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Continental margin sediments represent a major global sink of organic carbon (OC), and as
such exert a key control on Earth’s climate. Today, OC burial in marine sediments mainly
takes place under oxygen-rich water columns, where most OC is stabilized through
intimate association with sediment grains and biogenic minerals. In prior episodes of
Earth’s past, when large parts of the oceans were anoxic, the mode of sedimentary OC
burial must have been very different, however. Present-day analogues indicate that surface
sediments accumulating under low-oxygen water columns are often “soupy” in texture.
Moreover, most OC occurs in large (100–2,000 μm diameter) organic and organo-mineral
aggregates which, due to their low density, are prone to wave- and current-induced
resuspension. Upon mobilization, these aggregates can undergo lateral transport within
so-called nepheloid layers, and may be translocated hundreds of kilometres, and on
timescales of thousands of years. Little is known about processes of formation,
resuspension and hydrodynamic properties of these aggregates in oxygen-poor
waters, or which factors control their eventual breakdown or burial. The goal of this
study is to examine the drivers and biogeochemical consequences of this resuspension on
OC cycling in modern, oxygen-depleted, “Semi-Liquid Ocean Bottom” (SLOB) regions.
We argue that models of sediment and OM hydrodynamics and redistribution that
describe sedimentation processes in oxygenated ocean waters of the modern ocean
are a poor analogue for equivalent processes occurring under oxygen-deficient conditions.
In the latter, we hypothesize that 1) the abundance of low-density organic-rich particles
and aggregates leads to a greater propensity for sediment remobilization at low(er) shear
stress, and 2) upon resuspension into low-oxygen bottom waters, remobilized OMmay be
subject to less degradation (less attenuation) during lateral transport, leading to efficient
and widespread translocation to distal centres of deposition. We address specific aspects
of the SLOB hypothesis utilizing a combination of literature and new data, focussing on the
Benguela Upwelling Region as a model system.
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1 INTRODUCTION

Organic matter burial in marine sediments comprises an integral
component of the global carbon cycle and is of fundamental
importance in regulating the balance of CO2 and O2 in the
atmosphere on geological timescales (Berner, 2001; Mills et al.,
2019). Continental margins and other high productivity regions
are among the most prolific sites of burial despite the fact that
they only make up <20% of the whole ocean (Premuzic et al.,
1982; Hedges and Keil, 1995; Burdige, 2007; Arndt et al., 2013).
Organic matter preserved in these depositional environments on
geologic timescales also provides key insights into past oceanic
conditions.

Sinking particles derived from surface ocean biological
productivity are the main conveyor of organic matter and
nutrients to the sea floor, orchestrated by the “biological
pump” (Passow and De La Rocha, 2006; Honjo et al., 2008).
Collisions and interactions between organic and inorganic matter
in the surface ocean promote flocculation, and interparticle
attractive forces (e.g., polymer bridges), as well as biological
processing, facilitate the subsequent coagulation to larger
particles (e.g., faecal pellets and aggregates) (e.g., Israelachvili,
2011). These large particles promote export flux of organic
carbon due to their size and excess density compared to the
surrounding sea water (Armstrong et al., 2002; Klaas and Archer,
2002; Honjo et al., 2008). Still on the low-density spectrum,
however, these organic matter-rich sinking particles may
remain in stationary suspension in the benthic boundary layer
for protracted periods of time. Strong and variable bottom
currents, as well as storm-driven resuspension events, may
result in the development of bottom nepheloid layers—a near-
bed water body containing increased amounts of particulate
material (Jahnke, 2009; McCave, 2009). These may extend
several hundred meters above the sea floor (McCave, 2009)
and repeated internal resuspension-deposition cycles result in
widespread lateral transport and sediment redistribution. These
hydrodynamic processes, along with occlusion in biominerals,
close association with detrital mineral phases and the seclusion
from oxic conditions within the microenvironment of the
aggregate, result in preferential transport of fine-grained
minerals, frequently resulting in corresponding deposits of
fine-grained minerals and associated organic carbon on upper
continental slopes (Keil et al., 1994b; Ransom et al., 1998;
Francois et al., 2002; Ingalls et al., 2004; Iversen and Ploug, 2010).

Under oceanographic settings that are characterized by high
primary productivity (e.g., upwelling regions, riverine nutrient
inputs) and/or restricted water circulation (e.g., water column
stratification, semi-enclosed basins), high rates of aerobic organic
matter degradation in the water column may lead to pronounced
oxygen depletion in bottom waters, promoting organic matter
accumulation on the sea floor. Such locations often exhibit a
pronounced fuzzy sediment-water interface and a soupy
sediment texture owing to the accumulation of low-density
and organic matter-rich aggregates in “fluff” or “flocc” layers
(e.g., Beier et al., 1991). Such material has a greater propensity for
resuspension, and lateral transport of these particles may
promote redistribution and formation of local hotspots of

sedimentary carbon (Bianchi et al., 2018). The quality and
quantity of OC preserved in these hotspots is directly related
to the duration of exposure to molecular oxygen during transport
and deposition—the oxygen exposure time (OET) (Arnarson and
Keil, 2007; e.g., Hartnett et al., 1998; Keil et al., 2004). Thus,
whether particulate organic matter is exported from the surface
ocean to oxygen-rich or oxygen-depleted bottom waters may
influence the degradation rate and burial location of organic
matter in continental margin sediments.

While organic matter preservation and dynamics under
anoxic conditions have been the subject of numerous
investigations, the impact of organic carbon quantity and type
on sediment hydrodynamic properties has been largely
unstudied. Here, we argue that these processes should be
considered in order to better understand the sedimentological
drivers of organic carbon burial in the ocean. Low oxygen settings
are spatially restricted in the modern ocean (Moffitt et al., 2015),
but such conditions were much more prevalent earlier in Earth’s
history (e.g., Schlanger and Jenkyns, 1976; Jenkyns, 2010), and
will assume greater significance with on-going ocean
deoxygenation (Keeling et al., 2010; Breitburg et al., 2018;
Oschlies et al., 2018). Hence, these questions may take on
greater relevance with respect to carbon burial on continental
margins and in the deep ocean in the past and future.

In this paper, we merge published insights with new
observations on the Benguela Upwelling System to present a
conceptual framework for understanding the fate of sedimentary
organic carbon in oxygen-depleted continental margin
environments. Based on this model system, we discuss the
properties of soupy, “Semi-Liquid Ocean Bottom” (SLOB)
sediments and their broader-scale effects on organic matter
distribution and burial in the ocean. In this context, we
discuss the importance of hydrodynamic factors in controlling
organic carbon transport and burial today, and for the
interpretation of past paleoceanographic conditions based on
sedimentary records. Such conditions may affect how we
understand past and future ocean carbon storage capacity,
considering the projected global warming and spread in
oxygen minimum zones.

