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Abstract In the past 20 years, the exploration of deep ocean trenches has led to spectacular new insights.
Even in the deepest canyons, an unusual variety of life and unexpectedly high benthic oxygen consumption rates
have been detected while microbial processes below the surface of the hadal seafloor remains largely unknown.
The information that exist comes from geophysical measurements, especially related to seismic research, and
specific component analyses to estimate the carbon export. In contrast, no information is available on metabolic
activities in deeper buried sediments of hadal environment. Here we present the first pore water profiles from
15 up to 11 m long sediment cores recovered during three expeditions to two hadal zones, the Japan Trench

and the Atacama Trench. Despite low levels of organic debris, our data reveal that rates of microbial carbon
turnover along the trench axes can be similar to those encountered in much shallower and more productive
oceanic regions. The extreme sedimentation dynamics, characterized by frequent mass wasting of slope
sediments into the trenches, result in effective burial of reactive, microbially available, organic material. Our
results document the fueling of the deep hadal biosphere with bioavailable material and thus provide important
understanding on the function of deep-sea trenches and the hadal carbon cycle.

Plain Language Summary For a long time, it was assumed that in water depths below 6,000 m,
biological species diversity and microbial activity is very low. Recent studies could already provide clear
evidence that significant degradation of organic material occurs even at the seafloor surface in deep-sea
trenches. No comparable information is available yet about the situation below the surface layer. Here, data
are presented for the first time that help to close this knowledge gap. Based on geochemical parameters, it

can be proven that very active degradation processes also take place in the deeper buried layers in deep-sea
trenches. Rates correspond in magnitude to sediments from shallower water depths with considerably higher
contents of organic material. The authors attribute this finding primarily to sedimentation dynamics in deep-sea
trenches. The steep flanks of trenches, sometimes associated with seismic activity, repeatedly favor the sliding
of large sediment packages into basins along trench axes. Rapid burial removes less degraded, and thus more
microbially available material from oxic surface and preserves it for subsequent processes such as sulfate
reduction. The unique results provide important new insights into the function of deep-sea trenches and the
hadal carbon cycle.

1. Introduction

Only recently it has been realized that hadal trenches harbor a surprisingly high biological activity (Bartlett, 2009;
Danovaro et al., 2003; Jamieson, 2015). In situ measurements have documented that microbial oxygen depletion
at the seafloor surface in deep sea trenches is far more efficient than would be expected at such great water depths
(Glud et al., 2013; Luo et al., 2018; Wenzhofer et al., 2016). These findings suggest that the input of degradable
material must be considerably greater than estimated assuming purely vertical transport from the euphotic zone
either driven by hydrographic and/or down slope funneling of material or by mass wasting (Ichino et al., 2015;
Oguri et al., 2013; Turnewitsch et al., 2014; van Haren, 2020).

There are several recent studies of the impact and frequency of seismically triggered submarine landslides. Espe-
cially, the devastating Tohoku-Oki earthquake in the Japan Trench in 2011 has led to a series of papers on the
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Figure 1. Overview maps of the Japan Trench (East of Honshu) (a) and the
Atacama Trench (West of Chile) (b). Core locations along the trench axes are
marked in white. Coring sites on the accompanying continental rise and the
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systems (e.g., Bao et al., 2018; Ikehara et al., 2016, 2020; Kioka, Schwest-
erman, Moernaut, Ikehara, Kanamatsu, Eglinton, & Strasser, 2019; Kioka,
Schwesterman, Moernaut, Ikehara, Kanamatsu, McHugh, et al., 2019; Luo
et al., 2017; McHugh et al., 2016; Strasser et al., 2013). All these advances
clearly document that sedimentation at the trench axes is massively influ-
enced by mobilization and redeposition of sediments from the lateral trench
flanks. The obvious influence of these sedimentation processes on the flux
of organic carbon and its balances could also be demonstrated (Kioka,
Schwesterman, Moernaut, Ikehara, Kanamatsu, McHugh, et al., 2019; Luo
et al., 2017). However, previous studies on subseafloor sediments in hadal
trenches are mainly based on sediment-acoustic profiles and analyses of the
sedimentary solid phase, while the pore fluids have stayed almost unstudied.
In contrast to other ocean regions where pore water investigations in subsea-
floor sediments were used to decipher the processes of the deep biosphere
more than 2.4 km below the seafloor (e.g., Heuer et al., 2020; Inagaki
et al., 2015), to our knowledge, only two pore water profiles from subsur-
face sediments have been published to date from water depths >7,000 m
(Strasser et al., 2013). Without any biogeochemical interpretation, both
partial sulfate profiles were used to document a recent mass displacement
event only. Furthermore, only three studies exist to date with data from
deep-sea trenches that contain pore water information from a maximum
depth of 30 cm below the seafloor (Glud et al., 2013, 2021; Hu et al., 2021;
Thamdrup et al., 2021).

