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A B S T R A C T

The burial of marine organic carbon, primarily synthesized by marine autotrophic organisms, into sediment
removes CO2 from the ocean-atmosphere system. However, linkages between export productivity and organic
carbon burial and the controlling factors remained ambiguous, especially for marginal seas. In this study, we
measured redox-sensitive trace metal concentrations and planktic foraminifer fauna assemblages for a sediment
core collected from the middle Okinawa Trough spanning the past 91 kyr. Through compilation with other
published data, we found that the export productivity was decoupled from organic carbon burial. Variability of
manganese and total sulfur contents suggested that both bottom water and surface sediment had experienced
significant redox change in the last glacial cycle. By using the ratio of marine organic carbon to reactive
phosphorus, i.e., OCmarine/Preact., we reconstructed organic carbon burial efficiency which showed relatively
higher values during the last glacial and low values during the middle-late Holocene. After synthesizing our new
and reported data, we conclude that the middle Okinawa Trough bottom water redox state was controlled by
deep water ventilation induced by sea level change and related Kuroshio Current intrusion, instead of by the
oxygen consumption owing to local export productivity.

1. Introduction

The marine soft-tissue pump (STP), through which dissolved in-
organic carbon (DIC) is transformed into organic matter by photo-
synthesis and a portion of this organic carbon sinks into the deep ocean,
plays an important role in regulating atmospheric CO2 partial pressure
(Cartapanis et al., 2016; Martínez-García et al., 2014; Sigman and
Boyle, 2000). For the global ocean, although sedimentary organic
carbon burial flux, which is ultimately removed from active carbon
reservoirs (e.g., atmosphere and ocean), only accounts for about 0.5%
of euphotic zone primary production (Hedges and Keil, 1995), the long-
term storage of organic carbon in marine sediments plays a critical role
in earth's carbon cycle, e.g., regulating atmospheric CO2, on glacial and
millennial time scales (Arndt et al., 2013; Burdige, 2007; Cartapanis
et al., 2016; Roth et al., 2014). Recently, global marine organic carbon
burial over the past 150 kyr have been reported by Cartapanis et al.
(2016, and references therein), in which a general scenario that glacial
organic carbon burial was ca. 50% higher than that of interglacial was
proposed. However, temporal evolutions of organic carbon burial and
export productivity display distinctly regional differences. For example,

the phenomenon that glacial high export productivity coupled with
higher organic carbon burial was observed in the subantarctic zone of
the Southern Ocean and the Atlantic Ocean (Cartapanis et al., 2016;
Kohfeld et al., 2005; Martínez-García et al., 2014); whereas enhanced
glacial organic carbon burial was decoupled with productivity in much
of the North Pacific marginal regions (Cartapanis et al., 2016; Kohfeld
and Chase, 2011; Li et al., 2017b; Winckler et al., 2016). In addition, a
recent research carried out in the equatorial Pacific divergent region
also revealed that higher export productivity had occurred in the Ho-
locene rather than in the last glacial stage (Costa et al., 2017), but or-
ganic carbon burial flux displays the contrary pattern (Cartapanis et al.,
2016). Thus, the variability of organic carbon burial on glacial-inter-
glacial time scale might be environment-specific, especially in marginal
seas occupied by large variability of primary productivity and dis-
tinctive environmental factors, e.g., sedimentation rate and deep water
ventilation. To better understand the mechanisms for global organic
carbon burial and predict the future trend, information from different
geographic areas and time scales is required.

In the modern ocean, marginal seas bury about 138 Tg
(1 Tg=1012 g) organic carbon per year, accounting for up to 90% of
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marine sedimentary organic carbon burial (Hedges and Keil, 1995);
meanwhile, more than 50% of marginal seas/basins are concentrated in
the western Pacific (Tamaki and Honza, 1991; Wang, 1999). Coupled
abundant riverine inputs with high sedimentation rate, western Pacific
marginal seas/basins may serve as an important deposit for organic
carbon, potentially playing an important role in the global carbon cycle.
The Okinawa Trough lies between the East China Sea Shelf and the
Ryukyu arc (Fig. 1a), with maximum water depth greater than 2000m
in the southern part. With numerous rivers in the surrounding area,
e.g., the Yangtze River, Yellow River, and mountainous rivers in Taiwan
Island (not shown in Fig. 1), the Okinawa Trough received large
amounts of detrital sediments during the late Quaternary, providing
high resolution sedimentary records for deciphering paleo-climate and
paleo-environment changes on orbital and millennial time scales
(Chang et al., 2008, 2009; Chen et al., 2010; Dou et al., 2015; Jian
et al., 2000; Kao et al., 2005, 2006a; Shao et al., 2016; Ujiié et al., 2016;
Xiang et al., 2007; Zheng et al., 2016). During the last two decades,
several studies were carried out for reconstructions of export

productivity and organic carbon burial in the Okinawa Trough (Chang
et al., 2009; Dou et al., 2015; Jian et al., 1996; Li et al., 2005; Li et al.,
2017b; Ruan et al., 2017; Shao et al., 2016; Xu et al., 2012). However,
conflicts have been noted between estimates of export productivity and
organic carbon burial. For instance, relatively higher total organic
carbon (TOC) content was observed in the southern Okinawa Trough
during the last glacial and deglacial stages (Amano and Itaki, 2016; Kao
et al., 2005, 2006a; Ujiié et al., 2001), whereas contemporary biogen-
ic‑barium (bio-Ba, export productivity proxy) was in lower state (Dou
et al., 2015; Kao et al., 2005; Shao et al., 2016). This disagreement
might be caused by the variability of environmental redox changes
considering that organic matter is sensitive to diagenesis within the
sediment. Although plenty of studies have reported paleo-environ-
mental changes in the Okinawa Trough covering the interval from the
last glacial maximum to the Holocene (Amano and Itaki, 2016; Dou
et al., 2015; Kao et al., 2006a, 2006b; Li et al., 2005), the variations of
redox condition and organic carbon burial efficiency in the Okinawa
Trough remain unclear.