1.1 Study Site
The surface sediment cores measured for this study were
recovered in five separate sampling trips to the Benguela
Upwelling System (BUS) in 2014–2017 and 2019. Sampling
focused on a series of cross-margin transects at 20, 23 and
25–26°S that included locations of high sedimentary organic
carbon content (Figure 1). The BUS lies along offshore
Namibia on the south-western margin of Africa and is
characterized by localized seasonal cells of coastal upwelling
that cause intense primary production, the spread of low-
oxygen bottom waters and a high rate of OC burial (Nelson
and Hutchings, 1983; Barlow et al., 2009; Junker et al., 2017). Two
large oceanic currents define the BUS, namely the warm
southward-directed Angola undercurrent and the cold
northward-flowing Benguela surface current (Shannon et al.,
1996). They roughly follow the main shelf break where an
alongshore thermal front defines the extent of the upwelling
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cells (Summerhayes et al., 1995; Fennel, 1999; Skogen, 1999).
They also play a key role in the formation of oxygen minimum
zones (OMZs) depending on seasonal fluctuations in current
intensity (Mohrholz et al., 2008).

The upwelled nutrient-rich water leads to high productivity in the
coastal surface ocean and high vertical export of freshly produced,
labile OM to the lower water column and underlying sediments.
Remineralization by aerobic organoheterotrophs consumes the
oxygen in the water column and creates an OMZ (<0.5 ml L−1

O2) that extends along and over the shelf (Lahajnar et al., 2014;
Levin, 2003), across the two shelf breaks that mark the inner
(50–150m water depth) and outer shelf (300m water depth).
The inner shelf is characterized by a diatomic mud belt, with
high OM preservation and burial, and sedimentary OC contents

as high as 20 wt% (Inthorn et al., 2006b; Lass and Mohrholz, 2005;
Mohrholz et al., 2008); Figure 1). Most effective deposition focuses
on three along-shore belts on the continental margin and a large
offshore depocenter at 25–26°S (800–2000m water depth) (Inthorn
et al., 2006b; Van Der Plas et al., 2007). Seasonal stratification, high
sedimentation rates coupled with low water column oxygen
concentrations (episodically <0.1 ml L−1 O2) (Levin, 2003; Arning
et al., 2008) in the bottom water layers, and relatively low cross-shelf
current velocities offshore (0.04–0.06 m s−1) support efficient OM
burial (Bailey, 1991; Mollenhauer et al., 2004; Mohrholz et al., 2014),
while tides, coastal currents, and upwelling influence particle
resuspension and control sediment redistribution patterns (Lass
and Mohrholz, 2005; Monteiro et al., 2005; Inthorn et al., 2006b;
Junker et al., 2019).

FIGURE 1 | Overview of study area (large right panel), including the three BUS upwelling cells that were studied boxes (A–C). Black symbols refer to MOSAIC
database stations (Van Der Voort et al., 2021). Stations shown as white circles were analysed in this study. On the shelf, two large currents confine the BUS: an
undercurrent from the north (nutrient-poor, oxygen-rich) and a surface current from the Angola Gyre (nutrient-rich, oxygen-poor) (modified from NCEI—National Centers
for Environmental Information, 2016). Ocean colour (NPP, 4 km resolution) shows the typical distribution of high productivity inshore (NASA, 2018) and thus
highlights the major upwelling zones. Total organic carbon (TOC; left panels) is focused in belts along the coast and is additionally transported to and concentrates in
depositional centres (“depocenters”) offshore the major upwelling cells (D). The highest TOC values are present in muddy depocenters 20 and 50 nm offshore Walvis
Bay (B) and Lüderitz (C), respectively (data from Inthorn et al., 2006b). Bottom water oxygen concentrations are low across the shelf and reach minimal values on the
platform between 50 and 100 m water depth (e.g., Lavik et al., 2009).
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2 METHODS

Sediment cores were retrieved by multicorer (MC-400 Hedrick/
Marrs) and were sectioned every 1 cm and frozen in plastic
sample bags at −20°C aboard ship. Upon return to the
laboratory, the top 5 cm were freeze-dried. After cleaning the
utensils with distilled water and polar and apolar organic solvents,
the samples were homogenized and combined to yield a 0–5 cm
composite surface sediment sample for bulk measurements
(TOC, 14C), grain size fractionation, and density fractionation.
The 5 cm cut-off was chosen to account for the variable thickness
of the floc layer (often >3 cm from the top), and to ensure sample
amounts sufficient for the subsequent analyses.

2.1 Density and Grain Size Fractionation
Granulometric analyses were performed to assess the impact of
sedimentological parameters on the geochemical distribution
patterns on the Namibian shelf, as OC commonly associates
with small grain size fractions and resides in low-density
particulate matter (e.g., Arnarson and Keil, 2001; Wakeham
et al., 2009; Ausín et al., 2021). Three separate sodium
polytungstate (SPT-0, NaW; TC-Tungsten Compounds,
Germany) heavy liquid solutions were produced to separate
the top 5 cm composite samples into four density fraction
ranges, i.e., ≤1.6, 1.6–2.0, 2.0–2.5, and >2.5 g cm−3 (Wakeham
et al., 2009; Cui et al., 2016). These were obtained by weighing
~15 g of dried, powdered sediment and vortex mixing with the
lowest density solution. Centrifugation for 20 min at 1,600 rpm
separated the dense particles from the floating supernatant, which
was recovered. The residue was then admixed with the next
(higher) density solution and the process was repeated. Each
supernatant was filtered (polyethersulfone, 0.2 μm Millipore
filters) with Milli-Q type 1 water to remove the remaining
salts in each fraction. Finally, the sediment was frozen, freeze-
dried and weighed.

Seven grain size fractions (>250, 250–200, 200–125, 125–63,
63–10, 10–2, 2–0.2 μm) were produced by a combined wet
sieving-centrifuging-filtering approach on separate aliquots of
the same composite sediment samples using Milli-Q type 1 water.
Aliquots of ~15 g of dried, powdered sediment were weighed and,
if necessary, clumps formed during storage and preparation were
mechanically broken but no ultrasonication was applied to
prevent disruption of fragile aggregates. The sand fractions
collected on the sieves (up to and including >63 μm) were
frozen, freeze-dried, and stored for further use. The material
passing through the 63 μm sieve was collected and centrifuged
until the supernatant was clean [160 RCF (g), 4 min] in order to
separate the clay (0–2 μm) from the silt-sized residual (63–2 μm).
The coarse and fine silt fractions were then separated using
settling columns at 20°C (Gibbs et al., 1971; Ausín et al.,
2021). The clay fraction was filtered (polyethersulfone, 0.2 μm
Millipore filters) prior to freezing and storage. All fractions were
then freeze-dried and weighed for subsequent analyses.

