V
Xiangyanghong 09. Detailed sampling information is
shown in Table 1 and Fig.lc. These sediment cores
cover the northern and southern Yap Trench, including
both walls of the hadal trench as well as the adjacent
abyssal area on the Caroline Plate. These cores were
sliced at 1 cm intervals, and subsamples were placed
in plastic bags and stored at -20°C. In the lab, each
sample was freeze-dried; a subsample was ground to
ensure sample homogeneity for OC% and "“C
analyses, and the remaining unground subsamples
were prepared for SSA analysis.

Homogenized and precisely weighed dry
sediments were placed into a silver capsule, after
which inorganic carbon was removed by exposure to
hydrochloric acid vapor for 24 h at room temperature.
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Table 1 Sampling site information, OC contents, carbon stable isotopes, specific surface areas (SSA) and OC loadings of
core sediments from the Yap Trench and adjacent abyssal regions

Site / style Water depth / Core Longitude Latitude OC (%) 31C (%0) SSA (m*/g) OC/SSA (mg OC/m?)
length / Location (°E) (N)  Range Meantsd Range Meantsd ~ Range  Meantsd Range  Meantsd
DIVE109/ 3435 mé 119 cm/f 13830 900 007 0158007 21.53- 20295047 1092~ IS.S4251 o 0.10£0.03
Push core ~anawardsiope o : : 0.26 n=19)  -19.52 (n=19) 2096 (m=19) U (n=19)
northern Yap Trench
DIVEI11/ L(’ZZS Td/zcm/f 13851 oge 008 O0I9:019  227- 2127081 17.10- 3686x1109 o o 0.05:0.04
Push core _~2naward siope o : : 0.64 (n=7) 202 (n=7) 51.29 (n=7) Rl (n=7)
northern Yap Trench
DIVE113/ g:j\j;ﬂ{jj Z“:)g 3865 ogy 013 027008 21.76-  -19.93:0.63 29.85- 37265480 . o, 0.07£0.02
Push core | Vap %ench : : 039  (n=25)  -18.92 (n=25) 4754  (n=25) (n=25)
DIVE149/ faﬁiv‘;;é ;1‘:) o O/f 13755 gos 014 0385018 2248 2078085 1636~ 3LEIEOAL o oo 0.12:0.04
Push core southern Yap Tl:ench : ’ 0.76 (n=14) -19.55 (n=14) 44.47 (n=14) : : (n=14)
DIVEI51/ Léfflz “;é 211 em /f 3763 go4 O021- 031008 21.80-  -20.74:0.60 3050~ 4L60LAIO 0o 0.07:0.02
Push core Sosthevaa;‘;‘;Zri’ch : : 0.48 (n=21) -20.04 (n=21) 47.51 (n=21) (n=21)
DIVEI52/ g:f\:{a%/sif Z“:)g 3784 oy 028 030007  2141- 20832051 17.52- 4204768 o oo 0.10£0.06
Push core o Vap %ench : : 052  (n=18)  -20.08 (=18) 4790  (n=18) (n=18)
o1/ :;23;12 liirf‘;’ag 13870 oes 022 029£005  2282- 21308075 1164 17262299 oo 0.17:0.02
Multi-tube ngap Tgrench : : 0.40 n=12) 2075 (n=12) 2176 (m=12) T (n=12)
25°N 0
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}) ) Py’ 3 .
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Fig.1 Conceptual model of trench geography and habitat characteristics (a) and sampling sites in the Yap Trench and
adjacent abyssal region (b and c)

Fujiwara et al., 2000; Jamieson and Fujii, 2011; Ichino et al., 2015; Jamieson, 2015.
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Dried carbonate-free samples were then transferred
into a tin capsule and analyzed on a Flash EA 1112
HT nitrogen/carbon analyzer (Thermo Electron SPA,
USA) interfaced with a DELTA V Advantage
continuous flow isotope ratio mass spectrometer
(Thermo Finnigan Instruments, USA). Replicate
analyses of samples yield a relative standard deviation
of less than 0.8% for OC%. The 6"*C was expressed
in & notation per mil relative to the international
standard Vienna Pee Dee belemnite. The precision of
813C analyses was better than +0.2%o based on
replicate analyses.