In this study, we present geochemical data from 15 up to 11 m long sediment
cores recovered from hadal trenches off Japan and Chile at maximum water
depths of 8,025 m and 7,996 m, respectively. The data are used to document
elevated indicators for metabolic activities in subseafloor hadal sediments
and discuss the potential importance for element cycling and organic carbon
retention in deep sea trenches.

2. Study Areas

The Japan Trench is the product of subduction of the Pacific Plate in the
East under the Okhotsk Plate in the West (Figure 1a). The convergence rate
is 7-9 cm yr~! (Loveless & Meade, 2010; McHugh et al., 2020). The trench
is about 800 km long and reaches a maximum water depth of about 8,400 m.

The Atacama Trench, a section of the Peru-Chile Trench, is located in the
southeastern Pacific (Figure 1b). Formation of the trench is caused by the
subduction of the oceanic Nazca Plate underneath the South American Plate
on a length of about 6,000 km. The convergence is estimated to be up to 7 cm
yr~! (Angermann et al., 1999), and the dip of the subducting plate is 10°
(Contreras-Reyes et al., 2012). At its deepest point the water depth is almost
8,100 m.

Primarily due to plate movement, associated seismic activity, fault structures
and flexural bending of the oceanic plates, both trench axes in particular are
often fractured and characterized by isolated trench-fill and graben-fill basins
(Geersen, Ranero, Kopp, et al., 2018; Geersen, Ranero, Klauke, et al., 2018;

Kioka, Schwesterman, Moernaut, lkehara, Kanamatsu, Eglinton, & Strasser, 2019). The sediments in both

trenches mostly consist of interbedded strata of turbiditic and hemipelagic origin (e.g., Bao et al., 2018; Ikehara

et al., 2016). The remobilization of sediments on continental slopes and thus deposition of turbidite sequences in

trench axes are usually seismically triggered. Most recent examples are the M,9.0 Tohoku-Oki earthquake 2011
offshore Japan (McHugh et al., 2020; Strasser et al., 2013; Yokota et al., 2011) and the My,8.1 Iquique earthquake
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in northern Chile (Schurr et al., 2014). Both events led to corresponding sediment redistributions toward the
trench axes.

3. Material and Methods
3.1. Sampling

Sediment and pore water samples for this study were collected in the Japan Trench and the Atacama Trench
regions during three expeditions with the German deep-sea research vessels SONNE (old) and SONNE (new)
(Figure 1; Table 1). The Japan Trench expeditions took place in 2012 (SO219A, core code GeoB164xx; Wefer
et al., 2014) and 2016 (SO251, core code GeoB218xx; Strasser et al., 2017). Samples from the Atacama Trench
were collected in 2018 (SO261, core code GeoB229xx; Wenzhofer, 2019). A piston corer was used for sedi-
ment sampling on cruise SO251, while a gravity corer and a multiple core were used on the other two cruises.
Here we provide a subset of data from 17 different sites, 11 sites located in the Japan Trench region, and 6 in
the Atacama Trench region. Twelve cores have been recovered from the Trench axes, 4 from the slopes and
one core originates from the edge to the abyssal plain in the Chile Basin. Pore water analyses were conducted
on all recovered sediment cores, while more specialized investigations only were performed on some selected
sediment samples.

Syringe (headspace) samples for gas analytics (0.5-5 mL sediment in 4-20 mL vials with a 2 mLI saturated NaCl
brine receiver) were taken immediately after sediment recovery on the work deck instantaneously after cutting the
cores into sections. The extraction of pore water samples was performed on closed 1 m-whole round core sections
within the first 3 hours after core recovery by drilling small holes in the plastic liners and inserting Rhizon
Micro Suction Samplers (Dickens et al., 2007). Subsamples for XRF analysis, radiocarbon dating on total organic
carbon (TOC) and composition of organic material were taken onshore after the cruises in the core repository at
the MARUM, Univ. of Bremen, where all sediment cores have been stored at 4°C (https://www.marum.de/en/
Infrastructure/MARUM-GeoB-Core-Repository.html).

3.2. Pore Water and Dissolved Gas Analyses

Alkalinity titration, pH measurement, and the analysis of ammonium (SO219, SO261) and iron (only SO261)
were performed onboard immediately after pore water extraction.