Fig. 1. Modern oceanographic context in and around the Okinawa trough. a, Topography with major water currents referred in this study. KC: Kuroshio Current; NPIW: North Pacific
Intermediate Water; PDW: Pacific Deep Water. YD: Yonaguni Depression; KG: Kerama Gap. Map was created using data from GEBCO 2014 Grid (http://www.gebco.net/data_and_
products/gridded_bathymetry_data/). b, Spatial distribution of dissolved oxygen concentrations at 1000m isopleth. Oxygen data was taken from WOA2009 (http://www.nodc.noaa.gov/
OC5/WOA09/woa09data.html). Site MD012404 for this study is labeled as white star, and other sites referred in this study are labeled as blue solid circles. Maps were generated by Ocean
Data View software (Schlitzer, 2016). Vertical profiles are salinity (c), dissolved Oxygen (d) and Δ[CO3

2−] (e) of selected sites (labeled as squares in b). Δ[CO3
2−] was calculated

following the method described in Yu and Elderfield (2007). Salinity and temperature data source from WOA2009 (http://www.nodc.noaa.gov/OC5/WOA09/woa09data.html). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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In this study, biogenic and redox sensitive metal elements were
analyzed and foraminifer fauna abundance data were generated from
site MD012404 located in the middle Okinawa Trough. Combined with
published data including phosphorus, TOC and its stable carbon iso-
tope, biogenic opal, foraminifera, CaCO3 and total sulfur from the same
site, we re-evaluate production proxies, and discuss potential environ-
mental factors influencing the carbon burial in the middle Okinawa
Trough over the last glacial-interglacial cycle.

2. Modern hydrographic setting in the Okinawa Trough

As part of the North Pacific western boundary current, the Kuroshio
Current enters the Okinawa Trough mainly via the Yonaguni
Depression (sill depth ca. 775m) to the east off Taiwan Island (Fig. 1a).
Beside the Kuroshio Current, the North Pacific Deep Water (PDW),
characterized by a dissolved oxygen minimum at about 1000m water
depth (Fig. 1b, d), serves as a source for Okinawa Trough bottom water
(deeper than 800m) entering through the Kerama Gap (sill depth of
about 1100m) (Nakamura et al., 2013). Between the two layers men-
tioned above, the Philippine Sea Intermediate Water, a mixture of
North Pacific Intermediate Water (NPIW) and South China Sea Inter-
mediate Water, intrudes into the Okinawa Trough from both the Yo-
naguni Depression and the Kerama Gap (Nakamura et al., 2013), re-
sulting in a salinility minimum at about 600–700m depth in the
Okinawa Trough (Fig. 1c). Due to the diapycnal mixing induced by
Kuroshio Current intrusion, which has a flow rate up to 100 cm s−1

(Liang et al., 2003), deep water between 800 and 1200m contains re-
latively higher dissolved oxygen concentration in the middle Okinawa
Trough than that in open ocean waters to the east of Kerama Gap
(Fig. 1b, d).

3. Material and methods

3.1. Samples and age model

Core MD012404 (water depth 1397m; 26°38.84′N, 125°48.75′E),
with a total length of 43.67m, was retrieved from the middle Okinawa
Trough (Fig. 1b) during the IMAGES (International Marine Past Global
Change) cruise in 2001 (Bassinot et al., 2002). Sediments in this core
are mainly composed of nearly homogenous nannofossil ooze or
diatom-bearing nannofossil as described by Chang et al. (2008) in de-
tail. The age model for the upper 21.745m was based on 17 Accelerator
Mass Spectrometry 14C ages of planktonic foraminifera (G. sacculifer
and G. ruber) as described by Chang et al. (2009) in detail. For the older
part (21.745–43.670m), age model was established by graphically
aligning the benthic foraminiferal δ18O record from site MD012404 to
the Pacific deep benthic foraminiferal δ18O stack curve as described by
Li et al. (2017b). In this study, metal elements were analyzed over the
last 30 kyr. For metal analysis (total 62 samples), samples were taken at
20 to 40 cm intervals with an average resolution of 454 years per
sample.

3.2. Chemical analysis

Sediments were rinsed twice with deionized distilled water to re-
move porewater salt and were then freeze-dried. For each sample,
about 0.1 g freeze-dried sample along with an acid mixture of 0.5ml
HClO4, 5ml HF, and 5ml HNO3 (Suprapur grade from Merck) were
placed into digestion vessel and microwaved. Afterwards, the re-
maining acid mixture was evaporated to dryness, and the dried sample
was further redissolved in 2ml HNO3 and the solution was diluted, with
Milli-Q water, to 20ml (in 2% HNO3). The digested solution was ana-
lyzed for manganese (Mn), magnesium (Mg) and aluminum (Al) using
an ICP-OES (Optima 3200DV, Perkin-ElmerTM Instruments, USA) at
Research Center for Environmental Changes, Academia Sinica (Taipei).
Within ranges of our element detection, accuracy and precision for

metal elements were within 5%. All containers used in the study were
microwaved with 5ml concentrated HNO3 and 2ml Milli-Q water for
30min and subsequently rinsed thoroughly with Milli-Q water prior to
use. More details were described in Hsu et al. (2003).