The SSA values of sediments were determined by
the Multi-point Brunauer-Emmett-Teller method
(with N, as adsorbent and five adsorption isotherm
points) using an automatic surface analyzer
(3H-2000PS1, Beishide Instrument Technology
(Beijing) Co. Ltd., China). Unground dry sediments
were combusted at 350°C for 12 h to remove organic
matter and water prior to instrumental analysis, a
pretreatment method has proven to be effective for
removing OC and is widely used in analyzing marine
sediments (Keil et al., 1997b; Aller and Blair, 2006;
Yao et al., 2014; Li et al., 2017). To further remove
volatile matter, the organic matter-free sediment
samples were then degassed at 300°C under vacuum
conditions for 1 h. The accuracy of SSA measurements
was assessed based on analysis of a standard material
(mesoporous Si0,) provided by Beishide Company
(Beijing, China). Replicate analyses indicated that the
relative standard deviation was less than 5%.

Additionally, data on the OC%, SSA, and OC
loading of surface and core sediments collected from
other marine environments (in addition to the hadal
zone (>6 000 m)) were compiled from the scientific
literature (Supplementary Table S1). Data reported in
different units were recalculated and normalized. To
obtain the final asymptotic values of OC loadings,
different lengths of sediment cores were considered in
different marine environments, with longer core
lengths considered in continental marginal seas and
shorter core lengths considered in deep-sea sites
(Supplementary Table S1). These available data were
divided into four groups according to sampling depth,
including the sublittoral region with water depth
<300 m, the bathyal zone with water depth between
300 m and 3 500 m, and the abyssal zone with water
depth ranging from 3 500 m to 6 000 m. Details on the
sampling locations for both the literature data and
those used in this study are specified in the captions
and legends of each figure.
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The approximate preservation capacity of SOC in
sediment cores was calculated using the following
equation: Y%00C esenvation=OC/SSA guer tayer OC/SSA per tayer-
In this equation, the OC/SSA, ¢ 1ayer 1S set equal to
the minimum OC loading of the bottom 3 layers,
which is assumed to represent the final asymptotic
value of OC loading in the sediment core, and the
OC/SSA pper 1ayer 18 set equal to the maximum OC
loading of the top 3 layers which is assumed to
represent the initial value of OC loading in the
sediment core. Although this calculation method
introduces some uncertainty because of differences
in time scales between different sediment cores, we
can roughly evaluate the potential and ultimate
preservation capacity of SOC in specific marine
environments by comparing the asymptotic value at
the bottom of the sediment core with the maximum
value at the top of the core. This preservation
capacity can be taken to represent the percentage of
SOC that is ultimately buried relative to the initially
deposited SOC, following a sufficiently long post-
depositional degradation process (Blair and Aller,
2012).

Statistical analyses (Pearson’s correlation and
significance testing) were performed using the
SPSS20 software. The sampling map was constructed
using Surfer13 software, and other figures were drawn
using Origin2017 software.

3 RESULT

Variations in the ranges and average values of
OC%, 6"3C, SSA and OC loading for each of the
measured sediment cores are shown in Table 1, Figs.2
and 3. In general, values for the OC%, 6'*C, SSA and
OC loading of the studied cores reveal remarkable
regional differences within the study region; results of
significance testing are shown in Supplementary
Table S2.

The vertical OC% profiles obtained from sediment
cores exhibit a decreasing trend with depth (Fig.2).
Furthermore, the average OC% in sediment cores
from the southern Yap Trench is higher than those
from the northern trench (P<0.01) (Fig.2a,
Supplementary Table S2). The 6"*C values display no
significant difference between the two sides of the
trench slope (P>0.05, except for the DIVE111 site),
but a significant difference between the southern and
northern trench (P<0.05, except for the DIVE111 site)
(Supplementary Table S2). Lower 8'°C values are
usually found in sediment layers at the bottom of the
cores (in addition to core DIVE113) (Fig.2b).
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Fig.2 Vertical profiles of OC (a), "*C (b), SSA (c¢) and OC (d) loading values of seven sediment cores collected from the Yap
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Red, blue and green triangles represent sites DIVE109, DIVE111 and DIVE113 in the northern Yap Trench, respectively; red, blue and green circles represent
sites DIVE149, DIVE151 and DIVE152 in the southern Yap Trench; blue pentagrams represent Site SO1 in the abyssal region east of the Yap Trench.
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Black bars represent the standard deviation. Deep oceans include the NE Pacific slope, the NW Atlantic slope, and central Indian Ocean. Upwelling
regions include the California slope and the Peru slope. Continental marginal seas and coastal bays include the Siberian Sea, the Beaufort Sea, the
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(unpublished data of East China Sea core sediments; Mayer, 1994a, b; Aller and Blair, 2006; Aller et al., 2008; Nath et al., 2012; Goiii et al., 2013;
Vonk et al., 2015; Broder et al., 2016).