The purity of each grain size fraction was assessed by
performing grain size analysis on the fractions (pre- and post-
organic matter removal) using a Malvern Mastersizer 2000 laser-
diffraction instrument at the Geological Institute, ETH Zürich. If

necessary, shells >2 mm were picked out prior to analysis
(McCave et al., 1995; Bao et al., 2019a).

2.2 Surface Area Measurement
Mineral surface area measurements are used to assess the
degree of organic matter-mineral associations and OC
loadings on mineral surfaces. A representative aliquot of the
bulk sediment sample was heated at 350°C for 12 h and
degassed under vacuum at 350°C for 12 h on a
Quantachrome FLOVAC degasser to remove organic matter
and any bound water, respectively, prior to surface area
measurements on a BET Nova4000e using nitrogen. Subject
to availability, between 0.31 and 1.2 g (dry wt.) sediment was
used, and 5-point N2 adsorption isotherms were measured. To
ensure reproducibility and repeatability, the reported values
are averages of at least three separate measurements with
external standards (σ from 0.0079 to 0.6724,
Supplementary Table S4). The high and low surface area
standards consist of 82% Aluminium oxide and 18% Silicon
(IV) oxide in white pellets (27.46 m2 g−1, 95% reproducibility ±
3.6 m2 g−1) and Alumina in white powder form (2.85 m2 g−1,
95% reproducibility ± 0.20 m2 g−1), respectively.

2.3 Bulk and Fraction-Specific Elemental
and 14C Measurement
Prior to measurements of the content and isotopic composition of
organic carbon, aliquots (10–20 mg) of bulk sediment, and
corresponding grain size and density fractions from each
sample were fumigated to remove inorganic carbon with
concentrated HCl (37%, 72 h) and subsequently dried over
NaOH pellets for 72 h at 70°C. Bulk and fraction-specific
radiocarbon measurements (14C/12C) were performed using an
elemental analyzer (Vario Micro Cube Elementar, Germany)
interfaced to a MICADAS Mini Carbon Dating Accelerator
Mass Spectrometry system at the Laboratory of Ion Beam
Physics, ETH Zürich (Synal et al., 2007; Welte et al., 2018).
The results are reported in F14C without rounding to avoid
artificially produced age offsets and errors.

The results are reported in units of F14C following Reimer et al.
(2004). The standard deviations of the reported values are better
than 10‰ of relative error and the background had values of
0.005 F14C.

2.4 Database Query
To supplement the local measurements from the Namibian
margin and develop a global scale perspective, a query of the
relevant parameters in well-established databases (Pangaea,
NOAA, GSA Repository, MOSAIC) resulted in a local dataset
of 17 stations containing distance from shore (Supplementary
File S1), a global dataset of 176 stations with grain size-specific
TOC (%) and F14C (Supplementary File S2), a global dataset
of 20 stations with density fraction-specific TOC (%)
(Supplementary File S3), and a global dataset of 617
stations with TOC (%) and surface area (g m−2)
(Supplementary File S4). The full references to the datasets
are listed with the data.
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3 RESULTS AND DISCUSSION

In the next sections, we briefly revisit prevailing concepts of
sediment resuspension and redistribution, in the context of new

observations from the Benguela margin. We then propose a new
paradigm for sediment deposition, resuspension, redistribution,
and burial under low oxygen conditions.

3.1 Ageing Trends Across the Namibian
Shelf
Overall, the bulk OC 14C values reveal a pronounced ageing trend
(i.e., decrease in F14C values) in organic matter from nearshore,
shallower stations to offshore and deeper stations (Figure 2). The
oldest 14C age (F14C, 0.718) is observed 80 nautical miles (nm)
offshore, while the youngest 14C age (F14C, 1.021) is 10 nm
offshore at 23°S. However, there is no clear correlation
between OC (%) and F14C in the bulk surface sediments as
both modern and old ages are observed at locations with high
concentrations (i.e., >6%) of sedimentary OC. Within grain size
fractions, oldest ages (lowest F14C values) are observed at 23°S, 50
and 60 nm, just beyond the inshore belt of high OC (wt%). The
age relationship between the grain size fractions changes with
distance to shore as sand fractions become older than silt and clay
offshore (Figure 3). Within density fractions, the oldest 14C ages
are observed in offshore stations and low- and intermediate-
density fractions at 20 and 23°S, while youngest ages are reported
in intermediate and high-density fractions (Figure 4).

A key observation is that organic matter ages in bulk sediment
as well as within granulometric fractions increase from inshore to
offshore (Figures 2, 3, 4). Potential causes for this increase in OC
14C ages include increased vertical mixing (bioturbation) that
entrains older OC from deeper sediment layers or the addition of
fossil or pre-aged carbon. Bottom waters on the Namibian
inshore shelf (<200 m depth) are largely sub-oxic or anoxic
(i.e., O2 <2–3 mg O2 L−1; Diaz, 2016; Mohrholz et al., 2008;
Monteiro et al., 2006), which limits bioturbation by infauna and

FIGURE 2 | OC age (expressed as F14C) illustrates the trend of
increasing organic carbon age and decreasing organic carbon content with
increasing distance to shore and water depth across the shelf. The interval
between 100 and 200 nm contains mostly stations from the depocenter
at Lüderitz and down-slope stations (data mostly from Mollenhauer et al.,
2003), while stations at the shelf depocenter (60–90 nm) report young OC
ages. A clustering effect caused by sampling choice and lab procedure may
not be excluded.

FIGURE 3 | Grain size-specific F14C data from the Namibian Shelf from
inshore to offshore at (A) 20°S and (B) 23°S. Inshore stations are generally
characterised by younger ages, while sandy grain size fractions contain old
organic carbon in the offshore stations. This trend mirrors the offshore
ageing trend in the bulk sediment.