Alkalinity has been analyzed by gran titration of known quantities of pore water sample by addition of HCI on
a micro stirring device. The accuracy of this method was better than 0.2 mM (data not shown). Dissolved iron
(Fe?*) concentrations were analyzed photometrically at wavelength of 565 nm with a Hach Lange DR 2800
Photometer following the method of Collins et al. (1959). Dissolved ammonium (NH,*) was detected using
the PTFE tape gas separator technique (modified after Hall & Aller, 1992). Dissolved Manganese concen-
trations were analyzed in acidified samples with an inductively coupled plasma optical emission spectrom-
eter (ICP-OES; Varian Vista PRO). The precision was better than 3% with a detection limit of 0.04 pM.
Sulfate (SO,*") concentrations were determined by ion chromatography (Metrohm 861 Advanced Compact
IC, Metrohm A Supp 5 column, 0.8 mL min~!, conductivity detection after chemical suppression) in samples
diluted 1:40 with Milli-Q-grade H,O. Dissolved methane (CH,) concentrations were analyzed following the
headspace method described by Kvenvolden and McDonald (1986) and D’Hondt et al. (2003). For samples
from the Japan Trench we used an Agilent Technologies 6890N gas chromatograph equipped with a flame
ionization detector (Pape et al., 2010), while samples from Atacama Trench site GeoB22908/A10 a Ther-
moFinnigan Trace gas chromatograph equipped with a flame ionization detector and a Carboxen-1006 PLOT
fused-silica capillary column (0.32 mm by 30 m; Supelco, Inc., USA) was used. The stable carbon isotopic
composition of methane in four samples from the Atacama trench was determined by duplicate analysis using
a Trace GC Ultra coupled to a Delta Plus XP isotope ratio mass spectrometer via a GC Combustion III inter-
face (all ThermoFinnigan; Zhuang et al., 2018). Information on the calculation of flux rates are given in the
supplements.

3.3. Sediment Analyses

Solid phase iron and manganese concentrations is sediments of core GeoB22908-2(A10) were measured using
the high-resolution (1 cm) semi-quantitative XRF (X-ray fluorescence) Avaatech at MARUM, performed with an
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Table 1

Sampling Sites With Position, Water Depth, and References of Already Published Information About the Respective Sites

Cruise GeoB-No

Site

T/R/A

Latitude

Longitude

Water depth (m)

Core length (m)

References

Japan Trench
SO219 A 16426-1

16431-1

16433-1
16442-1
16444-1

SO251 21804-2

21810-1
21815-1
21817-1

Atacama Trench

S0261 22902-1

22905-2

22906-2

A2

A3

A7

38°04.228'N
38°00.177'N

38°07.843'N
38°11.467'N
37°42.017'N

36°04.256'N

38°06.787'N
39°19.575'N
40°23.735'N

24°17.044'S

23°03.140'S

22°57.259'S

143°58.975'E
143°59.981'E

144°00.135'E
143°33.249'E
143°52.377TE

142°44.045'E

143°41.662'E
143°38.874'E
144°25.256'E

071°25.403'W

071°18.165'W

071°37.245'W

7.550
7.542

7.525
3.468
7.529

8.025

5.216
3.104
7.607

7.832

7.996

5.532

8.39
9.40

9.26
4.85
11.38

9.76

4.26
4.67
9.71

4.00

3.40

8.55

Strasser et al. (2013)

Bao et al. (2018); Kioka,

Schwesterman,
Moernaut, Ikehara,
Kanamatsu, Eglinton, &
Strasser (2019); Kioka,
Schwesterman, Moernaut,
Tkehara, Kanamatsu,
McHugh, et al. (2019);
Ikehara et al. (2016);
McHugh et al. (2020);
Schwestermann

et al. (2020)

Ikehara et al. (2016)

Ikehara et al. (2016);

Kioka, Schwesterman,
Moernaut, Ikehara,
Kanamatsu, Eglinton, &
Strasser (2019); Kioka,
Schwesterman, Moernaut,
Ikehara, Kanamatsu,
McHugh, et al. (2019)

Kioka, Schwesterman,
Moernaut, Ikehara,
Kanamatsu, Eglinton, &
Strasser (2019); Kioka,
Schwesterman, Moernaut,
Ikehara, Kanamatsu,
McHugh, et al. (2019);
McHugh et al. (2020);
Schwestermann
et al. (2020)

McHugh et al. (2020)
McHugh et al. (2020)

Kioka, Schwesterman,
Moernaut, Ikehara,
Kanamatsu, Eglinton, &
Strasser (2019); Kioka,
Schwesterman, Moernaut,
Ikehara, Kanamatsu,
McHugh, et al. (2019);
McHugh et al. (2020);
Schwestermann
et al. (2020)

Glud et al. (2021); Xu
et al. (2021)

Glud et al. (2021); Thamdrup

etal. (2021); Xu
et al. (2021)

Glud et al. (2021); Thamdrup

etal. (2021); Xu
et al. (2021)

ZABEL ET AL.