In evaluating the physical structure of sedimentary
particles, SSA values exhibit significant differences

between the two trench slopes and between the
southern and northern regions (P<0.05), with higher
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average values found in the southern region and on
the seaward trench slopes (Fig.2c, Supplementary
Table S2). Additionally, the SSA values in the Yap
Trench can be divided into two types. The first type
consisted of sites located in shallower abyssal water
(i.e. DIVE109 and SO1), which exhibit lower SSA
values and a smaller ranges of differences in SSA
between sites; the second type, located in deeper
hadal regions (e.g., cores DIVE111 and DIVE151),
exhibit higher SSA values and a wider variation in the
ranges of SSA among sites (Fig.4).

With respect to the OC loading value, most
sediment cores exhibited a downward decreasing
vertical trend with the exception of core SO1, where
OC loading increases significantly below a depth of
7 cm (Fig.2d) and higher OC loadings in shallower
sediment cores (P<0.05, Supplementary Table S2,
Fig.3a). For example, cores collected from sampling
locations on the shallower landward trench slope
(e.g., DIVE109 and 149) had the highest OC loadings,
despite having the smallest sediment SSA ratios
(Fig.3a). The OC loadings in cores located on the
deep distal side of the Yap Trench ranked second
highest, and sites in the deeper landward trench wall
had the lowest OC/SSA ratios (Fig.3a). In core SO1,
which was located in the abyssal region east of the
Yap Trench, the average OC% and 6'°C values were
moderate compared with those in the Yap Trench, and
significantly lower SSA and the highest OC loading
were observed in these cores (P<0.01, Fig.2,
Supplementary Table S2).

Regional disparities in the linear relationships
between sedimentary OC% and SSA were observed
in the Yap Trench. As shown in Fig.4, positive
correlations between OC% and SSA are observed for
sites DIVE109 (R=0.71, P<0.01, »=19), DIVE149
(R=0.64, P<0.05, n=12) and DIVE151 (R=0.62,
P<0.05, n=16), all of which are located on the
landward side of the Yap Trench (Fig.4). In contrast,
weak negative linear relationships between OC
content and SSA values were found for site DIVE152
(R=-0.53, P=0.05, n=14) located on the distal side of
the Yap Trench (Fig.4). Correlations of OC% and OC
loadings with 8"C values were also calculated.
Significant positive relationships between OC% and
d"3C values are found in sites DIVE109 (R=0.58,
P=0.01, n=19), DIVE149 (R=0.89, P<0.01, n=12),
DIVEIS51 (R=0.86, P<0.01, n=16), and DIVEI52
(R=0.77, P<0.01, n=14), while no correlation occurrs
in sites DIVE111, DIVE113 and SO1 (P>0.05). A
similar correlation between OC loadings and 8"C
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values at the study sites is also observed. Significant
positive linear relationships occurr in all southern Yap
Trench sites (DIVE149: R=0.69, P<0.05, n=12;
DIVEI151: R=0.82, P<0.01, n=16; DIVE152: R=0.61,
P<0.05, n=14) and site DIVE109 (R=0.61, P<0.01,
n=19); no correlation is observed in sites DIVE111,
DIVE113 and S01 (P>0.05).

The calculated preservation capacities of SOC
under different marine regimes are shown in Fig.3b.
In general, the percentage of SOC ultimately
preserved is 62%+16% in continental marginal seas
and coastal bays (n=15), 66%*11% in upwelling
slope regions (n=4), and 61%=+15% in normal deep
oceans (n=5) (Fig.3b). Within the Yap Trench, the
calculated preservation capacity is approximately
11%-44%, with an average value of approximately
30%=11% (n=6). Site SO1 exhibits a relatively high
value (82%). In addition, stronger SOC preservation
capacity is observed in the southern Yap Trench
compared with the northern trench, and the lowest
and highest preservation efficiencies occur in the
DIVEI111 and DIVEISI sites, respectively (Fig.3b).
For the most part, SOC preservation capacity in the
Yap Trench is remarkably lower than that of average
marine environments (P<0.01, Fig.3b).