3.3. Calculation of marine sourced organic carbon

The δ13C values of TOC from site MD012404 fluctuated in a nar-
rower range from −21.8‰ to −20.6‰ (Kao et al., 2006a), thus the
TOC was mainly marine-sourced. By using −20‰ (Hedges et al., 1997)
and −25.6‰ (Wu et al., 2007) as marine and terrestrial δ13C-TOC end-
members, respectively, we calculated marine sourced organic carbon
(OCMarine) content as follows:

× + × = ×[OC ] δ C [OC ] δ C [TOC] δ C ,Marine
13

M terrestrial
13

T
13

TOC (1)

= +[TOC] [OC ] [OC ],Marine terrestrial (2)

where δ13CM and δ13CT are carbon isotope end-members for marine and
terrestrial organic carbon, respectively; δ13CTOC is the carbon isotope of
TOC from site MD012404; [OCterrestrial] is the terrestrial organic carbon
content; [OCMarine] is the marine sourced organic carbon content.

3.4. Pulleniatina obliquiloculata shell abundance

Planktic foraminifer fauna assemblages (FFA) from the last 38 kyr
were reported by Chang et al. (2008). In this study, we added new data
for the interval from 38 ka to 91 ka. Samples were taken at 10 cm to
40 cm intervals between 38 and 91 ka (112 samples in total). Samples
were freeze-dried, and then washed through a 104 μm sieve to remove
clay and nannofossil ooze. After drying at 50 °C overnight, samples
were sieved through a 149 μm size fraction which contained more than
300 whole specimens for identifying and counting under a microscope.
A total of 27 species of planktonic foraminifers was identified and only
the abundance of Pulleniatina obliquiloculata (P. obliquiloculata) was
used in this study. The abundance of P. obliquiloculata, abbreviated as
POA, is defined as:

= × P obliquiloculataPOA 100 [ . ]/[total planktonic foraminifers], (3)

where [P. obliquiloculata] is the number of whole P. obliquiloculata
shells, and [total planktonic foraminifers] is the number of total
planktonic foraminifers including 27 species identified in this study.

3.5. Foraminifer fragmentation index

The foraminifer fragmentation index (FFI) is a measure of the pre-
servation of foraminifer shell and biogenic carbonate (Broecker and
Clark, 1999). FFI data for the 0–38 ka interval had been reported by
Chang et al. (2008). In this study, we added new data for the 38–91 ka
interval and samples were taken at 10 cm to 40 cm intervals (112
samples in total). Foraminifer fragmentation index was calculated as:

= × +FFI 100 [WPF]/[WPF Fragments], (4)

where [WPF] is the number of whole planktonic foraminifers, and
[WPF+Fragments] is total number of whole planktonic foraminifers
and fragments larger than 104 μm.

3.6. Carbonate saturation state, Δ[CO3
2−]

Given that we applied the biogenic CaCO3 record to infer pro-
ductivity change, the potential biogenic CaCO3 dissolution (carbonate
saturation state) in the modern-day water column was assessed for
areas adjacent Okinawa Trough (Fig. 1e). Using parameters including
pressure (water depth), micro-nutrients, water temperature, salinity,
total CO2 (μmol kg−1), and alkalinity (μmol kg−1), the vertical profile
of Δ[CO3

2−] (Δ[CO3
2−]= [CO3

2−]in-situ− [CO3
2−]saturation, Fig. 1e)

was calculated following the methods described in Yu and Elderfield
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(2007). Seawater CO2 system was estimated using CO2sys.xls (ver. 12)
(Pelletier et al., 2005). Total alkalinity and total CO2 were obtained
from Global Ocean Data Analysis Project (GLODAP) (Key et al., 2004).
Temperature, salinity, and nutrients (phosphate, nitrate and silicate)
data used in the calculation were obtained from World Ocean Atlas
(2009). The equilibrium constants, K1 and K2, for carbonic acid were
obtained from Dickson and Millero (1987). Dissolution constants, KB for
boric acid, and KSO4 for the bisulfate ion, were obtained from Dickson
(1990).

3.7. Other published records from core MD012404

Published biogenic records from core MD012404 were also syn-
thesized in this study. Sedimentary opal content (Fig. 3d), mainly de-
rived from diatoms and radiolarians, had been reported by Chang et al.
(2009). Sedimentary TOC and carbonate contents had been reported by
Chang et al. (2005). The planktonic foraminifera records including FFA,
POA and FFI over the last 38 kyr had been reported by Chang et al.
(2008). The total reactive phosphorous (Preact., Fig. 3c), biogenic
phosphorous components coupling with euphotic zone productivity,
had been reported by Li et al. (2017b).

4. Results

4.1. Variations of metals over time

The contents of Al and Mg fall within the range of 6.90%–9.35%,
and 1.36%–1.92%, respectively (Fig. 2a and b), with distinctly higher
values during the last glacial-deglacial period and lower values in the

Holocene. Contents of Fe (Fig. 2c) and Ti (Fig. 2d) have been reported
by Li et al. (2017b), displaying similar pattern to that of Al and Mg over
the last 30 kyr. The similar patterns of these four metal records result in
relatively stable Mg/Al, Fe/Al and Ti/Al ratios over the last 28 kyr. The
Mn contents (Fig. 2e) ranged from 0.05% to 0.10% and show a trend
different to that of Al Mg, Fe and Ti. The Mn record experienced two
low value intervals during 24–30 kyr and 14–18 kyr and high values
during the last glacial maximum (LGM) and the Holocene. Variation of
Mn/Al ratio (Fig. 2e, black) displays similar pattern to that of Mn
content.