40f13

8518017 SUOILIOD BAIE8.1D) 8|qedtdde 8y} Aq peusienob 8.2 seone O 85N JO SaIN1 10y Akeiq 1 8UI|UO AB]IM U (SUONIPUOO-PUE-SWS)W0D" A3 |IM Afeaq1 Ul juO//Sdy) SUORIPUOD pue SULB | 84} 89S *[2202/0T/LT] U0 ARig1IT8UIIUO A8 |IM UBS00 JO 811D Z}OYWRH Y INOTD 49H Aq 2050T0092202/620T 0T/10p/wW0d" A3 im Akeiqijpuljuo'sgndnfe//sdny Wwoly pepeojumoq ‘6 ‘220z '£202S2ST



I Y ed N | . .
NI Geochemistry, Geophysics, Geosystems 10.1029/2022GC010502
ADVANCING EARTH
AND SPACE SCIENCE
Table 1
Continued
Cruise GeoB-No Site T/R/A Latitude Longitude Water depth (m) Core length (m) References
22907-2 A2 T 21°47.311'S 071°12.275'W 7.898 5.67 Glud et al. (2021); Xu
etal. (2021)
22908-2 A10 T 20°19.574'S 071°17.551'W 7.743 6.58 Glud et al. (2021); Thamdrup
etal. (2021); Xu
etal. (2021)
22909-1 A9 R 20°21.090'S 070°59.399'W 4.128 2.80 Glud et al. (2021); Xu

etal. (2021)

Note. T: Trench Axes; R: Continental Rise; A: Abyssal Plain.

excitation potential of 10 kV, a current of 250 mA and 30 s counting time. Scans were calibrated with quantitative
XRF measurements on discrete samples using a PANalytical Epsilon3-XL XRF spectrometer equipped with a
rhodium tube, several filters and an SSD5 detector and certified standard materials (e.g., GBW07309, GBW07316,
and MAG-1). Scans of the bulk (Gamma Ray) density were conducted with a Multi-Sensor Core Logger (MSCL;
GEOTEK®) at MARUM. The MSCL was equipped with a line scan camera for high-resolution core image
acquisition.

3.4. Organic Fraction Measurements

Accelerator Mass Spectrometry measurements (AMS) of radiocarbon (1*C) ages on TOC of samples from core
GeoB22908-1 were carried out in the MICADAS radiocarbon laboratory at Alfred-Wegener Institute (AWI),
Germany (cf. Table S1 in Supporting Information S1). '*C bulk ages are uncalibrated.

A programmed pyrolysis method (Hawk instrument, Wildcat Technologies, USA) at the Lithospheric Organic
Carbon Lab (LOC) of the Department of Geoscience, Aarhus University, was used to measure TOC and the
reactive organic carbon content in freeze-dried sediment samples. The Rock-Eval 6 heating method was applied
(Carrie et al., 2012; Lafargue et al., 1998; Sanei et al., 2000, 2001), in which 50 mg dry sample is subject
to a two-step, programmed pyrolysis (heating in an inert atmosphere) and oxidation heating cycle. During the
pyrolysis step, the sample is heated to an iso-temperature of 300°C for 3 min and then ramped up (25°C min~")
to 650°C. The total concentration of the hydrocarbons and organic-derived fractions of CO, and CO, that are
released during the pyrolysis step (pyrolyzable organic carbon wt% released from 300 to 650°C) are believed
to constitute the “reactive organic carbon” content of the organic matter in a sample. The sample is then auto-
matically transferred to the oxidation oven in which both the residual organic matter and mineral carbon are
combusted between 400°C and 850°C. The “residual organic carbon” (RC wt.%) is the content of the residual
organically-derived CO and CO, during the oxidation heating stage. The reactive organic carbon represents the
fraction of carbon that is released due to thermal decomposition kinetics of organic matter and hence is consid-
ered chemically reactive compared to the refractory “residual organic carbon.” The sum of the reactive organic
carbon and residual organic carbon is equivalent to TOC.

C/N values in the Atacama trench core GeoB22908-2(A10) were analyzed from freeze-dried homogenized sedi-
ment of each sampling interval. In brief, 3 g of the sediment was decalcified by the addition of 10% HCI followed
by repetitive washing steps with ultrapure water. For C/N determination, 10-30 mg of the dried sediment was
weighed into tin capsules and analyzed via a Thermo Scientific Flash 2000 elemental analyzer connected to a
Thermo Scientific Delta V Plus IRMS.