4 DISCUSSION

4.1 OC loading variations under different marine
regimes

The index of OC/SSA ratios in sediments has been
successfully applied in various marine environments
(e.g., estuaries, shelf regions, slopes, abyssal plains
and basins) to trace the influences of physical,
chemical and biological processes on the OC loading
capacity of marine sediments (Mayer, 1994b; Aller
and Blair, 2004; Aller et al., 2008; Blair and Aller,
2012; Li et al., 2017). In this study, remarkable
regional variations in OC/SSA ratios within the Yap
Trench and among different marine regimes (Figs.3 &
6) and the corresponding shifts in OC% and SSA
values (Figs.4 & 5) suggest that multiple factors are
important in determining OC loading capacity from
shallow coastal areas to deep oceans.

The increased length of oxygen exposure time with
increasing water depth during the pre-depositional
degradation process has the most important effect on
the OC loading of sediments in different marine
environments. As shown in Figs.3 & 6, whether in
hadal trenches or other marine environments, average
OC loadings in sediment cores decrease significantly
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The dotted red lines are the regression lines. In (b), only fit lines of non-positive relationships of sediment cores are shown (Mayer, 1994a, b; Aller
and Blair 2006; Aller et al., 2008; Nath et al., 2012; Goni et al., 2013; Li et al., 2017).
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Fig.5 Variations in average OC% and SSA of core sediments from different marine environments

ECS: East China Sea. The black lines are reference lines following different OC/SSA ratios, and the error bars are the standard deviations of the OC% and
SSA values in different sediment cores. The red dotted line is the regression line for core samples from the Yap Trench (y=0.007x+0.034, R>=0.70, P<0.01)
(unpublished data of East China Sea core sediments; Mayer, 1994a, b; Aller and Blair, 2006; Aller et al., 2008; Nath et al., 2012; Yao et al., 2014; Vonk et

al., 2015).

with increasing water depth, and the lowest OC
loadings in marine sediments are found in hadal
trenches. Efficient heterotrophic microorganism
decomposition of POC attached to settling particulate
matter may be responsible for these declining OC/SSA
ratios, as suggested by the decrease in the organic
matter flux of settling particulate with increasing
water depth and retention time in the water column
(Mayer, 1994a; Longhurst et al., 1995; Lutz et al.,
2007; Honjo et al., 2008). Thus, biogeochemical
processes that could increase the POC settling flux or
reduce oxygen exposure time during the settling
process would significantly increase OC loadings. In
this study, within the Yap Trench, although water
depths were similar between sediment cores collected
in the southern (DIVE151 and DIVE152) and northern
(DIVELI11 and DIVEI113) Yap Trench, significantly
higher OC% and OC loadings were observed in the
southern region of the Yap Trench (Fig.4 and Table 1).
We suggest that the difference in primary production
of the overlying euphotic layer, as demonstrated by
remarkably higher average chlorophyll-a
concentrations in euphotic layers (0-200 m) of the
southern Yap Trench (~59.4 ng/L) compared with the
northern Yap Trench (13.6 ng/L) (unpublished data),
is a likely reason for distinct OC% and OC loadings
in the southern and northern Yap Trench. Moreover,
characteristic loading ratios have been used to
differentiate between different environmental regions,
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Fig.6 OC loadings of core sediments vs. sampling water
depth for samples collected from distinct marine
environments
The dotted lines represent the roughly calculated linear fits of rate of
decrease in OC loading with increasing water depth. The sublittoral
zone includes the Gulf of Papua, the Amazon-Guiana mud belt,
the ECS inner shelf, the Chukchi shelf, the Mackenzie shelf, the
Chukchi slope, the Nigerian slope and the Washington slope; the
upper bathyal zone includes the Washington slope, the Gulf of
Lyon, the Mackenzie shelf, the Nigerian slope, the Chukchi slope,
the NW Mediterranean Sea, the Skagerrak Strait, the Washington
slope and the Gulf of Lyon; the lower bathyal zone includes the
Chukchi slope, the NW Atlantic slope, the NW Mediterranean Sea,
the Nigerian slope, the Washington slope, the California slope and
the Gulf of Lyon; the abyssal zone includes the Yap Trench slope
and adjacent plain, the Chukchi slope, the east Pacific Ocean, the
NE Pacific Ocean and the central Indian Basin; and the hadal zone
includes the Yap Trench (unpublished data of East China Sea core
sediments; Mayer, 1994a, b; Aller and Blair, 2006; Aller et al., 2008;
Nath et al., 2012; Yao et al., 2014; Vonk et al., 2015; Li et al., 2017).
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with >1.0 mg OC/m? being used in upwelling regions,
0.4-1.0 mg OC/m? in non-deltaic shelf regions and
<0.4 mg OC/m> for energetic deltaic sediments
(Fig.5). In this study, we found that almost all abyssal
and hadal samples had loading ratios <0.2 mg OC/m?,
which suggests that this loading ratio is a good
indicator to distinguish the oxic deep-sea region from
suboxic energetic deltaic area (Fig.5). Using a simple
linear fitting method, we calculated that the reduction
rate in sedimentary OC loading with increasing water
depth is approximately 0.06 mg OC/(m?-km) (Fig.6).
The lowest OC loading may be kept constant at
approximately 0.02 mg OC/m? (the lowest value in
Yap Trench samples) due to constant OC% in the
bottom of the hadal trench (>7 000 m) (Luo et al.,
2017).