4.2. Marine-sourced organic carbon

Over the last 30 kyr, calculated OCMarine content (Fig. 3b, magenta
line) falls in the range from 0.31% to 0.66%, accounting for ca. 81%
(ranged from 67% to 89%) of sedimentary TOC. The OCMarine record
displayed higher values during intervals of 26–30 ka and 9–23 ka, and
lowers values over the last 9 kyr. The content of OCMarine displays

Fig. 2. Metal contents and Al normalized ratios from site MD012404. a, Al content (this
study). b, Mg content (red) and Mg/Al ratio (black) (this study). c, Fe content (light
green) and Fe/Al ratio (black) (Li et al., 2017b). d, Ti content (dark yellow) and Ti/Al
ratio (black) (Li et al., 2017b). e, Mn content (orange) and Mn/Al (black) (this study).
LGM: last glacial maximum. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 3. Paleo-records from site MD012404 over the last 30 kyr. a, Carbon isotope of total
organic carbon, TOC-δ13C (Kao et al., 2006a). b, Calculated marine sourced organic
carbon content, OCmarine (magenta, this study), and OCmarine/Al ratio (black, this study).
c, TOC content (green, Chang et al., 2005) and TOC/Al ratio (black). d, Opal content
(orange, Chang et al., 2008) and opal/Al ratio (black, this study). e, Total count of for-
aminiferal fauna assemblages, FFA (blue, Chang et al., 2008) and it's Al normalized ratio
(black, this study). f, CaCO3 content (dark yellow, Chang et al., 2005) and CaCO3/Al ratio
(black, this study). g, Preact. content (red, this study) and Preact./Al ratio (black, this study).
LGM: last glacial maximum. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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similar temporal variations with TOC (Fig. 3c), yet, deviated from that
of production records (Fig. 3), e.g., CaCO3, reactive phosphorus and
planktonic FFA.

4.3. Planktonic foraminiferal records

In this study, the carbonate saturation state was evaluated by
Δ[CO3

2−] in and surrounding Okinawa Trough. From Fig. 1e, it is ob-
served that Δ[CO3

2−] values of sites C (lies in Okinawa Trough) and B
(to the east of Kerama Gap) are nearly the same at ~6.8 μmol kg−1 for
water depth between 1000m and 1500m, suggesting that site
MD012404 lies above the modern carbonate compensation depth
(CCD).

P. obliquiloculata is the diagnostic indicator species of the Kuroshio
Current in the western Pacific, and its abundance, i.e., POA, had been
used to reconstruct the evolution of Kuroshio Current pathway shift as
well as its intensity during the late Quaternary (Jian et al., 2000; Lin
et al., 2006). During the past 91 kyr, POA falls in the range from 0 to
25.4%, with low values occurred during 14–24 ka and 60–70 ka
(Figs. 4g, 5d). As for the foraminifer preservation index, FFI fell within
the range of 51%–95% with higher values appeared during 14–24 kyr
and 60–70 kyr, and lowest values in the late Holocene (Figs. 4f, 5e).

5. Discussions

To extract and reconstruct the productivity signal from sediment
archives superimposed by syn- and post-depositional modifications is
not an easy task in marginal seas, though it is critical to decipher the
past carbon cycle. Sedimentary biogenic proxies including reactive
phosphorus, TOC, CaCO3, planktonic FFA, and opal are primarily
controlled by ocean productivity and environmental processes that in-
clude remineralization (for organic proxies), and preservation/dis-
solution (for fauna assemblages and opal). By using reactive phos-
phorus, CaCO3 and planktonic FFA as productivity proxies, and the
redox sensitive metal as redox index, we intended to explore the effects
of non-productivity factors and external forcing, such as mineral dilu-
tion and water column redox induced by water exchange or ventilation,
on organic carbon burial in the middle Okinawa Trough.

5.1. Evaluation of marine productivity proxies (0–30 kyr)

The Okinawa Trough is characterized by active seafloor hydro-
thermal vents (Glasby and Notsu, 2003; Tsuji et al., 2012). Comparing
with non-hydrothermal sediments, the Okinawa Trough hydrothermal
sediments are significantly enriched (4–10 times higher) in Mg and Mn
but depleted (3–50 times lower) in Fe and Ti (Shao et al., 2015; Zhai
et al., 2007). During the past 30 kyr, Most of Mg/Al ratios (Fig. 2b) from

Fig. 4. Cartoons describing water oxygenation and ventilation in the OT (left), and paleo-records over the last 30 kyr (right). Left panel: Oxygenation state to the east off Kerama Gap was
draw according to the results described by Galbraith and Jaccard (2015). Core MD012404 was labeled as red star. Dashed area with color from dark grey to white represents dissolved O2

content from low (−) to high (+). KC: Kuroshio Current. OT: Okinawa trough. OCBE: organic carbon burial efficiency. Right panel: a, North Pacific benthic O2 Principal Component 1,
PC1, derived from sites shallower than 1500m (Galbraith and Jaccard, 2015); positive value represents decreasing dissolved O2 content and negative value suggests increasing dissolved
O2 content. b, Total sulfur (TS) content of site KX12-3 (Lim et al., 2017). c, TS content of site MD012404 (Kao et al., 2006a). d, Mn/Al ratio from site MD012404 (this study). Grey dashed
line represents average upper continental crust Mn/Al ratio (McLennan, 2001). e, Marine soured organic carbon burial efficiency, OCBE, from site MD012404 (this study). f, Foraminifer
fragmentation index, FFI (Chang et al., 2008). g, Abundance of planktonic Pulleniatina obliquiloculata, POA, from site MD012404 (Chang et al., 2008). h, Sortable silt fraction of core
ODP1202 (Diekmann et al., 2008), used as a proxy for the Kuroshio Current intensity over the southern Okinawa Trough. i, Global sea level change (Lambeck et al., 2014). “+” and “–” in
the left panel represent increase and decrease respectively. B/A: Bølling-Allerød; YD: Younger Dryas. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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core MD012404 fell in the range of 0.198–0.225, similar to that of the
Yangtze and Yellow river sediments, i.e., 0.207–0.231 (Yang et al.,
2004), suggesting our sediment core experienced stable sediment
source without significant influence of hydrothermal activity; In addi-
tion, the Fe/Al and Ti/Al ratios (Fig. 2c and d) from core MD012404 are
stable and display similar values to that of the Yangtze and Yellow river
sediments (Yang et al., 2004), lending further support to the postulation
above. As proposed by Zheng et al. (2016), terrigenous sediments re-
ceived by the middle Okinawa Trough mainly sourced from the Yangtze
and Yellow rivers during the last glacial maximum through the Holo-
cene. And the Al contents are similar in the upper continental crust of
the Yangtze and Yellow river drainage basins (Gao et al., 1998).