FIGURE 4 | F14C values in density fractions, coloured according to
distance from shore (nm), symbol type according to shore-perpendicular
transect. Density fraction-specific radiocarbon data from the Namibian Shelf
reveals older organic carbon in southern and offshore stations (23060),
whereas inshore stations tend to be modern (e.g., 20002 & 23010).
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results in negligible sediment mixing (Lagostina, 2019; Sanders,
1968). Moreover, the modern sedimentation rates inshore and
over the offshore depocenters are reported to range from
50–150 cm kyr−1 to 5–50 cm yr−1, respectively (Mollenhauer
et al., 2002). On longer timescales, sedimentation rates at 25°S
and 1992 m water depth (ODP Site 1084) are uniformly high
values, reaching up to 20 cm kyr−1 during the Quaternary (Berger
et al., 2002; Lazarus et al., 2006). Hence, the 5 cm composite
sediment depth samples roughly correspond to 250 years of
deposition and vertical mixing of these sediments is not
sufficient to explain F14C values as low as 0.7 (Figure 2).
Instead, these low F14C values imply inputs of old carbon that
has been laterally transported to this location. The major water
flow direction on the shelf is north-south, controlled by the
Benguela Current and the Angola undercurrent (Figure 1),
neither of which is influenced by a large proximal riverine
input. In addition, the BUS is dominated by marine
productivity [δ13C values −19.7–22.3‰ (Robinson et al.,
2002), C:N 6.6-14 (Neumann et al., 2016)], and the adjacent
arid landscape of inland Namibia and northern South Africa does
not allow for significant land-based plant or soil contributions.
While eolian inputs of potentially old OC are possible, these
would be most important on a mineralogical level at the proximal
(coastal) stations and not the offshore depocenters. Excluding the
supply of pre-aged terrestrial organic matter, and consistent with
prior interpretations (Inthorn, 2006; Mollenhauer et al., 2003,
2007), we attribute the cause of the observed old ages (low F14C
values) of OC in BUS surficial sediments in the offshore
depocenters to the advection of pre-aged marine organic
carbon derived from sediment redistribution processes.

3.1.1 The Role of Oxygen onOrganic Carbon Transport
in an Oxygen-Deficient Water Column
The timescale of exposure to dissolved oxygen and aerobic
decomposition during transport and deposition is considered
one of the key controls on sedimentary organic matter
preservation (Hartnett et al., 1998; Keil et al., 2004). Given
that particulate organic matter arriving at the seafloor is prone
to resuspension and lateral redistribution, the degree of oxygen
exposure depends not only on the amount of time OM resides in
the oxygenated sedimentary (mixed) layer but also on the time it
is exposed to oxygen during sediment transport (Keil et al.,
1994b). The cumulative oxygen exposure is hypothesized to
counterbalance physical protection on millennial timescales,
and thus represents an ultimate control on organic matter
burial (Hedges and Keil, 1995; Hartnett et al., 1998; Hedges
et al., 1999; Keil et al., 2004; Arnarson and Keil, 2007). High
OET typically results in the intense degradation of labile organic
matter and an accumulation of refractory organic compounds in
the residual carbon pool (Middelburg, 1989; Hedges et al., 1999;
Hwang et al., 2011). Under these conditions, most of the residual
organic matter is present in microaggregates and closely
associated with fine-grained mineral surfaces (Hedges et al.,
1999; Mayer et al., 2004; Arnarson and Keil, 2007; Saidy et al.,
2013).

In contrast, a clear shift in OM-mineral associations and
sediment fabric toward large, low-density organic matter-rich

particulates can be observed under low oxygen concentrations or
short OET (Arnarson and Keil, 2007). Their formation requires
measured water movement to cause collisions between the
microaggregates but these particles would rapidly disassociate
in high-energy conditions or due to mineralisation under
protracted O2 exposure. Still, they may persist over much
longer time scales under low-oxygen conditions by continuous
rebuilding in a dynamic environment characterised by constant
interaction between the suspended or temporarily deposited
particles. For example, in the BUS with widespread low-
oxygen bottom water, we find an abundance of intact but
fragile aggregates of old age in the fluffy surface sediment
(e.g., F14C ~0.7) from the slope depocenter, a tell-tale sign of
short OET but protracted resuspension-deposition cycles in a
weak bottom current system. Their abundance even in sediments
underlying oxygenated waters suggests that they are susceptible to
mobilization and remain stable during transport, likely because
the excess density of organic matter relative to seawater is smaller
than that of mineral grains, typically approaching between 1.6
and 2.5 g cm−3 (Richardson and Gardner, 1985; Wakeham et al.,
2009). Therefore, the loadings of organic carbon and its influence
on the sediment fabric, which in turn is ultimately controlled by
the degree of oxygen exposure, appears to be a key controlling
factor in how natural sediment responds to shear stress.

For organic matter associated with fine-grained, high-surface-
area minerals, OM redistribution is controlled by the
hydrodynamic properties of the sedimentary matrix
(Wakeham et al., 2009; Bao et al., 2016; Cui et al., 2016), and
protracted lateral transport via entrainment in repeated
resuspension-deposition loops can result in preferential
transport and deposition according to grain size or density
(Arnarson and Keil, 2007; Wakeham et al., 2009; Zonneveld
et al., 2010; Bao et al., 2016; Wakeham and Canuel, 2016). Over
long time-scales, this redistribution and winnowing of fine
particles will form hotspots of sorted sediment, where specific
(pre-aged) organic compounds accumulate, driven by their
preferential association with the mineral grains (Kusch et al.,
2010; McCave et al., 2017; Ausín et al., 2022). More importantly,
however, the different pre-depositional histories of the
translocated organic matter will result in age offsets between
the constituents of the same sedimentary layer (Ohkouchi, 2002;
Mollenhauer et al., 2005; Kusch et al., 2010; Ausín et al., 2019,
2022).

Transport-induced OM age increases may be a consequence of
two factors: the timescale of lateral transport, or the selective
preservation of refractory, pre-aged organic matter at the expense
of fresh (young) labile organic matter (Bao et al., 2016). Both
factors would be expected to play a prominent role in OM
transiting or traversing oxygenated water columns, and thus
should be considered in the assessment of the 14C ages of
sedimentary OM constituents. However, in oxygen-depleted
settings such as the Namibian margin, the lower rates of
remineralisation allow for a substantial quantity of OC to
accumulate in underlying sediments, even after it was
subjected to repeated and extensive lateral transport. These
transport pathways may exceed >100 nm (>180 km), a fact
which is reflected in decreasing F14C ages (increasing age) to
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the offshore (Figure 2) while OC concentrations remain high.
Although a trend to preferential degradation of fresh organic
matter is supported by observations of pre-aged biomarkers
(Mollenhauer et al., 2008) and sedimentary amino acid
compositions (Nagel et al., 2016), an overall larger quantity
and more heterogeneous mixture of OM reaches the offshore
depocenters (Burdige, 2007; Abshire et al., 2020; LaRowe et al.,
2020). These depocenters provide insights into the complex
ageing processes at play during transport and burial under
low-oxygen conditions. Moreover, the accumulation of OC-
rich sediments offshore challenges prevailing views of
sedimentological processes that have been shaped by studies of
the (oxygenated) modern ocean.

