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Abstract

Submarine turbidity currents form the largest sediment accumulations on
Earth, raising the question of their role in global carbon cycles. It was pre-
viously inferred that terrestrial organic carbon was primarily incinerated
on shelves and that most turbidity current systems are presently inactive.
Turbidity currents were thus not considered in global carbon cycles, and
the burial efficiency of global terrestrial organic carbon was considered
low to moderate (~10-44%). However, recent work has shown that burial
of terrestrial organic carbon by turbidity currents is highly efficient (>60-
100%) in a range of settings and that flows occur more frequently than
once thought, although they were far more active at sea-level lowstands.
This leads to revised global estimates for mass flux (~62-90 Mt C/year)
and burial efficiency (~31-45%) of terrestrial organic carbon in marine
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sediments. Greatly increased burial fluxes during sea-level lowstands are also likely underesti-
mated; thus, organic carbon cycling by turbidity currents could play a role in long-term changes
in atmospheric CO; and climate.

INTRODUCTION

Seafloor avalanches of sediment called turbidity currents form the largest sediment accumulations
(termed submarine fans), deepest canyons, and longest channel systems on our planet (Talling et al.
2015). Turbidity currents have a wide range of runouts and speeds, but some flows can travel for
hundreds or even thousands of kilometers (Piper et al. 1999, Talling et al. 2007), making them the
longest sediment flows on Earth (Talling et al. 2022). Some flows sustain speeds of 5-8 m/s for
more than 1,000 km (Talling et al. 2022) or reach speeds of ~20 m/s (Piper et al. 1999, Gavey
et al. 2017). Only rivers carry similar amounts of sediment over such large areas (Milliman &
Farnsworth 2011, Syvitski et al. 2022), but sediment transport by turbidity currents is far more
episodic, and a single event can transport more sediment than the combined annual flux from
all rivers (Talling et al. 2007). For example, a turbidity current in the northeast Atlantic in 1929
carried ~25 times the modern global riverine annual sediment flux for ~800 km (Piper et al.
1999, Syvitski et al. 2022) (Supplemental Figure 1). The mass of sediment carried by turbidity
currents thus rivals the mass carried by any other global sediment transfer system (or pump),
including rivers, glaciers, and vertical settling of sediment from the surface ocean (Figure 1a;
Supplemental Figure 1).

As turbidity currents are one of the most important sediment transfer processes (pumps) on
Earth (Figure 14; Supplemental Figure 1), this raises the question of their importance for the
transfer and burial of organic carbon (OC) in that sediment. Indeed, turbidity currents can pro-
duce rapid sediment accumulation (e.g., 0.5-20 cm/year; Dennielou et al. 2017), which favors
efficient OC burial. Efficient burial of OC within marine sediment may play a role in atmospheric
CO; drawdown, impacting global climate over timescales of thousands of years or longer (Hilton
& West 2020). However, many influential analyses of global carbon burial in the oceans have
neglected the role of turbidity currents (Berner 1982, 1989; Hedges et al. 1997; Burdige 2007;
Blair & Aller 2012), assuming that terrestrial OC supplied by rivers was buried almost exclusively
within deltas or other parts of continental shelves (Table 1). These past studies have also inferred
that most terrestrial OC was remineralized on river-dominated continental shelves, with exten-
sive mobile-mud belts, as occurs offshore from the Amazon River (Aller 1998, Nittrouer et al.
2021), such that the present-day global burial efficiency of terrestrial OC in marine sediments
was relatively low (10-44%; Table 1). In addition, previous models (e.g., sequence-stratigraphic
models; Posamentier & Kolla 2003) have concluded that present-day turbidity current systems are
mainly inactive (Figure 2¢), as global sea-level rise during the Late Holocene flooded continental
shelves. Sea-level rise detached the majority of submarine canyon heads from river mouths; only
~180 of ~9,500 canyon heads currently extend to river mouths (Harris et al. 2014, Bernhardt &
Schwanghart 2021).