Post-depositional processes, especially reworking
in hydrodynamic environments and in situ oxidation
reactions at the sediment-water interface, would also
decrease OC loadings. Due to the severity of sediment
resuspension and active oxidation of SOC (Aller,
1998; Aller and Blair, 2004, 2006; Yao et al., 2014),
even with shallow water depths and relatively high
POC deposition fluxes in the neritic zone (e.g., East
China Sea inner shelf: ~468+262 mg OC/(m?-d);
Amazon River plume: ~1 867+768 mg OC/(m?*-d))
(Smith and Demaster, 1996; Hung et al., 2013), most
of the OC loadings in the neritic zone (e.g., <0.4 mg
OC/m? in the ECS inner shelf and the Amazon) are
even lower than those of the bathyal zone (e.g.,
~0.5 mg OC/m? on average in the NW Atlantic slope
(POC flux ~1.8 mg OC/(m?-d)) and the Gulf of Lyon
(POC flux ~1.0 mg OC/(m?-d))) (Fig.6) (Conte et al.,
2001; Peterson et al., 2005) (Fig.3). Similarly, OC
loading within the Yap Trench decreased more than
17% with increasing water depth, from 0.10+£0.03 mg
OC/m? at 4 435 m depth to 0.05+0.04 mg OC/m? at
6 775 m depth (Table 1). This decrease with depth is
most likely a result of frequent sediment collapse
caused by submarine earthquakes, which also induce
resuspension of unconsolidated submarine plain and
trench sediments and subsequent long-distance lateral
transport of SOC (Oguri et al., 2013; Ichino et al.,
2015; Baoetal., 2018). A previous study demonstrated
that approximately 24%—56% of settling POC at
8681 m depth in the Japan Trench may have come
from resuspended surface sediments in adjacent
trench slopes and that the contribution of resuspended
OC to the total POC pool increases with water depth
(Nakatsuka et al., 1997, 2000). Simultaneously,
although due to the funneling effect in the V-shaped

structure trench (Fig.1a) (Glud et al., 2013; Li et al.,
2018), the average surface OC% in the Yap Trench
(~0.5%) is higher than those in the normal deep open
seas (e.g., ~0.27% in the central Indian Basin, ~0.35%
in the NE Pacific Ocean, ~0.3% in the equatorial
Pacific Ocean) and even comparable with those in the
neritic region (e.g., ~0.5% in Amazon-Guiana mud
belt, ~0.47% in the inner continental shelf of ECS and
~0.6% in the Washington slope) (Mayer, 1994a; Aller
and Blair, 2006; Zhang et al., 2008; Li et al., 2014).
However, the DO-enriched water interface (4.4—
9.9 mg/L) (Li et al., 2018), increasing benthic
microorganism abundance and OC remineralization
rate (estimated by the benthic oxygen consumption
rate) with increasing water depth in the hadal zone
(Glud et al., 2013; Wu et al., 2018b) lead to
significantly lower average OC loading in sedimentary
cores compared to average marine environments
(Figs.5 & 6).