3.2 Mineral Surface Area and Organic
Carbon-Mineral Interactions on the
Namibian Shelf
Bulk sediment organic carbon contents (OC%) are highest
between 10 and 20 nm offshore (>8%), and generally decrease
with increasing distance from shore and with increasing water
depth. The 25 and 26°S transects, however, are a notable
exception, where a large depocenter of OC-replete sediments
lies on the upper slope, 70–90 nm offshore (Figure 2). It is
therefore evident that organic matter accumulates both close
to the shore and offshore, with a break at intermediate
distances. The distribution of OC among grain size fractions is
variable. The stations at 20°S indicate that mid-shelf sediments
exhibit relatively uniform % OC values for all grain size fractions,

while the %OC values at the inshore (2 nm) and offshore (60 nm)
stations are lower in the fine sand to silt grain size fractions. At 23
and 25°S, values remain uniformly high (Supplementary Figure
S2). OC contents of density fractions are highest in samples with
high proportions of lower (≤1.6 g cm−3) and intermediate
(1.6–2.0 g cm−3) density fractions. Even though these fractions
are gravimetrically less abundant, their high OC concentrations
control the bulk organic carbon content. It should be borne in
mind, however, that loss of organic matter during the
fractionation procedure cannot be precluded as an influence
on observations.

The normalization of OC with surface area allows predictions
about the OC preservation capacity of an environment (e.g., Blair
and Aller, 2012). Corresponding organic carbon “loadings” in
Namibian margin sediments expressed as OC contents per unit
mineral surface area (OC/SA), are >1 mg OCm−2 (Figure 5) with
the highest values in sediments between 2 and 20 nm from shore.
This contrasts with values for continental shelf and slope
sediments deposited under oxygenated water columns that
generally fall in the range of 0.4–1 mg OC m−2 (Figure 5)
(Bergamaschi et al., 1997; Bianchi et al., 2018; Keil et al.,
1994a; Mayer, 1994; Ransom et al., 1998). Alternatively, high
OC/SA ratios can reflect the presence of mineral-free OM
particles, or OM-rich aggregates with embedded mineral
grains, a fact that is supported by the presence of coarse-
grained sediment fractions with high OC (%) contents,
particularly in the inner-shelf locations (Figure 6).
Irrespective, the high relative proportions of low-density
fractions in the OC-rich Namibian margin sediments provide
evidence for the abundance of sedimentary particles replete in
organic matter and OC loadings exceeding that which can be
supported through close mineral associations, hence forming
secondary or even tertiary zones on the inner layer of organic
matter (Figure 7) (Bock and Mayer, 2000; Sollins et al., 2006;
Arnarson and Keil, 2007; Kleber et al., 2007). That outer-layer
OM may be subject to greater exchange with the surrounding
solution (Sollins et al., 2006; Kleber et al., 2007), and easier to
access by microbes and their hydrolytic enzymes (Ransom et al.,
1998; Mayer et al., 2004; Burdige, 2007; Bianchi et al., 2018).

Taken together, the above information reveals that Namibian
margin sediments are rich in organic matter, and that much of
this organic matter occurs as discrete fragments or comprises
organic-rich aggregates, rather than existing in close association
with fine-grained mineral surfaces. Moreover, the persistence of
high OC contents and OC/SA ratios in offshore depocenters
suggests that these sediment properties are widespread within the
BUS. These characteristics have been observed in sediments
deposited in other oxygen-deficient settings on continental
margins (Arnarson & Keil, 2007; Bianchi et al., 2007;
Wakeham and Canuel, 2016).

3.3 Hydrodynamic Controls on Sedimentary
Organic Carbon Distribution
The hydrodynamic properties of a sediment are not directly
influenced by oxygen concentration in the water column, but
indirectly, as it controls OC preservation. Organic matter coating

FIGURE 5 | Comparison of typical OC/SA of marine stations with
Namibian shelf samples (this study). The high values of OC (wt%) make the
Namibian shelf a prime location for studies on the effects of OC accumulation
(Van Der Voort et al., 2021; primary references in Supplementary
File S4).
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on mineral grains destabilizes the surface sediment, as the low-
density OM-rich particles remain suspended in a stationary
nepheloid layer with a lower threshold of motion, thus
increasing porosity (Moore and Keller, 1984) (Supplementary
Figure S1). The diverse modes of association of organic matter
with mineral surfaces—sorption, aggregation, and loose
contact—depend on prevailing conditions (e.g., surface ocean
productivity, dissolved oxygen concentrations, the availability
and type of mineral surface area, current strength) and
contribute directly to the propensity for resuspension of the
sediment. When sedimentary organic matter is exposed to
oxic degradation, low-density fractions become relatively
scarce or ephemeral in nature and the loosely bound organic

matter is remineralised rapidly. Hence, the residual organic
matter is predominantly associated with the small, high-
density mineral grains that follow well-known sedimentary
motion criteria. In oxygen-poor conditions, the sediment
remains enriched in the low-density aggregates that can carry
the associated OC to locations of low energy (depocenters), thus
contributing to a characteristic distribution—fine grain sizes
offshore or in shielded locations together with low-density
fractions coupled to high OC concentrations while shelf breaks
and inshore stations are characterised by larger grain sizes.
Consequently, organic carbon accumulation in oxygen-
deficient conditions may result in different sedimentary
dynamics than under oxygenated water columns.

FIGURE 6 | Digital microscope and scanning electron microscopy (SEM) imagery of (A) an OC-rich aggregate, (B) organic carbon coating a mineral grain, and (C)
SEM imagery of simultaneously occurring pure mineral grains and OM-rich particles from stations offshore 23°S. The organic matter visually coats the grains and
associates with pores and other uneven surface structures.

FIGURE 7 |Compilation of literature data along with Namibianmargin density fractions (this study). (A) Stations from different continental margins plotted according
to OC (wt%) per density fraction, coloured for location, with symbol size adjusted for bulk OC content (%). (B) The same stations plotted according tomass (g) per density
fraction, coloured for location. Low-density fractions remain important to the organic carbon concentration in the bulk sediment—even in small quantities (Add., Arnarson
and Keil, 2001, 2007; Cui et al., 2016; Schreiner et al., 2013; Wakeham et al., 2009; Wakeham and Canuel, 2016).
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On the Namibian margin, OC distribution follows sediment
properties to form nearshore and offshore depocenters (23 and 25°S)
where intermediate and low-density particles are abundant in
surface sediments as well as fine grain size fractions (Figure 8).
Since the depocenters are not directly linked to any of the seasonal
surface productivity cells, their creation and preservation requires
efficient, protracted lateral transport—made possible by nepheloid
layer transport of low-density, OC-rich aggregates. Another feature
illustrating the prevalence of lateral transport caused by alongshore
currents and their offshore deflection are the distinct sedimentation
bands parallel to the shelf break and coast (e.g., a diatomaceousmud-
belt in low-energy water depths) (Bremner, 1983; Monteiro et al.,
2005). The formation of differential energy regimes due to the
interaction of the shelf topography, the internal tides and waves,
and the alongshore trade wind stress resulting in the coastal
upwelling gives rise to a lower overall grain size at 20 nm
offshore and a sharp increase in grain size to the offshore
stations, where the turbulent wave energy at the shelf break
resuspends small grain sizes and low-density particulate matter
into nepheloid layers for lateral redistribution over the slope.