There is growing recognition that a wide range of turbidity current systems have remained
active in modern times (Figure 2d) and that these systems include not only the small number
where river mouths still connect directly to canyon heads (Khripounoff et al. 2012, Liu et al.
2012, Bonneau et al. 2014, Azpiroz-Zabala et al. 2017, Talling et al. 2022) but also some that are
fed by longshore drift (Covault & Graham 2010, Paull et al. 2018) and some where canyons are
separated from river mouths by wider shelves (Rogers & Goodbred 2010, Heijnen et al. 2022b).
At these locations, burial of terrestrial OC can be highly efficient (Galy et al. 2007, Kao et al. 2014,
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Sampere et al. 2008, Bao et al. 2015, Baudin et al. 2020). For example, the Bengal Submarine Fan
offshore from the Ganges and Brahmaputra Rivers is the largest sediment accumulation on Earth,
and these two rivers alone account for 8-10% of the terrestrial OC transferred by rivers to oceans
(Galy et al. 2007, Milliman & Farnsworth 2011). An analysis of seabed cores and comparisons
with riverine sediment samples showed negligible loss of terrestrial OC in the deep-sea fan (i.e.,
~100% burial efficiency) (Galy et al. 2007). Other studies also concluded that terrestrial OC burial
by turbidity currents can be highly efficient in fjords (Smith et al. 2015, Bianchi et al. 2020, Hage
et al. 2022) and in turbidity current systems fed by small mountainous rivers, such as offshore
Taiwan (Kao etal. 2014, Bao etal. 2015). Efficient OC burial in these systems is linked to unusually
rapid sediment accumulation within turbidity current deposits (turbidites), resulting in a low O,
penetration depth (a few centimeters) in seabed sediment (Galy et al. 2007; Rabouille et al. 2017,
2019).
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Table 1 Estimates of the global amount and efficiency of OC burial in seabed sediments at the present-day

interglacial highstand and glacial lowstand in sea level

Terrestrial total POC | Total POC (terrestrial
Terrestrial total Terrestrial total POC global burial flux in and marine OC) burial
POC supplied by global burial efficiency marine sediment flux in marine
Study rivers (Mt/year) in marine sediment (Mt/year) sediments (Mt/year)
Present-day interglacial highstand in sea level
Berner 1982, 1989 ~130
Hedges et al. 1997 10-30% ~160
Burdige 2005, 2007 170-200 14-30% 40-80 ~170*
Schliinz & Schneider | 460 (for both POC 10% 46
2000 and DOC)
Blair & Aller 2012 170-200 20-44%
Galy etal. 2015 200 (157 biospheric)
Hilton & West 2020 | 200-300" 10-30% 40-80 ~1702
This review 200 (157 biospheric) 31-45% 62-90¢ 152-2202
(28-51% biospheric) (44-80 biospheric©)
Glacial lowstand in sea level
Cartapanis et al. 50% 27 (only >1-km water
2016 depth)
This review 60-80% 130-1759 220-305%¢
(60-80% biospheric) (103-138 biospheric)

Abbreviations: DOC, dissolved organic carbon; OC, organic carbon; POC, particulate organic carbon; TOC, total organic carbon.

*Assumes that the burial flux of marine OC remains at 90-130 Mt/year (Hilton & West 2020), but note that Burdige (2007) cites a significantly higher
value of ~310 Mt/year for the present-day flux of marine OC that is buried.

bAlso based on Li et al. (2022).

¢Assumes a global TOC flux of 200 Mt/year and a biospheric flux that is 79% of 200 Mt/year (i.e., 157 Mt/year).

dIncludes ~10-15 Mt/year of terrestrial OC buried globally within glacial trough-mouth fans and assumes that neither the global supply of terrestrial OC

nor the fraction that is biospheric changed between the glacial lowstand and the present-day highstand.

¢To allow comparison, assumes that the burial of marine OC (~90-130 Mt/year) did not change between the glacial lowstand and the present-day

highstand.
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It was once thought that turbidity currents were impractical to measure in action, due to their
ability to damage sensors in their path or flush them into the deep sea (Kneller & Buckee 2002).
However, over the last decade or so, turbidity currents have been measured in detail at a series of
locations worldwide in a variety of settings (e.g., Khripounoff et al. 2012, Hughes Clarke 2016,
Azpiroz-Zabala et al. 2017, Paull et al. 2018, Hill & Lintern 2022, Talling et al. 2022). Direct
flow monitoring consistently found that turbidity currents were much more active than previ-
ously inferred by many models (e.g., sequence-stratigraphic models) (Posamentier & Kolla 2003).
For example, multiple powerful (up to 6 m/s) turbidity currents occurred over ~1 year in Whit-
tard Canyon even though this canyon’s head is located >300 km from the coast (Heijnen et al.
2022b). Turbidity currents occurred even in canyons fed by rocky shorelines that lack obvious
sediment sources (Normandeau et al. 2020). Powerful flows also occurred on open slopes out-
side submarine canyons (Hill & Lintern 2022), and more than 100 flows occurred on a Canadian
fjord-head delta in ~3 months (Clare et al. 2016), while flows occurred for 30% of the time in the
river-connected Congo Submarine Canyon (Azpiroz-Zabala et al. 2017). This direct flow mon-
itoring has been combined with sediment cores and time-lapse seabed mapping that constrains
sediment mass fluxes to provide important new insights into how turbidity currents transfer and
bury OC (Hage etal. 2020,2022; Maier etal. 2019). For example, monitoring of turbidity currents
that originated in the Congo River estuary showed how turbidity currents can efficiently transfer