To track the effects of the physical structure of
sedimentary particles on OC loadings, trends in the
variation of sediment SSA with water depth, OC%
and OC loadings were also compared. In most marine
regimes, SSA values varies from ~10 to ~60 m?/g
(Fig.4a & b), from the range of detrital minerals (e.g.,
feldspar, olivine and pyroxene, 0.02-1.8 m%*/g)
(Nielsen and Fisk, 2008, 2010) to that of
phytoplankton debris (e.g., diatoms, 20-200 m%/g)
(Dixit et al., 2001; Loucaides et al., 2010, 2012). The
SSA values showed an increasing trend with
increasing water depth (Fig.4c), indicating an
increasing contribution of biogenic debris to
sediments. Although SSA values are positively
correlated with OC% (Fig.4a & b), SSA values are
negatively correlated with OC loadings (Fig.4d),
which is probably due to increasing SSA values and
decreasing OC% with greater water depth (Figs.4c &
5). In addition, a positive intercept of approximately
0.03% on OC% in the plot of SSA versus OC% for
the Yap Trench may indicate that some of the SOC
did not originate from adsorption, such as the addition
of rock OC or plant-derived OC (Fig.5) (Keil et al.,
1994; Bergamaschi et al., 1997; Vonk et al., 2012;
Tesi et al., 2016). We conjecture that this part of OC
can be mainly ascribed to OC from plant tissues
rather than rock OC since sedimentary rock OC is
mostly found in continental regions near the mouths
of large rivers (Tesi et al., 2016). The fractional
contribution of this OC to the total OC pool is
approximately 12%, which is consistent with the
end-member model calculation of the proportion of
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vascular plant-derived OC in Yap Trench SOC
(8%+2%) (Wu et al., 2018a).

4.2 Sources of remineralized SOC and preservation
of SOC

Because the ranges of SOC loadings have been
seen as effective indicators of the net balances
between OC supply and remineralization reactions
(Aller and Blair, 2004; Blair and Aller, 2012; Yao et
al., 2014), relationships between SOC loadings and
bulk carbon isotope compositions have been used to
identify sources of remineralized SOC (Blair and
Aller, 2012; Wu et al., 2018b). As illustrated by
previous studies, the loss of SOC (decrease of OC
loading) is a progressive reaction, and by plotting
product of 6*C and the OC-loading vs. the OC loading
in core sediments and employing linear fitting, the
calculated geometric mean slopes of these regression
lines can be taken to represent the characteristic 8"°C
values of lost SOC (8'3C,oq soc). As shown in Fig.7,
O13C oy soc Values are approximately -20.4%o0— -18.6%o
within the Yap Trench, showing no significant spatial
differences and indicating that the lost SOC pool is
dominantly composed of marine OC (8"C value
around -20.0%0+3.0%0, Li et al., 2012), with an
additional small fraction of terrestrial OC (8'*C value
around 25.2%0+3.9%o, Alin et al., 2008; Francisquini
et al., 2014). This result is consistent with the

conclusion that the OC compositions are similar in
the SOC pool down through the trench, despite
different OC% (Wu et al., 2018a). Additionally,
phytoplankton-derived OC has been shown to
dominate SOC pools in the hadal trench (e.g., the
Mariana Trench, Luo etal., 2017), the small proportion
of terrestrial OC in the SOC pool (Wu et al., 2018a, b)
and the preferential consumption of '*C- and nitrogen-
enriched organic matter by heterotrophic microbes
also lead to the selective utilization of marine OC
(Nakatsuka et al., 1997; Wu et al., 2018b). However,
although marine phytoplankton production is higher
in the continental inner shelf compared with open
ocean environments (Falkowski et al., 1998), the
dBC oqs0c Value in the sublittoral zone (e.g., continental
inner shelf, -27.4%o to -20.5%0) was much lower than
those of the Yap Trench and abyssal zones (-20.4%o to
-18.5%0) (Fig.7). We speculate that the major reasons
for this difference are the relative contribution of
fresh terrestrial OC to the SOC pool and the possible
formation of organometallic chelates. Specifically,
the addition of significant riverine terrestrial material
inputs in continental marginal seas lead to higher
fractional contributions of terrestrial OC to the SOC
pool observed in sublittoral zones (e.g., ~65% in ECS
inner shelf) compared to hadal trenches (e.g., 11%—
30% in Yap Trench) (Yao et al., 2015; Wu et al.,
2018a, b). Meanwhile, due to the coarser grain size
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and weaker binding ability of terrestrial OC to iron
oxide minerals than those of marine OC, most of the
iron-chelated OC exhibits heavier "“C signals
(enriched in proteins and carbohydrates with more
nitrogen and/or oxygen functionalities), and thus
most of remineralized OC is '*C depleted (Miiller and
Suess, 1980; Hartnett et al., 1998; Zonneveld et al.,
2010; Lalonde et al., 2012; Zhao et al., 2016). For
example, the percentage of marine OC chelated by
active iron oxide relative to the total SOC pool has
been shown to be as high as 21% in the south Yellow
Sea sediments (Tao et al., 2017).