The hydrodynamic controls acting on the Namibian Shelf may
apply to other low-oxygen shelf settings dominated by organic

matter input from surface ocean productivity, where grain size is
limited to clay-silt fractions and only limited terrestrial input is
recorded. However, settings where terrestrial organic matter
represents a significant part of sedimentary OC such as in
river deltas and estuaries often contain sandy, nearshore
sediments with high concentrations of fresh, plant debris (e.g.,
lignin-rich wood, leaves; Bianchi et al., 2007; Wakeham and
Canuel, 2016). On their own, these low-density particles may
behave similarly to the large organic aggregates found on the
Namibian shelf when subjected to shear stress, but there is very
little information present about interparticle interaction of
either—cohesion forces are of minor importance in this grain
size spectrum (Passow and De La Rocha, 2006; e.g., Simon et al.,
2002). However, since aggregates exist in a dynamic state
(i.e., they break apart, are reassembled and restructured
constantly) whereas individual woody particles remain more
or less intact due to their coarser, more rigid structure, it
remains an open question if a direct comparison is possible.
The presence of the low-density woody materials near-shore
raises the possibility that grain size overrides particle density
when it comes to controlling particle hydrodynamic properties
even at the low-density spectrum (cf., Thomsen and Gust, 2000).

FIGURE 8 | (A) Grain size and (B) density fraction distribution on the Namibian shelf along three shore-perpendicular lines from inshore to offshore (in nautical
miles), colour-coded for grain size fractions and density fractions, respectively. (A) The sediment is distributed evenly over the shelf with highest bulk sediment sizes
offshore 23°S between 50 and 60 nm and inshore 25°S at 5 nm distance from shore. At the inshore and offshore depocenters (23°S 20 and 25°S 80 nm), mostly silty
surface sediment is deposited. (B) Density fraction distribution of the same samples is variable, with a notable increase in low-density fractions offshore 20°S and
25°S, while 23°S, the lowest density fraction remains at ~40% of the total sample.
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3.3.1 Perspectives on Sediment Resuspension and
Transport
Lateral sediment transport results from a sequence of resuspension
and resedimentation processes, the duration and scale of which
depends on the transport agent and a range of other external factors
including gravity and friction effects, as well as sediment-intrinsic
properties (Miller et al., 1977; Cheel, 2005; Southard, 2006; Righetti
and Lucarelli, 2007). The transport of sediment in a fluid is often
described as a two-phase flowunder turbulent or laminar conditions,
whose onset ofmotion depends on the properties of the fluid and the
sediment, including physicochemical interactions between
individual grains that result in viscous boundary layers (Thomsen
and Gust, 2000; Black et al., 2002; Kleeberg and Herzog, 2014).
Recent studies refine the physical concepts of sediment transport by
focusing on the influence of biological activity on sediment
cohesiveness and stability (Gerbersdorf et al., 2008; Tolhurst
et al., 2008; Lubarsky et al., 2010; Righetti and Lucarelli, 2010;
Fang et al., 2014; Chen et al., 2017c).

Several approaches exist to determine the critical shear stress
for incipient motion of non-cohesive sediments. The Shields
curve, which represents the probably most well-known
entrainment criterion (Shields, 1936) (Figure 9), predicts the
conditions under which sediment starts to move using the
dimensionless Shields parameter and the particle Reynolds
number. Modifications of the initial curve resulted in the
extended Shields diagram, a graphical reproduction of the
curve, and also considered the influence of bulk density
(Mantz, 1977; Miller et al., 1977; Yalin and Karahan, 1979;
Israelachvili, 2011). More recently, research has focused on
empirical equations that describe the threshold shear stress of
sediment movement (Dey, 1999; Miederma, 2010; le Roux, 1991;
Soulsby, 1998), as well as recognized importance of biological

activity on both sediment stabilization and sediment motion
patterns (Tolhurst et al., 2002; Gerbersdorf et al., 2008; Fang
et al., 2014; Chen et al., 2017b). Still, the parametrisation and
dynamics of cohesive sediments remain a challenge (Mehta, 1988;
Berlamont et al., 1993; Yang et al., 2014) and studies that quantify
critical shear stress for organic-rich particles and aggregates
remain rare (i.e., Beaulieu, 2003; Dzuy and Boger, 1983;
Fettweis and Baeye, 2015; Fisher et al., 1983). Most
approaches have thus far been based on studies of mineral-
dominated sediments in shallow coastal settings or riverine
and estuarine environments.

According to hydrodynamic principles, coarse (“sortable”) silt
and fine sand grain size fractions are the most susceptible to
resuspension as their threshold of motion under a given shear
stress is relatively low (Shields, 1936; Yalin and Karahan, 1979;
Unsöld, 1984). Above this size range, shear stresses required to
mobilize coarse-grained sediments are only achieved in highly
energetic environments (e.g., wave-influenced settings) (Green,
2016; de Vries et al., 2020), and at lower grain sizes (especially for
clay-sized particles), cohesive forces limit the propensity for
resuspension (Teisson et al., 1993; Black et al., 2002).
Interacting with the grain size control is the overall particle
density, a parameter often standardized by using pure mineral
samples. However, particles of lower density (e.g., organic matter
fragments and organic-rich aggregates) do not necessarily follow
the same general rules (Ward, 1969; Fisher et al., 1979; Beheshti
and Ataie-Ashtiani, 2008; Righetti and Lucarelli, 2010). High
proportions of organic matter-replete particles and aggregates
accumulating at the seafloor under low-oxygen bottom water
conditions likely influence how the sediment reacts to shear stress
given the influence of density on sediment resuspension (Stokes’
Law). Specifically, sediment enriched in organic matter may lower

FIGURE 9 |Conceptualised Shields diagrammodified fromMiller et al. (1977) and Thomsen andGust (2000) showing bed shear stress (τ0) and the Shields criterion
(θt) as a function of particle diameter (D50). In green, experiments are reported with low grain densities (ρS = 1.54 g cm−3), in black, Unsöld’s (1984) modification of
Shields’ diagram with uncertainty limits (Miller et al., 1977). Both fluid and grain density variation results in a measurable difference in the threshold of motion, with pure
quartz grains showing the onset of the particle cohesion effect at ~30 μm. None of the experiments deal with the effects of organic matter on sediment cohesion
and critical shear stress.

Frontiers in Earth Science | www.frontiersin.org May 2022 | Volume 10 | Article 88639510

Bruni et al. Hydrodynamic Processes in Low-Oxygen Conditions

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


the sediment threshold of motion and facilitate lateral transport,
implying that hydrodynamic processes in oxygen-depleted
marine settings may be more active than previously
considered—potentially resulting in widespread sediment
dispersal and the formation of both local and distal depocenters.