By assuming that sedimentary Al was exclusively of terrestrial det-
rital origin and not affected by marine biological processes (Brumsack,
2006), detrital dilution effect can be eliminated by normalizing the Mbio

to Al (Mbio represents biogenic proxies, e.g., TOC, reactive phosphorus
or CaCO3). For core MD012404, consistency in temporal variations
between biogenic contents and their Al normalized ratios (Fig. 3)
throughout the past 30 kyr suggests that dilution effect by terrestrial
supply did not exert significant interference. We will use content data in
the following discussion owing to their higher resolutions for more
detail information. In general, three types of variations were identified
from these biogenic records (Fig. 3). Opal record displayed higher va-
lues during the last glacial and deglaical stages with lower values
during the Holocene. Oppositely, Preact., CaCO3 and FFA records showed
higher values in the Holocene and lower values during the last glacial
and deglaical stages. Content of TOC and OCMarine values experienced
relatively high value during the last glacial-deglacial and early Holo-
cene but low value in the middle-late Holocene. Each biogenic record
was evaluated in this section as follows.

Biogenic opal has been used to reconstruct total productivity in the
Okinawa Trough by several studies (Chang et al., 2009; Dou et al.,
2015; Shao et al., 2016). However, in subtropical regions including the
Okinawa Trough, diatoms are - and likely were - only a minor com-
ponent of the phytoplankton assemblage and hence their contribution
to primary productivity may not reflect total productivity (Nelson et al.,
1995). Thus, it is not convincing to use opal as a total (i.e., integrated)
export productivity proxy in the oligotrophic subtropical regions such
as the Okinawa Trough (see Supplementary materials).

Planktonic foraminifera are heterotrophic organisms that live on
fresh organic matter (e.g., phytoplankton, small zooplankton, organic
detritus etc.) originated from the euphotic zone photosynthesis
(Spindler et al., 1984). Thus biomass/fauna assemblages of planktonic
foraminifera should be positively correlated with export production.
Core MD012404 lies above the modern CCD as indicated by positive
Δ[CO3

2−] values in middle Okinawa trough (Fig. 1e); In addition,
better foraminifera preservation (lower percent of fragmentation,
Fig. 4f) was observed in core MD012404 during glacial stage (Chang
et al., 2008), ruling out the possibility that the glacial low carbonate
contents were driven by enhanced dissolution during sinking down-
ward process through the water column (Broecker and Clark, 1999).
The total account of sedimentary planktonic FFA (Fig. 3e), including 27
identified species (Chang et al., 2008), may serve as a relatively reliable
indicator for export productivity for site MD012404. As reported by
Broecker and Clark (1999), planktonic foraminiferal derived CaCO3

(larger than 63 μm) accounts for about 55% of total CaCO3 in sites with
water depth shallower than CCD. Thus the co-variations between FFA
and CaCO3 (Fig. 3e and f), although size differences among for-
aminiferal species may exist, further suggested that CaCO3 record can
also be used to infer productivity history from site MD012404.

The sedimentary Preact. reflects bioavailable phosphorus in the eu-
photic zone that fueled export productivity (Anderson et al., 2001;
Filippelli, 2008; Schoepfer et al., 2015). Phosphorus enters into the
marine metabolic cycle through algal photosynthesis, during which
dissolved inorganic phosphate is transformed into organic matter with
the C:P ratio of ca. 106:1 (Redfield ratio). After formation, most of this
organic matter is remineralized and recycled in the upper ocean; Only a
few organic matter fractions, in the form of particulate organic matter,
descend into the deep water and finally reaches the sea floor. During
sedimentary burial, part of this organic P, which is labile, experiences
digenesis and can be transformed into Fe bound/absorbed inorganic P
and Ca bound apatite-P, and permanently sequestered in sediments (see
supplementary materials) (Anderson et al., 2001; Faul et al., 2005;
Filippelli, 2008; Kraal et al., 2017). The residual refractory organic P is
ultimately buried into the sediment. Hence, the sum of organic P, Fe
bound/absorbed inorganic P and Ca bound apatite-P was termed as
reactive P and was used to indicate export productivity (Anderson et al.,
2001; Li et al., 2017b). Reactive P (Fig. 3g) displays similar pattern with

Fig. 5. Organic carbon preservation and related paleo-records over the last 91 kyr. a,
Composite atmospheric CO2 record from Antarctic ice cores (Bereiter et al., 2015). b,
Global total organic carbon mass accumulation rate, TOC mass accumulation rate MAR
(Cartapanis et al., 2016). c, Global sea level record (Grant et al., 2012). d, Abundance of
planktonic Pulleniatina obliquiloculata, POA, from core MD012404. POA of 0–38 ka from
Chang et al. (2008) and of 38–91 ka from this study. e, Foraminifer fragmentation index
(FFI) from core MD012404. FFI of 0–38 ka from Chang et al. (2008) and of 38–91 ka from
this study. f, Ratios of marine sourced organic carbon to reactive phosphorus, OCmarine/
Preact. (green line, this study), and total organic carbon to reactive phosphorus, TOC/Preact.
(navy line, this study). g, TOC/Preact. ratio from ODP site 1144 (Tamburini et al., 2003). h,
Mn/Al ratio from site MD012404 (this study). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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FFA and CaCO3 from core MD012404 over the last 30 kyr. As the pre-
servation of Preact. and CaCO3 are sensitive to multiple, but different,
environmental factors, hence the similar pattern of variations between
these proxy records strongly supports their interpretation here as robust
representation of changes in export productivity. As proposed by Li
et al. (2017b), the evolution of North Pacific Intermediate Water ex-
erted a major control on export productivity in the Okinawa Trough
(for further details, see the supplementary materials).