4. Results

In 9 of the 12 sediment cores from the trench axes, pore water sulfate concentrations exhibited steep declines
toward the sulfate-methane transition zone (SMT) which was encountered between 350 and 950 cm below the
seafloor (Figure 2) with standard gravity coring/piston coring equipment. Ammonium concentrations increase
up to 4 mM (GeoB16431-1) and values for alkalinity reached 71.3 mM(eq) (GeoB21817-1) below the SMT. In
cores, where sulfate was completely depleted within the core length, increasing methane concentrations have
been determined below (Figure 2). §!3CH, values around —91 %0 (V-PDB) in core GeoB22908-2(A10) clearly
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Figure 2. Pore water profiles of sulfate, methane, and ammonia concentrations and alkalinity in nine sediment cores recovered from trench-fill basins off Japan and
Chile showing clear sulfate methane transition zones only few meters below the seafloor. Due to the outgassing of the sediments caused by the strong pressure decrease
during their long transport from the seafloor to the surface, the higher methane concentrations are very likely underestimated.
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indicate a microbial origin of methane in the course of CO, reduction deeper in the sediment. Only at three sites
in the Atacama trench (GeoB22902-1/A6, 22905-2/A3, 22907-2/A2), the diagenetic activity was lower. Cores
did not penetrate the SMT and the increases of NH,* concentrations and alkalinities were weak (Figure S1 in
Supporting Information S1). All cores from the four slope sites (GeoB16442-1, 21810-1, 21815-1, 22909-1/A9)
and the abyssal site (GeoB22906-/A7) also revealed low rates of early diagenetic activity (Figure 3).
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Figure 3. Pore water profiles of sulfate and ammonium concentrations and alkalinity from sites at trench flanks or from the oceanward abyssal plain (GeoB22906/A7).
For comparison, profiles from cores recovered in along the trench axes are shown in gray (cf. Figure 2).
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For the cores from the Japan Trench, several publications have already presented and discussed alterations between
seismically induced mass wasting and layers of “normal” background sedimentation (Bao et al., 2018; Ikehara
et al., 2016; Kioka, Schwesterman, Moernaut, Ikehara, Kanamatsu, Eglinton, & Strasser, 2019; Kioka, Schwest-
erman, Moernaut, Ikehara, Kanamatsu, McHugh, et al., 2019; Schwestermann et al., 2020; Strasser et al., 2013).
Based on AMS'* C dating of the surrounding hemipelagic layers, some of the mass wasting events could be
attributed to historical seismic activities. The cores from the Atacama Trench, presented for the first time in this
study, also show such alternating deposits as indicated by physical and geochemical sediment property data. As
an example, Figure 4 shows signatures of intercalations of hemipelagic sedimentation with turbidite layers in the
density record of core GeoB22908/A10. Additionally, AMS'* C ages and sharply defined enrichments of manga-
nese indicate intensifications of redox processes caused by mass wasting events (McHugh et al., 2011, 2016;
Polonia et al., 2013).

A section of core GeoB22908/A10 that shows the effects of intercalated turbidite layers very well is shown in
Figure 5. Above about 285 cm sediment depth, both density and magnetic susceptibility increase abruptly. A
sharp Mn peak has been detected at the lower edge of this transition. Fe is also enriched, but the boundaries are
more gradual.

The organic fraction shows differences between the sediment units in both the quantity (Figure 5d) and the
composition of the organic material (Figure Se). In the turbiditic layers (top and bottom), the TOC content and
the fraction of reactive organic carbon in TOC are lower than in the interbedded, “normal” sediments. The
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cf. Fig. 5
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Figure 4. Logging data of density, Fe, and Mn as well as Fe and Mn pore water profiles from Atacama Trench core
GeoB22908-2(A10). The profile of gamma ray density shows two thick turbidite layers (gray shaded) whose lower edges
are at about 285 cmbsf and 611 cmbsf, which is supported by AMS'“C determinations (black stars). In addition, typical
enrichments of the redox sensitive elements iron and manganese as well as the color changes in color scan indicate a large
number of smaller mass wasting events. The pore water gradients of Fe and Mn show that microbially catalyzed reductions
occur only within the first meter.
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Figure 5. Detailed view of measured data in a section of sediment core GeoB22908-2(A10) from the trench axis in the Atacama Trench. Alkalinity (broken line)

and density (a). Sulfate (broken line) and magnetic susceptibility (b). Solid phase iron (red) and manganese (c) total organic carbon (TOC) and C/N ratio (d). Fraction
of reactive organic carbon (as % of TOC) and AMS dated ages (red stars) of mass-wasting (gray shading) and background sediments (white) (e). All analytical data
(density, magnetic susceptibility, Mn, Fe, TOC, C/N, C ., and reactive organic carbon fraction) in the turbiditic layers show features that are clearly different from
the material of the layered section between 284 and 307 cm. Note that the hemipelagic layer has both, a higher total organic carbon content (d) and a higher fraction of
reactive organic material (e). The accumulations of solid phase iron and the well defined solid-phase manganese peaks are known features at the base of mass-wasting

layers.