Talling et al.
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Figure 2 (Figure appears on preceding page)

Controls on the efficiency of sediment and OC transfer or burial efficiency within submarine fans. (#) Basic components of a submarine
fan. (b) Sediment and OC transfer during a sea-level lowstand. This transfer is highly efficient during a lowstand because almost all
river mouths connect to canyon heads. (¢) Sediment and OC transfer during a sea-level highstand. Past sequence stratigraphic models
assumed that most submarine fans are dormant during sea-level highstands, as most river mouths are separated from canyon heads (e.g.,
Posamentier & Kolla 2003). () Emerging understanding that turbidity current systems in many locations may not be dormant during
sea-level highstands, as sediment may reach some canyon heads. (¢) Sediment accumulation rates in different components of the Congo
Submarine Fan. Data are from Baudin et al. (2020). (f) Relationship between sediment accumulation rates and OC burial efficiencies in
different settings, including for burial of terrestrial OC in submarine fans at sites discussed in this review (red dots). Abbreviation: OC,
organic carbon. Panel fadapted with permission from Blair & Aller (2012).
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terrestrial OC to the deep sea (Talling et al. 2022). Turbidity currents that traveled for
>1,100 km were associated with major river floods but triggered weeks to months later at spring
tides. They flushed a large sediment mass, equivalent to 19-35% of the global annual river sedi-
ment flux, down just one submarine canyon in a single year (Talling et al. 2022). Monitoring has
also shown how sediment and OC transfer to the deep sea occurs in multiple stages, affecting
residence times and loss of OC (Hage et al. 2022, Heijnen et al. 2022a, Talling et al. 2022).

These new developments mean that it is timely to assess the role of turbidity currents in global
cycling of OC in the present day, including evaluating whether previous estimates of modern
global terrestrial OC burial in marine sediments of ~40-80 Mt C/year (Burdige 2005, 2007) need
to be revisited (Table 1) and how turbidity current system types affect carbon cycling. OC burial
efficiency by turbidity currents would have been far higher during glacial times (Cartapanis et al.
2016), when lower global sea levels ensured that almost all rivers connected directly to submarine
canyon heads (Harris et al. 2014). This review therefore also briefly assesses whether previous
work (Cartapanis et al. 2016, 2018) may have underestimated glacial-interglacial variability in
global terrestrial OC burial by turbidity currents (e.g., Cui et al. 2022).

The overarching aim of this review is to assess the role of turbidity currents in OC cycling,
especially that of terrestrial OC. To do this, it addresses several specific questions: What sources
of OC do turbidity currents contain, and what controls their fate? Do turbidity currents segregate
different OC types en route (i.e., is there a leaky pipeline)? How does OC cycling by turbidity
currents work in different types of settings, and what are the main controls on burial efficiency? Do
we need to revise global estimates for the amount and efficiency of terrestrial OC burial in marine
sediments? And finally, how do glacial-interglacial sea-level cycles affect OC burial efficiency by
turbidity currents within marine sediments, and have changes in global burial efficiency previously
been underestimated?