Using simple binary endmember model and δ13CTOC data, OCmarine

content was calculated for site MD012404. The OCMarine record showed
higher values during the last glacial maximum and deglacial stages but
lower values in the last 9 kyr. The temperate variation of OCMarine re-
cord is similar to that of TOC but is deviated from that of productivity
records, e.g., reactive phosphorus and planktonic FFA, over the last
30 kyr. Sedimentary TOC flux had been used to reflect biological pro-
ductivity in the Okinawa Trough (Dou et al., 2015; Kao et al., 2005).
Howerver, organic carbon burial have been questioned because it is
sensitive to diagenesis that controlled by environment redox state.

Compared to Fe, Mn is a more redox-sensitive and mobilizing ele-
ment. Under well-oxygenated environments, Mn (III) and Mn (IV) occur
as insoluble oxyhydroxides. While in oxygen-depleted environments,
reduced Mn (II), which is soluble and remobilizable, forms (Calvert and
Pedersen, 1996). Thus, the presence of Mn-excess suggests an oxyge-
nated state and Mn-depletion suggests a reducing environment condi-
tion. During the Holocene, higher Mn/Al ratios (Fig. 2e) suggest high
oxidation state of water-sediment interface for site MD012404, which is
not favoring for organic matter preservation. By contrast, negative shift
of Mn/Al ratios occurred during the last deglacial and glacial stages
(Fig. 2e), suggesting reduced condition that favoring for organic matter
burial. Published sedimentary total sulfur records (Fig. 4b and c) from
the middle Okinawa trough lends further support to the Okinawa
trough redox change as indicated by Mn/Al record (Kao et al., 2006a;
Lim et al., 2017). In the following section, we proposed a new proxy to
decipher the temporal variation of organic carbon burial efficiency and
controlling mechanisms in the middle Okinawa Trough over the last
glacial-interglacial cycle, and we also provide a conceptual model to
reconcile the inconsistency between biological pump and organic
carbon burial.

5.2. Organic carbon burial and OCmarine/Preact. as a proxy for burial
efficiency

During the sedimentary burial process, portion of organic matter is
decomposed and carbon is released in the form of dissolved inorganic
carbon while inorganic phosphorus released from organic matter is
absorbed or reincorporated in authigenic minerals as described above.
Thus, by assuming that the marine sourced organic matter has a con-
stant C:P ratio (mol/mol) prior to decomposition on the sea floor as
supported by constant sinking particle OC/Preact. ratio (mol/mol)
through the water column (Faul et al., 2005), the downcore variability
of OCmarine/Preact. was used to reflect the organic carbon burial effi-
ciency (OCBE) with higher values suggest better preservation and vice
versa for more decomposition. As show in Fig. 4e, the OCmarine/Preact.
values from site MD012404 fall in the range of 28–81, obviously lower
than averaged OC/Preact. (C:P=187) value of global ocean sinking
particles (Faul et al., 2005), and/or Redfield ratio (C:P=106), sug-
gesting preferential removal of OCmarine relative to reactive phosphorus
during burial processes. As for the general pattern, the OCmarine/Preact.
ratios paced the variation of Mn/Al and total sulfur records (Fig. 4b, c
and d), with higher OCmarine/Preact. values, i.e., good organic carbon
preservation, occurred during the last glacial and deglacial stages and
low values, i.e., poor organic carbon preservation, occurred through the
mid-late Holocene.

Variation of OCBE was in parallel with carbonate (CaCO3) pre-
servation record, i.e., FFI, from the same core (Fig. 4f). As discussions in
Section 5.1, core MD012404 lies above the modern carbonate

compensation depth (Fig. 1e). Thus the poor preservation, break down
in other words, of foraminiferal shells should be ascribed to processes
occurred in the sediment. Previous studies show that sedimentary
biogenic CaCO3 dissolves in response to respiration, i.e., decomposition
of organic matter, in the top few centimeters of sediment from site lies
above the saturation horizon (Archer et al., 1989; Broecker, 2009).
Thus, the co-variation of OCmarine/Preact. and FFI records suggests that
the organic carbon burial efficiency, as indicated by OCmarine/Preact.
ratio, was controlled by diagenesis occured in the sediment.

It has been reported that clay mineral protection and high sedi-
mentation are favoring for organic carbon preservation (Blair and Aller,
2012; Katsev and Crowe, 2015; Lopes et al., 2015). However in core
MD012404, the general pattern of OCmarine/Preact., i.e., higher values in
glacial-deglacial and low values in the middle-late Holocene, did not
paces that of the sediment linear sedimentation rate (LSR), sediment
mass accumulation rate (MAR) or clay mineral content over the last
30 kyr (see Supplementary Fig. S2). In addition, we did not find any
significant X-Y correlations between OCmarine/Preact. and sediment LSR,
MAR, or clay mineral records (see supplementary Fig. S3). Thus, the
oxygen exposure time during sedimentation and clay mineral protec-
tion were unlikely the dominant controlling factors for OCBE in the
middle Okinawa Trough over the last 30 kyr.