Benthic biological activity also influences sediment properties,
including response to changes in fluid flow (i.e., bottom shear
stress). Bioturbational processes resulting from labile organic
matter supply and rapid carbon turnover by benthic epifauna
and infauna (e.g., feeding and burrowing by macrofauna) can
promote mixing of uppermost sediment layers and the formation
of a ventilated upper sediment mixed layer. In contrast, the
development of microbial mats can impart cohesion to coarser
sediments through excretion of extracellular polymeric
substances (EPS) (Tolhurst et al., 2002; Gerbersdorf et al.,
2004; Fang et al., 2015), that stabilize the sediment surface to
varying degrees (Munn, 2011; Keil and Mayer, 2013).
Bioturbation prevents the formation and stability of microbial
mats by physically changing the environment and introducing
oxygen to a system that would otherwise be devoid of it (Deng
et al., 2020). Also, different microbial community structures may
impart different physical properties to the sediment through their
lifestyle, independent of redox conditions. For example, at
locations on the Namibian shelf where bottom water O2 <
0.1 ml L-1 that are characterized by no or at most minimal
bioturbation (Levin, 2003; Arning et al., 2008), extensive
microbial mats comprised of the single-celled, immotile sulfur-
oxidising bacteria, Thiomargarita namibiensis, exhibit relatively
little cohesive structure (Schulz et al., 1999; Salman et al., 2013).
In contrast, Peruvian margin sediments deposited under similarly
oxygen-deficient conditions contain Thioploca, a cellular
organism building large filamentous structures that reinforce
sediment cohesion (Levin, 2003). These examples serve to
show that surficial sediments in oxygen-deficient settings host
very dynamic biological communities with different stabilizing
effects (Chen X. et al., 2017), whose impact on sediment
hydrodynamic behaviour is difficult to parameterize, but may
be significant.

3.3.2 Lateral Sediment Transport on Continental
Margins
Sediment resuspension and redistribution processes are prevalent on
continental margins where energetic conditions induced by wave
action, tidal motion and local current systems interact to mobilize
and translocate sediments. As a consequence of the interplay
between different processes, water columns on continental
margins often contain layers of enhanced particle abundance, so-
called nepheloid layers (Ziervogel et al., 2016; Gardner et al., 2017).
Nepheloid layers may be either ephemeral or perennial features and
are particularly common in high-productivity or turbulent water
masses. They may be relatively stagnant in a stratified water column
or serve as conveyor belts for lateral displacement of particulate
matter (McCave, 2009; Henrich and Hüneke, 2011). It has been
shown that the water chemistry in these particle-rich layers may
fluctuate laterally between oxygenated and suboxic conditions
depending on the reactivity of the entrained organic matter and
resulting microbial activity (Sloth et al., 1996; Blees et al., 2014;

Moriarty et al., 2018; Thiele et al., 2018). As such, nepheloid layers
contribute significantly to the global flux of biogenic particulate
matter to deep depositional sites, augmenting the vertical supply of
particulate matter as part of hemipelagic sedimentation (Inthorn
et al., 2006c; Honjo et al., 2008; Levin and Sibuet, 2012; Gardner
et al., 2018b).

Studies of water column suspended particulate matter and
settling particles (via sediment-trap deployments) in
oxygenated water columns show that nepheloid layers
mostly contain fine-silt to clay-sized particles eroded from
the seafloor by bottom currents (Gardner et al., 2017). The
cyclic nature of associated resuspension-deposition processes,
with repeated exposure to oxygenated bottom waters, leads to
significant attenuation in organic matter contents and a highly
degraded state of the entrained organic matter (Keil et al.,
2004; Inthorn et al., 2006b; McCave, 2009; Bao et al., 2018).
Moreover, the extensive time-scales of the along- and across-
margin transport lead to temporally aliased organic proxy
signatures (e.g., Benthien and Müller, 2000; Ohkouchi et al.,
2002), of which the BUS remains an exemplary study site
(Mollenhauer et al., 2005; Ausín et al., 2022). Current
measurements from Namibian slope bottom waters reveal
mean flow velocities high enough to maintain the fine
particles in stationary or moving suspension (25 cm s−1)
(Mollenhauer et al., 2003; Inthorn et al., 2006a). Although
transported organic matter loads in oxygenated water columns
may remain significant due to the intrinsic recalcitrance of
residual organic matter and physical protection via close
mineral associations (Inthorn et al., 2006b; Gardner et al.,
2018a; Gardner et al., 2018c), particulate OC concentration
generally decreases with transport distance (McCave, 1984;
Gardner et al., 2017; Bao et al., 2018, 2019b; Bröder et al.,
2018). In this context, the high OC contents (up to ~10%) yet
low corresponding F14C values (~0.7) of surface sediments in
Namibian slope offshore depocenters stand in sharp contrast,
highlighting the importance of transport pathways in
(partially) oxygen-deficient conditions (Figure 2).

4 A “SEMI-LIQUID OCEAN BOTTOM”

HYPOTHESIS

The “Semi-Liquid (or sloppy) Ocean Bottom” (SLOB) hypothesis
argues that conventional models are poor analogues for predicting
sediment hydrodynamic properties under oxygen-deficient
conditions, resulting in impacts on organic matter distribution
and burial for two key reasons: First, the abundance of low-
density organic matter-replete aggregates results in a depression
of the sediment threshold of motion and a higher propensity for
resuspension; Second, the resuspended organic matter may be
subjected to less degradation during lateral transport under low-
oxygen conditions. Both may result in a more efficient and
widespread redistribution (and ageing) of organic matter and
associated sedimentary matter to distal depositional loci
(depocenters) than would be predicted from first principles.
Figure 10 depicts the proposed interrelationships between three
key sedimentary characteristics—OC loadings (OC/SA), OET,
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particle density and resuspension propensity—that are linked
through the SLOB hypothesis.

Most studies on benthic sediment and carbon dynamics in the
modern ocean focus on continental shelf settings overlain by
oxygenated waters and existing models that describe sediment
resuspension thresholds and hydrodynamic behaviour are
developed for similar settings. In these depositional environments,
mineral surfaces offer protection of organic matter from
degradation, and the hydrodynamic properties of the fine-grained
clastic sediments exert primary control on the (re)distribution of
organic materials that they host. In contrast, under oxygen-poor
conditions, less efficient remineralization leads to an abundance of
organic matter in underlying suboxic or anoxic sediment, much of
which resides within discrete OM fragments or organic-rich
aggregates. This results in the formation of low-density
particulate matter characterized by high OC loadings with respect
to available mineral surface area. As a result, the surface sediment is
highly unconsolidated, exhibiting a flocculent or fluffy consistency,
which reduces the governing threshold shear stress of motion and
increases the propensity for resuspension and lateral displacement.
As the low-density particulate matter and discrete organic particles
require lower bottom shear stress for remobilization, the
hydrodynamic behaviour of organic matter-rich sedimentary
particles may be quite different compared to their lower OC-
higher density equivalents deposited under more oxygenated
conditions (Supplementary Figure S5).