C/N ratio is lower in the lower edge of the turbiditic sequence and at the surface of the “normal” sediments,
respectively.

5. Discussion
5.1. Classification of Pore Water Profiles

In situ measurements of oxygen in the uppermost cm of deep-sea trenches sediments revealed high microbial
consumption rates (Glud et al., 2013, 2021; Wenzhofer et al., 2016). In this study we present up to 10 m long
pore water profiles demonstrating that even in the deeper hadal sediments the turnover rates are surprisingly high
(Figure 6a). The special nature of the sediments in the trench-fill basins becomes obvious, when the diffusive
flux rates of SO,2~ and CH, are compared to rates reported in studies using compilations of global data sets.
In Table 2 SO,2~ and CH, flux rates of all sediment cores are listed along with average rates from ocean depth
regions. Comparing the SO,2~ fluxes from the trench cores (Japan Trench: up to 0.132 mmol m~2d~'; Atacama
Trench: up to 0.148 mmol m~2d~") to global average data as documented by Egger et al. (2018), the trench SO,*-
fluxes are similar to outer shelf (cf. Niggemann et al., 2007), or upper to middle continental slope values, but far
from data estimated for a water depth of >7,500 m. In both trenches, SO,*- fluxes are significantly higher in the
trench axes than on the respective flanks (Figure 6b). This also applies to the three sites in the Atacama Trench
where the SMT was not reached. The pore water data from the Japan Trench suggests that on the slopes above
the hadal zone (<6,000 m) the common relationship between decreasing SO,>~ flux rates with increasing water
depth appears to hold (Figure 6b).

Most research to date has found close correlations between TOC content, water depth, and SMT depth (e.g.,
Bowles et al., 2014; Egger et al., 2018). The rationale being that the greater the water depth, the lower the
input of degradable organic material and the lower the intensity of early-diagenetic degradation processes. TOC
concentrations in sediments at locations in the two trenches are slightly elevated compared to those at abyssal
plains (e.g., Xu et al., 2021), but far from known TOC-rich deposits (e.g., Inthorn et al., 2006; Seiter et al., 2004).
Sulfate, methane and alkalinity concentration profiles are yet very similar to those found in sediments recovered
from for example, the slope off Namibia (Riedinger et al., 2006) with much higher TOC content than in the trench
sites (Figure S2 in Supporting Information S1). This indicates that the organic material in hadal trench sediments
is either more reactive (fast transport to great depth) or more accessible (redistribution by mass wasting) than
normal slope sediments which might contain a significant fraction of redeposited or pre-weathered material.
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Figure 6. (a) SMT depth versus water depth. Despite water depths of
>7.000 m, the SMT is no deeper than 10 mbsf at 7 of 10 sites in the trench

axes. Gray diamonds: global data compilation (Egger et al., 2018). (b) Rates
of diffusive SO,>-fluxes plotted versus the water depths of respective sites
(Japan Trench: @, Atacama Trench: O). In both hadal zones, the flux rates are
higher than on the flanks of the trenches or on the oceanward abyssal plain (a).
Sediment cores from flank sites in the Japan Trench (GeoB16442, 21810 and
21815) are different and show expected decreasing flux rates with increasing

water depth.

5.2. Importance of the Sedimentation Regime

The inconsistency of low TOC levels and high microbial activity in the
subsurface hadal sediment suggests that the unique sedimentation regime
in deep-sea trenches must have a significant impact on biogeochemical
processes below the seafloor. In contrast to regions with continuous, vertical
sedimentation from the productive surface ocean (e.g., as shown in Figure S2
in Supporting Information S1), mass wasting deposits accumulate frequently
in trench axes. The radiocarbon ages in the core GeoB22908-2(A10) indicate
that the deposition of the thick turbidite between 165 cmbsf and 280 cmbsf
may be triggered by the recently described 3.8 kyr old mega earthquake in the
region (Salazar et al., 2022).