Today, the vertical water circulation and euphotic productivity was
closely related with the intrusion of Kuroshio Current into the Okinawa
Trough. On the one hand, the intrusion of Kuroshio Current leads to
stronger deep water ventilation resulting in higher bottom water O2

concentration in the Okinawa Trough (Fig. 1b). On the other hand, the
Kuroshio Current also induces intermediate water upwelling around the
East China Sea continental slope/shelf providing nutrient for phyto-
plankton growth therein (Chen, 1996). However, the topography sur-
rounding Okinawa Trough makes sea level change an important factor
to modulate the flow path and intensity of the Kuroshio Current on
different climate background. Evidence from planktonic foraminifer P.
obliquiloculata abundance and sedimentary mercury as well as numer-
ical model all suggested that the Kuroshio Current intrusion/intensity
into the Okinawa Trough was significantly reduced during the LGM and
early deglaciation when sea level in low state (Chang et al., 2008; Kao
et al., 2005, 2006b; Lim et al., 2017; Xiang et al., 2007). According to
our data and proxies re-examination above, we summarized a con-
ceptual diagram for the Okinawa Trough (Fig. 4) emphasizing different
oxygenation statuses induced by water exchange and organic carbon
burial efficiency during three time intervals: Stage I (14.5–24.0 ka, LGM
and Heinrich stadial 1), Stage II (8.0–14.5 ka, including Bølling-Allerød,
Younger Dryas and early Holocene) and Stage III (0.5–8.0 ka, mid-late
Holocene).

During the Stage I (14.5–24.0 ka), the North Pacific Deep Water
shallower than 1500m was more oxygenated (Fig. 4a) relative to the
late Holocene (Galbraith and Jaccard, 2015), which was caused by
weakening upper oceanic soft tissue pump and increased O2 dissolution
in cooler waters (Galbraith and Jaccard, 2015; Jaccard and Galbraith,
2012). Meanwhile, euphotic productivity was lower in the middle
Okinawa Trough (Li et al., 2017b). However, the 100–130m sea level
drop (Fig. 4i) significantly reduced the intrusion and intensity of Kur-
oshio Current into the Okinawa Trough (Fig. 4g, h) as indicated by POA
(Chang et al., 2008; Xiang et al., 2007;), geochemical proxies
(Diekmann et al., 2008; Lim et al., 2017), and numerical models (Kao
et al., 2006b; Zheng et al., 2016), leading to weakened vertical mixing
and reduced deep water ventilation with Philippine Sea through
Kerama Gap (Kao et al., 2005; Lim et al., 2017). In addition, short
distance between the paleo-river estuaries and the Okinawa Trough
increased freshwater discharge to our site as indicated by reduced sea
surface water salinity (Chen et al., 2010); and this further favoring
water stratification. Thus, the middle Okinawa Trough basin was
characterized by less oxygenated bottom/pore water as indicated by Mn
(Fig. 4d) and total sulfur (Fig. 4b and c), favoring sediment organic
carbon preservation (Fig. 4e). From 14.5 to 8.0 ka, i.e., Stage II, the
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North Pacific water shallower than 1500m experienced large oxyge-
nation variability (Fig. 4a), displaying low, high and low oxygen states
during Bølling-Allerød, Younger Dryas and early Holocene respectively
(Galbraith and Jaccard, 2015; Jaccard and Galbraith, 2012). However,
the OCBE record did not response accordingly, and the OCmarine/Preact.
experienced gradual decreasing and is in parallel with gradual sea level
rise (Fig. 4e and i). Sea level rose gradually from about −100m at
14.5 ka to −12m at 8.0 ka (Fig. 4i) during this interval, favoring gra-
dual intrusion and strengthening of Kuroshio Current (Fig. 4g and h)
into the Okinawa Trough and hence better bottom water ventilation
(Kao et al., 2005; Lim et al., 2017); ultimately, this resulted in negative
relationship between OCBE and global sea level in general (see sup-
plementary Fig. S3d). Whereas export productivity experienced rapid
increase from 13 to 9 ka (Fig. 3), contrasting to the decreasing trend of
OCBE, hence it was excluded from major controlling factors for organic
carbon burial in the middle Okinawa Trough. During the Stage III
(0–8 kyr interval), the upper North Pacific Ocean water O2 concentra-
tion (Fig. 4a) was higher than that during stage II (averaged) but still
lower than that during Stage I (Galbraith and Jaccard, 2015; Jaccard
and Galbraith, 2012 and reference therein). Whereas the Okinawa
Trough was characterized by highest deep water oxygenation (Mn/Al
ration, Fig. 4d). During this period, the sea level reaches the modern
condition, and the main axis of the Kuroshio Current shifted back to the
middle Okinawa Trough (Fig. 4g and h) (Diekmann et al., 2008; Kao
et al., 2006b; Lim et al., 2017; Xiang et al., 2007), and freshwater input
to the middle Okinawa Trough decreased (Chen et al., 2010). This
enhanced vertical water mixing and better deep water ventilation (Kao
et al., 2005; Lim et al., 2017) through the Kerama Gap resulting in
higher bottom water O2 concentration (Fig. 4c and d) and poor organic
carbon preservation (Fig. 4e). Although primary productivity was
highest during the Holocene in the middle Okinawa Trough (Fig. 3e and
g), organic carbon burial (Fig. 3b and c) was lowest due to the highest
bottom water oxygenation state. In summary, variations of sea level and
related Kuroshio Current main axis shift determined the glacial-degla-
cial-Holocene pattern of bottom-water/surface-sediment redox condi-
tion in the middle Okinawa Trough over the last 24 kyr, and this ulti-
mately controlled variation of organic carbon preservation therein.