Compared with average marine environments,
OC preservation capacities in the Yap Trench were
significantly lower (Fig.3b). First, the preservation
of SOC is positively well correlated with the
sediment accumulation rate, especially for
oxygenated systems receiving predominately marine
OC (Miiller and Suess, 1980; Hartnett et al., 1998;
Blair and Aller, 2012). In the hadal trench, the
oxygen-enriched sediment-water interface (DO
~4.4-99 mg/L) and deep dissolved oxygen
penetration depth in the sediments (~tens of
centimeters) provide an ideal microenvironment for
aerobic respiration by benthic microorganisms (Zhu
etal., 2011; Jamieson, 2015; Li et al., 2018). Higher
oxygen consumption rates and degradation rates of
SOC have been reported in the deeper regions of the
hadal zone than in other ocean environments (Glud
et al.,, 2013; Wu et al.,, 2018b). In continental
marginal seas, the development of oxygen-depleted
and hypoxic regions (DO <4 mg/L) and higher
sediment accumulation rates promote the
preservation of SOC by controlling redox conditions
and changing the remineralization pathways (Miiller
and Suess, 1980; Aller et al., 1985; Henrichs and
Reeburgh, 1987). In support of this hypothesis,
anaerobic respiration has been shown to be much
less efficient in the degradation of SOC than aerobic
respiration (Henrichs and Reeburgh, 1987; Zhu et
al., 2011). Second, remarkable riverine inputs of
terrigenous ferric oxide minerals into continental
marginal seas leads to active inner-sphere
complexation between OC and iron oxides. The
formation of Fe-OC aggregates substantially shelters
OC and protect OC from reacting with catabolic
enzymes and transfers a large amount of OC to
sedimentary sink (i.e. the “iron gate” effect) (Zhao et
al., 2016; Barber et al., 2017; Wang et al., 2017).

Although a significant funneling effect for the
trapping of SOC occurs in the hadal zone (Glud et al.,

2013; Luo et al., 2017), our results indicate that most
of the SOC is quickly consumed in the upper tens of
centimeters of deposits, and only approximately
30%=*11% of the POC settling onto the surface
sediment of the hadal zone is ultimately buried
(Fig.3b). In addition, if the regional primary
production rate (~82 g OC/(m?*-a)) (Jamieson, 2015)
and the accumulation rate of surface SOC in the Yap
Trench (~0.18 g OC/(m?-a)) (Wu et al., 2018b) are
combined, the fraction of OC ultimately preserved in
the Yap Trench would be only approximately 0.066%
of the primary production, which was only 22% of
global ocean averages (~0.3%, Amon, 2016),
indicating weak burial of SOC in hadal environments.

5 CONCLUSION

In this study, we obtained insight into the pattern of
variations in OC loadings in sediments under different
marine regimes. Both pre-depositional processes,
such as the water depth and oxygen exposure time
during the particle settling, and post-depositional
process, such as reworking of sediments in
hydrodynamic environments are found to be important
in controlling the OC loading distribution pattern.
The average OC loadings in sediment cores from
various marine regimes exhibited decreasing trends
with greater water depth, and a OC/SSA ratio of
0.2 mg OC/m? is a good indicator to distinguish oxic
deep sea regions from suboxic energetic deltaic areas.
Regression analysis between OC loading and bulk
carbon isotope compositions reveal that sources of
remineralized SOC changed from marine OC-
dominated SOC in abyssal and hadal zones to
terrestrial OC-dominated SOC in the sublittoral zone.
This result is likely due to the relative proportions of
terrestrial and marine OC in different marine
environments and the probable “iron gate” effect. For
SOC preservation capacities of sediments in different
marine environments, only approximately 30% of
deposited SOC is likely to finally buried in hadal
trenches, which is much lower than in other marine
environments. The buried SOC in the Yap Trench was
only ~0.066% of primary production-derived OC and
much lower than the global ocean average (~0.3%).
This study demonstrates that the hadal trench has the
lowest OC loading and preservation capacity of SOC
among the different marine environments investigated,
although a significant funneling effect is also found to
occur there. The outcomes of this study will extend
our knowledge of the final fate of SOC under different
marine environments.
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