Figure 5 shows a typical section from the Atacama Trench core
GeoB22908-2(A10) in detail. Based on the high-resolution density and
magnetic susceptibility profiles and two radiocarbon ages, hemipelagic,
“normal” sediments can be clearly identified sandwiched between two
turbidite layers. Also, the typical enrichments of manganese (and iron)
clearly indicate sudden changes in the geochemical environment as triggered
by massive changes in sedimentation conditions (McHugh et al., 2011, 2016;
Polonia et al., 2013; Figure 5c). The significantly lower TOC content and the
relatively higher C/N ratio of the redeposited sediment classify both sedi-
ment layers above and below as pre-aged and pre-degraded (Figure 5d; cf.
Wakeham, 2002). However, this does not mean that redeposited material can
always be characterized in this way. Bao et al. (2018) and Kioka, Schwest-
erman, Moernaut, Ikehara, Kanamatsu, McHugh, et al. (2019) show that
remobilized sediments need not be significantly older or poorer in TOC than
the hemipelagic sections. In sediment core GeoB16431-1 (Figures 1 and 2)
different sediment compositions occur with different turbidite layers. Ulti-
mately, the primary depositional site and the age of remobilized sediments
may determine their TOC content and its composition (cf. Schwestermann
et al., 2021). The presented section of core GeoB22908-2(A10) provide
such an example with significantly higher reactive organic carbon contents
in the intermediate hemipelagic sediments (Figure 5e). Overall the reac-
tivity of the deposited organic material correlates well with the age of the
material (Figure 7), but not necessarily with the sediment depth. Thus, the
two oldest samples in core GeoB22908-2(A10), which were taken from the
upper, massive turbidite layer displayed in Figure 5, show significantly lower
contents of reactive TOC components than samples with younger “C ages
from “normal,” hemipelagic sediments at depths of 122 and 533 cm (Table
S1 in Supporting Information S1).

From the age of the surface sediments at site GeoB22908/A10 (2.99 kyr; Xu
et al., 2021) and the age of the deepest dated sample in the corresponding
long core (8.03 kyr at 615 cm bsf; cf. Table S1 in Supporting Information S1)
a total sedimentation rate (SR) of 122 cm kyr~! may be estimated if all turbid-
ite layers are included in the sediment thickness. Incidentally, this rate is in
the same order of magnitude as published total SR in basins along the Japan
Trench (Ikehara et al., 2016). Based on AMS'C, from samples of a multi-
ple corer core recovered at the same site (uppermost 35 cm), Xu et al. (2021)
calculated a SR of 27 cm kyr~! for what appears to be predominantly hemi-

pelagic sediments. For comparison only, this near-surface estimate is only 3—4 times smaller than calculations on

the adjacent shelf (Muiloz et al., 2004), but more than 20 times higher than calculated for the surface sediments
at the nearby rise site GeoB22909/A9 (cf. Figure 1; Xu et al., 2021). The ratio of the various SRs (as well as
corresponding 2!°Pb__profile; pers. comm, Kazumasa Oguri) allows the assumption that the uppermost 6 m of

ZABEL ET AL.

90f 13

8519017 SLOLULLIOD A1) 3|edldde au) Ag pauseA0B a8 Safo1e WO ‘88N JO S3IN1 10y AReiq 1T BUIIUQ AB]IA LD (SUONIPLICD-PUE-SWLIBILI0D" A 1M Afeaq1 U1 IUO//SAIL) SUONIPLOD PUe SIS | 84} 89S *[2202/0T/2T] U0 ARiq1TauIIUO A8 |IM ‘UESO0 JO 311LBD ZHOYWRH ¥ Y INOTD 49H Ad 20S0T0092202/620T 0T/10p/wod" A 1m Akeiqipuljuo'sqndnbe//sdiy o1y papeojumoq 6 ‘220z ‘£202SZST