5.3. Sea level modulated organic carbon preservation in China marginal
seas

By adding new data, we extended our preservation record for site
MD012404 spanning the entire 91 kyr (Fig. 5). POA varied in parallel
with global sea level change and experienced low values during
14–24 ka and 60–70 ka (Fig. 5b and d), suggesting reduced/weakened
Kuroshio Current intrusion/intensity into the Okinawa Trough. In ac-
cordance, preservation records, FFI and OCmarine/Preact. (Fig. 5e and f),
experienced similar changes through the past 91 kyr with better pre-
servation occurred in 14–24 ka and 60–70 ka, but poor preservation
during the Holocene. Taken together, we find that preservation records
varied in sync with that of POA and sea level records on orbital time
scales. This suggests that sea level change dominated the general var-
iation of organic matter preservation in the middle Okinawa trough
over the last 91 kyr.

Similar to the Okinawa Trough, the South China Sea (SCS) is a semi-
closed basin with deep water exchange with Philippine Sea through
Luzon Strait. Previous studies show that glacial sea-level drop sig-
nificantly reduced SCS deep water ventilation (Li et al., 2017a;
Löwemark et al., 2009; Wan and Jian, 2014). Using published data, we
found similar variations of sedimentary preservation records from the
middle Okinawa Trough and the northern SCS during the last glacial-
interglacial cycle (Fig. 5f and g). For example, carbonate preservation
in the middle Okinawa trough exhibit similar pattern with that from the
northern SCS deep sea cores, which displaying as good preservation
during glacial periods and poor preservation during interglacial periods
(Chen et al., 1997). In addition, our OCmarine/Preact. record also displays

similar variation of OC/Preact. from one northern SCS core (ODP site
1144; 20°3.18′N, 117°25.14′E; water depth 2037m) although terrestrial
contribution to TOC was not evaluated in the original research
(Tamburini et al., 2003). Proxy records for evaluating terrestrial vs
marine contributions, e.g., TOC-δ13C and BIT, all suggest northern SCS
deep-sea sediment TOC was dominated by marine sourced components
(Kienast et al., 2001; Li et al., 2013), and glacial marine sourced con-
tribution even increased (Kienast et al., 2001). Hence, variability of
OC/Preact. from the northern SCS was not controlled by variation of
terrestrial input and the variability of OC/Preact. could be used as that
for OCmarine/Preact.. Taking together, it is reasonable to postulate that
sea level modulated organic carbon preservation in both middle Oki-
nawa Trough and the northern SCS. By compilation organic carbon data
from hundreds of sediment cores, Cartapanis et al. (2016) provided that
the global organic carbon burial paralleled with the global sea level
change on glacial-interglacial cycles, displaying as glacial high values
and interglacial low values (Fig. 5b and c). Despite the potential of
nutrients supply mechanisms to explain the temporal pattern of organic
carbon burial (Cartapanis et al., 2016; Kohfeld et al., 2005; Martínez-
García et al., 2014), we suggest that global sea level change might also
play an important role in controlling organic burial through modulating
organic carbon preservation efficiency especially in marginal seas with
semi-closed basins (Wang, 1999).

5.4. Implications

In the eastern North Pacific region to the west of Oregon, organic
carbon burial rate and its burial efficiency were also found to be de-
coupled with euphotic export productivity (Lopes et al., 2015). How-
ever, differed from our case, sedimentation rate was the major con-
troller on burial rate and efficiency for organic carbon in the Oregon
case (Lopes et al., 2015). Although the controlling factors were dif-
ferent, the decoupling phenomenon suggests that organic carbon burial
is not a simple function of primary or export productivity. This reminds
us to be cautious in evaluating biological pump using geological organic
carbon records or organic biomarkers. In addition, plenty of climate
models have been applied to predict ocean's biological pump and its
role in regulating atmosphere CO2 (Schmittner et al., 2008). However,
some models only considering water column transfer efficiency which
was controlled by column temperature and sinking velocity (Marsay
et al., 2015). Results from our case and the Oregon case suggest that the
inclusion of geographically different environmental factors, such as
deep circulation and sedimentation rate, is needed for model optimi-
zation and better prediction on longer time scales, i.e., hundreds to
thousands of years.

6. Conclusions

In summary, we made analysis of metal elements and planktonic
foraminifer assemblages from site MD012404 located in the middle
Okinawa Trough. By combining with published productivity and en-
vironmental data from the same core, discussions on variations of ex-
port productivity, water column redox condition, and organic carbon
burial in the middle Okinawa Trough were carried out. Main conclu-
sions are summarized as follows:

(1) Reactive phosphorus and planktonic foraminiferal fauna assem-
blages were used as export productivity proxies in the middle
Okinawa Trough over the last 30 kyr, which indicate that pro-
ductivity was low during the last glacial stage but was high during
the Holocene. Export productivity in the Okinawa Trough was
modulated by the penetration depth of North Pacific Intermediate
Water.

(2) We proposed a proxy, i.e., OCmarine/Preact., for evaluating marine
sourced organic carbon burial efficiency in the middle Okinawa
Trough. Variability of OCmarine/Preact. suggests organic carbon
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burial efficiency was high during glacial and deglacial stages and
low during the middle-late Holocene, and is decoupled with eu-
photic export productivity. Marine sourced organic carbon burial
efficiency in the middle Okinawa Trough was controlled by sea
level change through modulating the intrusion and intensity of the
Kuroshio Current into the Okinawa Trough.

(3) The phenomenon that decoupled primary/export productivity with
organic carbon burial was observed in both western and eastern
North Pacific marginal regions since the last glacial stage, referring
us to take caution when using sedimentary organic carbon or or-
ganic biomarkers to infer paleo-productivity history.
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