BACKGROUND
How Turbidity Currents Are Part of Wider Global Carbon Cycles

The global carbon cycle involves the exchange of carbon between the major reservoirs at Earth’s
surface (the atmosphere, terrestrial and marine biosphere, and oceans) and storage in sedimentary
rocks and the deeper lithosphere of the Earth (Sundquist & Visser 2004, Bianchi 2011, Hilton
& West 2020) (Figure 15). CO; is a focus of research because of its role as a greenhouse gas
that helps set Earth’s radiative energy balance and surface climate. Over short timescales (<10! to
103 years), the natural (nonanthropogenic) carbon cycle is dominated by exchanges between the
atmosphere and living biosphere (e.g., via photosynthesis on land or in upper oceans) and CO,
exchange between the ocean and atmosphere (Sundquist 1993). Over longer timescales (10* to
>10° years), inputs of CO; from the solid Earth (Plank & Manning 2019) and additional sources
of CO; from oxidative weathering of rock OC and sulfide minerals (Torres et al. 2014, Hilton &
West 2020) are removed from the surface reservoirs via silicate mineral weathering and carbonate
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mineral formation (Ebelmen 1845, Galvez & Gaillardet 2012) as well as through long-term OC
burial in sediments (Berner 1982). Marine sediments represent the longest (10* to >10° years)
store of OC, which is roughly equally marine and terrestrial in origin based on modern-day es-
timates (Schlinz & Schneider 2000; Burdige 2005, 2007). Sediment transport processes play a
central role in this geological carbon cycle because they affect sedimentation rates, which are a
first-order control of OC burial efficiency (Berner 1982). These transport processes also affect
the delivery of terrestrial OC to the ocean by rivers, as well as the subsequent movement of OC
across the shelf and into the deep sea (Galy et al. 2015, Hilton 2017).

In this review, we focus on the specific role of turbidity currents as a pathway for OC transfer.
Primarily, this pathway transfers OC between the coast and the deep sea, although depending on
the timing and trigger of turbidity currents, it can directly couple terrestrial ecosystems to the
deep ocean in river floodwaters (Hilton et al. 2008, Talling et al. 2022). In terms of net CO, trans-
fers, sediment transfer by turbidity currents can aid the long-term preservation of terrestrial and
marine OC in sedimentary deposits. In broader terms, any remineralization of OC (i.e., the pro-
cesses of organic matter decomposition by heterotrophic or chemotrophic mechanisms) within
turbidity current deposits can release inorganic carbon into the deep-sea dissolved inorganic car-
bon reservoir, which already holds a very large mass of carbon (Dunne et al. 2007, Houghton
2007) (Figure 1b). It may take thousands of years for relatively small fractional changes in this
deep-sea inorganic carbon reservoir to exchange with the surface ocean and other reservoirs and
thus affect atmospheric CO; levels (Gruber et al. 2023). Transfer of more oxygen-rich waters by
turbidity currents to the deeper ocean may also affect the rate at which OC is cycled through ben-
thic ecosystems (Quadfasel et al. 1990, Bianchi et al. 2016). However, given the fluxes involved,
it is unlikely that the turbidity current pump rivals the well-studied ocean carbon pumps that
help control CO, concentrations in the atmosphere over short timescales (10°~10* years). In-
stead, based on our current understanding of the carbon fluxes involved in sediment-driven flows,
changes in OC burial and remineralization associated with turbidite deposition are likely to affect
atmospheric CO, and climate over millennial or longer (geological) timescales (Galy et al. 2007).

Burial efficiency is a useful metric to describe the ratio of carbon buried to the supply of carbon
to the burial site. OC burial efficiency within turbidity current deposits, and more generally on the
seabed, is affected by a series of factors (Burdige 2005, 2007; Blair & Aller 2012; Arndt et al. 2013;
Shang 2023). First, the source of OC is one important control on the rate of OC decomposition,
which may decay quasi-exponentially over time (Blair & Aller 2012, Bianchi et al. 2018, Eglinton
etal. 2021). Marine OC is typically remineralized more quickly than terrestrial OC, which reflects
its inherent reactivity and bioavailability for heterotrophs (Burdige 2007, Bianchi 2011, Blair &
Aller 2012, Regnier et al. 2022). The source of OC is also critical as a food resource to the ben-
thos, with unstable or labile OC promoting much greater benthic biomass than does more stable
refractory terrestrial OC (Amaro et al. 2016, Leduc et al. 2020).