~u |
A\-"U Geochemistry, Geophysics, Geosystems 10.1029/2022GC010502
AND SPACE SCIENCE
Table 2 sediment at site GeoB22908/A 10 consist of about 80% redeposited, pre-aged
Diffusive Flux Rates (J) of Sulfate and Methane as Calculated From Pore and pre-degraded material. Despite all the known uncertainties in determin-
Water Profiles ing reliable age of marine sediments, this rough estimate indicates that sedi-
Water depth ~ Jg,, (mmol gz (mmol mentation dynamics in deep-sea trenches should be of great importance for
GeoB-No  Site T/R/A (m) m=2d-") m=2d-") the specific biogeochemical activity through out the deposited sediment.
Hepen Ml The rationale of this approach applied to site GeoB22908/A10 becomes even
16426-1 T 7,550 0.089 +0.009 0.017+£0.002  more obvious if available analytical data are used in a simple mass balance.
16431-1 T 7,542 0.099 + 0.010  0.030 + 0.003 On the basis of microelectrode measurements, Glud et al. (2021) determined
16433-1 T 7.525 0.132 + 0.013 0.024+0002 the in-situ penetration depth of oxygen as 3.1 cm and calculated a diffusive
16444-1 T 7.529 0.048 + 0.005  0.009 = 0.001 oxygen uptake (DOU) of 1.5 mM m~2d~!, considering an 8% fraction of
inorganic oxidation processes. Depending on the stoichiometry of oxic respi-
21804-2 T 8,025 0.065 + 0.007  0.002 =+ 0.000 . . . .
ration (CH,0:0, = 1:1; for Redfield organic matter = 1:0.77), this oxygen
AR T el e consumption corresponds to a microbially transformed amount of organic
16442-1 R 3,468 0.039 £ 0.004 = carbon of 14-18 mg C,,, m~2d~". Assuming a porosity of 85%, a dry bulk
21810-1 R 5,216 0.023 + 0.002 - density (DBD) of 0.41 g cm™ and an average TOC mass fraction of 1.5
21815-1 R 3,104 0.043 + 0.004 _ wt% (Xu et al., 2021), the oxic layer contains about 188 g C_, m~2 If the
Atacama Trench oxygen concentration profiles would represent steady-state conditions and
ST G - ) 0 e QT _ the oxic layer would have been accumulated in 111 years (3.1 cm O, penetra-
’ - tion depth/27 cm kyr~! SR), DOU would correspond to 563-732 g degraded
LT D) T R - - C,,, m~* during this time. Considering that 188 g C,,, m~* are available, the
22907-2 A2 T 7,898 0.021 £ 0.002 = estimated time period is by far too long. Alternatively, if we use the total
22908-2 Al0 T 7,743 0.148 + 0.015  0.008 =+ 0.001 SR (122 c¢m kyr~!) this would result in a principally possible quantity of
22009-1 A9 R 4,128 0.007 = 0.001 _ 128-167 g C,,, m~2. However, since only a fraction of TOC is microbially
22906.2 A7 A 5,532 0.000 + 0.000 B degradable, even the assumption of a 27-year passage through the oxic zone

Global average data (after Egger et al. (2018))

outer shelf
continental slope
continental rise

Abyss

seems too long. Therefore, the most obvious conclusion for bringing all exist-
ing data in line is that the time for oxidative degradation of organic material

AL 0230 B must have been significantly shorter.
200-2,000 0.078 - , , N
Our assessment, despite the assumption of steady-state conditions, strongly
2,000-3,500 0.007 = . .. . L.
suggests that the burial efficiency of organic material is key to the under-
>3,500 0.004 -

standing of the biogeochemistry in such systems. Mass deposition events of

Note. T: Trench; R: Continental Rise; A: Abyssal Plain.

C,-poor and less reactive sediment layers deprive previous, C, -rich surface
sediments of oxic degradation. Labile, microbially degradable components
are buried and become subject to subsequent processes of early diagenetic
succession, especially via sulfate reduction.

It becomes obvious that the bulk TOC content alone cannot be used as a proxy for the intensity of biogeochemical
processing in subseafloor sediments of trench systems, but that the age and source of the material is important for
the microbial driven diagenesis. Thus, the frequency and thickness of turbiditic deposits are of great importance
for resolving the mineralization and burial efficiency of organic material in hadal sediments.

Our assessment, despite the assumption of steady-state conditions, strongly suggests that the burial efficiency of
organic material is key to the understanding of the biogeochemistry in such systems.

6. Conclusions

Pore water data from subseafloor sediments at the Japan Trench and Atacama Trench reveal that high rates of
organic matter degradation processes are not restricted to shallow water depths or hadal surface layers. Despite
low to moderate levels of organic carbon content, diagenetic process rates at depths of several meters below the
seafloor are comparable with data and fluxes from much shallower, more productive oceanic regions. Our study
adds to insights on gained from surface sediments. The general correlation between mineralization rates, water
depth or TOC content does not apply in trench systems. While our findings may have a minor effect on global
estimates of organic carbon degradation rates they provide new insights into rapid mass-wasting driven burial of
reactive organic material and a depocenter function of deep-sea trenches. The sites investigated are characterized
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in the hemipelagic background sediments (H). Two samples could not clearly be categorized.

by phases of slow pelagic sedimentation alternating with mass-wasting events which fuel microbial turnover
processes at remarkably high rates.
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