Although low-density, fluffy, surface layers of marine
sediments that exhibit increased propensity for resuspension
are not unique to low-oxygen environments, and bottom
nepheloid layers occur widely (Thomsen and Gust, 2000;
Gerbersdorf et al., 2004; Kleeberg and Herzog, 2014), particle-

associated organic matter is usually subject to degradation during
protracted lateral transport in oxic water columns, limiting its
broader-scale influence. In contrast, low-density organic-rich
particulate matter entrained in oxygen-deficient waters may
remain buoyant and subject to large-scale displacement with
minimal OM attenuation during translocation (Dang and
Lovell, 2016), leading to accumulation of OC-rich sediments
in distal depocenters (e.g., Namibian Shelf).

5 IMPLICATIONS OF THIS NEW
UNDERSTANDING ON THREE KEY
DOMAINS

5.1 Resuspension, Lateral Transport, and
Deposition
The SLOB-hypothesis implies that we cannot directly apply our
understanding of the impact of hydrodynamic processes on
sedimentary organic matter deposited under oxygenated
conditions to those accumulating under anoxic or suboxic
conditions. This is especially true where oxic sediments lack a
fluffy (sloppy) sediment-water interface enriched in low-density
particulate matter. Furthermore, SLOB sediments may not adhere
to the general two-layered critical shear stress model, which
differentiates between the fluffy surface and more consolidated
sediment layers below (Beier et al., 1991; Thomsen and Gust,
2000; Beaulieu, 2003; Kleeberg and Herzog, 2014) owing to its
greater propensity for mobilization and translocation at lower
shear stresses. Consequently, lateral transport of organic matter
on sub-oxic continental shelves or in fully anoxic ocean basins
may be more widespread, and may be induced under less

FIGURE 10 | Conceptual schematic illustrating the different factors interacting with each other to result in flocculent (fluffy) ocean surface sediment and its
preferential lateral transport. (A)With increasing oxygen exposure time, the absolute amount of OC in sediment decreases. In addition, the type of association between
the OC and the mineral surfaces will change, from free organic debris to aggregates to sorbed OC due to the preferential degradation of less strongly bound/protected
OC (cf., Arnarson and Keil, 2007; Bergamaschi et al., 1997; Burdige, 2007). (B) With increasing particulate density, we find that the absolute amount of OC in
sediment decreases. On top of that, the type of association changes as well, from free organic matter (low density/high OC/SA) to sorption (high density, low OC/SA) (cf.,
Arnarson and Keil, 2001; Blair and Aller, 2012). (C) An increase in a sediment’s propensity for resuspension requires high OC/SA ratios, and low-density aggregates,
fluffy sediment, or organic debris. Compacted, high-density sediment with little OC%, possibly sorbed to mineral surfaces, will have a lower propensity for resuspension
(cf., Jepsen et al., 1997; Mayer, 1994).
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energetic conditions, than previously assumed. As surficial
sediments are most enriched in organic matter, their
mobilization may play a key role in the re-supply of nutrients
to the overlying water column, impacting benthic communities,
and benthic-pelagic coupling.

We suggest new approaches are needed to assess the role of
surface sediment texture and consequently, the resuspension of
propensity of fluffy, unconsolidated sediments in oxygen
deficient settings on organic matter burial. Moreover, the
effects of sediment properties on organic matter redistribution
and preservation potential need to be examined, including but
not limited to the structural changes imparted by biofilms and
their resistance to disruption, the effective protection potential of
surface area sorption for labile compounds, the importance of
varying sedimentation rates on sediment texture, and the
function and mechanism of repeated resuspension/deposition
cycles in lateral transport of OC.

5.2 Bioactivity and Microbial Community
Structure
As oxygen deficient zones are predicted to spread and intensify
with climate change (e.g., Diaz and Rosenberg, 2008; Breitburg
et al., 2018), the effect of the accompanying increase of
sedimentary OC and its subsequent resuspension is yet
unknown but possibly significant due to its varied impact on
biota, and the biological carbon pump on continental margins
and in the deep ocean (Keil, 2017). Will planktic communities
shift in response to intensified stratification and diminishing
oxygen concentrations? How will benthic communities
respond to low oxygen concentrations? A strong decrease in
bioturbation intensity and shift in dominant bioturbating fauna
has been predicted for upcoming decades (Bianchi et al., 2021).
Because macrofaunal reworking and ventilation is a key driver
of microbial community structure in continental shelf
sediments (Chen X. et al., 2017; Deng et al., 2020), this
decrease in bioturbation intensity will likely cause major
shifts in surface sedimentary microbial communities,
including changes in dominance from aerobic and O2-
tolerant to strictly anaerobic taxa. These community and
physiological shifts will likely be reflected in changes in
catabolic rates, metabolic pathways, and the structure of
sediment microbial food webs. Yet, little is known about
potential feedbacks, associated with these processes,
although they may be of key importance to our
understanding of marine OC burial (Jessen et al., 2017).

5.3 Paleoceanographic Reconstructions
The hypothesis that organic matter-rich sediment requires lower
shear stress for resuspension and redistribution in low-oxygen or
anoxic water bodies has potentially important implications for
paleoceanographic interpretation of sedimentary records which
generally assume direct (vertical) transport of proxy signals to the
sea floor. Lateral transport and translocation of pre-aged organic
matter may lead to both spatial and temporal aliasing of proxy
records in sediments (Ohkouchi et al., 2002; Mollenhauer et al.,
2007; Ausin et al., 2019; Ausín et al., 2022).

The phenomenon of increased sediment mobility due to
organic matter-enrichment may be particularly relevant
during past intervals when the oceans experienced large-
scale anoxia, such as the Cretaceous Oceanic Anoxic Events
(Schlanger and Jenkyns, 1976; Degens et al., 1986; Emeis, 1987;
Tyson and Pearson, 1991; Jenkyns, 2010), the Mediterranean
Sapropels which formed during oceanic anoxic events
associated with Pleistocene glacial-interglacial cycles (Grant
et al., 2016), or during much earlier in Earth’s history
(i.e., Archaean, early/mid Proterozoic) when ocean basins
were anoxic (Lyons et al., 2014). Even apparently quiescent
depositional conditions might have been conducive to
mobilization of low-density OC-rich sediments. Presently,
however, we do not understand the processes well enough
to apply them to past depositional environments or predict
how future oceans will respond to higher temperatures and
surface productivity. A combination of approaches, for
example using different proxies as well as experiments, is
required to account for these issues, and to assess their
impact on the sedimentary OC record.
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