A combination of sediment accumulation rate and the oxygen levels in that sediment affects
a second important parameter, the integrated oxygen-exposure time (Hartnett et al. 1998,
Blair & Aller 2012, Bianchi et al. 2016). Faster sediment accumulation and lower oxygen levels
promote more efficient carbon burial. Turbidity currents can produce unusually rapid sedimen-
tation (Figure 2e,f). For example, accumulation of sediment rich in terrestrial OC occurs at
0.5-20 cm/year across the ~4,800-m-deep lobe at the end of the Congo submarine system
(Dennielou et al. 2017) (Figure 2e) and at 5-50 cm/year in the canyon head on the Bengal Fan
(Rogers & Goodbred 2010) (Figure 2f). Remineralization of this rapidly accumulating organic
matter may lead to anoxic conditions within seabed sediments that also favor higher efficiency of
OC burial (Blair & Aller 2012; Arndt et al. 2013; Rabouille et al. 2017, 2019; Middelburg 2018)

(Figure 3).
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Figure 3 (Figure appears on preceding page)

Sediment and OC transfer by different types of turbidity current system. The average recurrence intervals between flows are shown
(where, e.g., 1 {/20-50 years denotes that one flow occurs on average every 20-50 years), followed in some cases by the approximate
flow volume. (#) Type 1: submarine canyon head that connects directly to a river mouth. (b) Type 2: submarine canyon that connects to
the shore and is fed by longshore drift. (¢) Type 3: submarine canyon that only partially indents the shelf, but sediment still reaches it
from rivers. (d) Type 4: submarine canyon that is restricted to the shelf edge but is still highly active. (¢) Type 5: submarine canyon that
is at the shelf edge and assumed to be inactive. (f) Type 6: fjords where a river mouth feeds directly into deep water. (g) Type 7:
mega-landslides and abyssal plains with infrequent but very large turbidity currents. (b) Glacial lowstands when all rivers connect to
canyon heads, as in type 1. (i) Trough-mouth fan active during a glacial lowstand. Abbreviation: OC, organic carbon.

Another important factor controlling carbon burial is organo-mineral associations, such as
sorption to clays and complexation with iron and/or manganese oxides (Lalonde et al. 2012, Keil
& Mayer 2014, Blattmann et al. 2019, Hemingway et al. 2019). Consequently, hydrodynamic
sorting during transport is key in controlling the OC composition and the distances that organo-
mineral materials from riverine and/or resuspended shelf sediments are transported to deeper
waters (Prahl et al. 1994, Keil et al. 1997, Bianchi et al. 2002). In some cases, much of the terrestri-
ally derived particulate OC from rivers, which is largely in the organo-mineral form (Bauer et al.
2013, Regnier et al. 2022), can be replaced by marine OC that sorbs to clay particles as it moves
across the shelf (Prahl et al. 1994, Keil et al. 1997).

Further Background on Turbidity Current Systems

Turbidity currents are mixtures of sediment and water that move downslope due to the density
contrast between this mixture and surrounding water (Kuenen & Migliorini 1950, Talling et al.
2012). These sediment flows are generated in many ways, such as by disintegration of landslides
that mix with seawater, which produce the largest-volume turbidity currents (Piper et al. 1999;
Talling 2014; Talling et al. 2007, 2014). Submarine landslides are sometimes orders of magnitude
larger than terrestrial landslides (Talling et al. 2014). The 1929 turbidity current in the northeast
Atlantic was larger than any terrestrial landslide in the last 350,000 years (Piper et al. 1999,
Korup et al. 2007) (Supplemental Figure 1). Seabed failures of different sizes can be triggered
in many ways, including by earthquakes, storm-wave loading, and progradation of delta lips or
canyon-head lips (Talling et al. 2014), or sometimes even without a major external trigger (Bailey
etal. 2021). Turbidity currents are also generated via river plumes. On rare occasions, and for just
a few rivers, this river plume can have sufficient suspended sediment to be denser than seawater
and plunge to move along the seabed as a hyperpycnal flow (Mulder et al. 2003, Kao et al. 2010,
Liu et al. 2012). Much more often, turbidity currents are initiated by sediment settling from
surface river plumes that are less dense than seawater, which occurs for rivers with a much wider
range of sediment concentrations (Hage et al. 2019). Turbidity currents can be triggered by
human activities such as seabed trawling, although these flows tend to be relatively small (Puig
etal. 2012, Paradis et al. 2022).

Turbidity currents typically occur for <0.1% of the time and last for hours or minutes (Hughes
Clarke 2016, Paull et al. 2018, Hage et al. 2019, Pope et al. 2022), although flows in the upper
Congo Canyon occur for 20-30% of the time and can last for a week (Azpiroz-Zabala et al. 2017,
Simmons et al. 2020). Transfer of OC by turbidity currents is much more episodic than transfer by
rivers that flow continuously (albeit with floods) or the steadier settling of OC from surface oceans.
The magnitudes of turbidity currents are also extremely variable, ranging from very small flows
traveling <1 km (Hughes Clarke 2016) to those carrying more sediment than the annual global
riverine flux for ~1,000 km (Talling et al. 2007). Turbidity currents are separated into much larger
events that erode and flush submarine canyons, which may occur every few decades to millennia,
and smaller and more frequent flows that infill canyons (Allin et al. 2016, Talling et al. 2022).
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Thus, OC is often buried initially by canyon-filling flows before being re-exhumed by infrequent
canyon-flushing flows in a second stage of transport, during which OC may be partly remineralized
and lost (Heijnen et al. 2020, 2022a; Hage et al. 2022; Talling et al. 2022).

Submarine fans (Figure 24) are built by turbidity currents and occur in locations worldwide
(Normark et al. 1986, Covault 2011). Because of its different densities or sizes, OC may be
hydrodynamically segregated within the flow as it moves across submarine fans, such that
different components have variable accumulation rates and burial efficiencies (Stetten et al. 2015,
McArthur et al. 2017). Submarine fans are typically divided into a deeply eroded canyon, which
continues as a less deeply incised channel (Normark et al. 1986, Covault 2011) (Figure 2a).
Sediment overspill from the channel creates adjacent upraised levees, while sediment deposition
at the end of the channel produces a lobe (Hodgson et al. 2022). Exceptionally flat (<0.05°) basin
plains in the deep sea also trap sediment beyond these lobes (Talling et al. 2007, 2012).

Highly Mobile Mud Layers on the Shelf

Highly mobile layers of fluid mud play a key role in the transfer of sediment and OC across
continental shelves from river mouths to submarine canyons on the shelf edge. These highly
mobile muds are commonly found at the mouths of large river systems with high suspended
loads, and they can be generated by resuspension of mud by wave-related or tidal currents (Kuehl
et al. 1996, Aller 1998, Allison et al. 2007, Xu et al. 2015). For example, mobile muds off the
Mississippi/Atchafalaya River systems were transported offshore to the Mississippi Canyon after
the passage of a hurricane, with much of the OC derived from marine organic matter from
nearshore in the highly productive Mississippi River plume (Bianchi et al. 2006, Sampere et al.
2008). These dynamic mud deposits can serve as incinerators of OC, due in part to their high
oxygen content and availability in redox-sensitive elements (iron, manganese, and sulfur) (Aller
& Blair 2006, Aller et al. 2010, Zhao et al. 2023). These mobile mud layers have also been
hypothesized to trigger turbidity current events; for example, mud layers may drain into the
tributary canyon head of the Congo Canyon during spring tides (Talling et al. 2022).

DISCUSSION

What Types of Organic Carbon Do Turbidity Currents Contain, and What
Controls Those Types?

The total organic carbon (TOC) in turbidity current deposits can be relatively high (0.4-4%; e.g.,
Rabouille et al. 2017, 2019), exceeding global average values commonly assigned to deltas (0.75%)
or continental shelf deposits (1.5%) (Berner 1982, 1989; Burdige 2005, 2007) and a global average
TOC from rivers (1.1-1.6%) (Burdige 2005, 2007; Blair & Aller 2012) (Table 1). The fraction of
terrestrial or marine OC in turbidity current systems broadly reflects how sediment is supplied.
This includes sediment from river mouths, littoral cells, or cross-shelf transport for terrestrial OC
and the productivity of overlying surface waters for marine OC (Figure 3).

The type and age of OC are also critically important for carbon cycling (Galy et al. 2007, Kao
etal. 2014, Bao et al. 2015). Older forms of OC tend to be less easily remineralized (i.e., they tend
be refractory), and marine OC is typically lost more rapidly (Blair & Aller 2012, Eglinton et al.
2021). Even more importantly, atmospheric CO, is drawn down via creation of fresh biospheric
OC (OCyj) via terrestrial or marine photosynthesis (Hilton & West 2020). Older and more
refractory OC (petrogenic OC or OC.,) that has been buried previously, and is now merely
transported and reburied in another location, will not act to draw down atmospheric CO, (Galy
et al. 2007) (Figure 14). As marine OC is rapidly remineralized, this fossil OC (OCeyo) is often
mainly terrestrial. It has been estimated that rivers globally supply ~157 Mt/year of OCy;, and
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~43 Mt/year of fossil OC (OCpeno) (Galy et al. 2015) (Table 1). Previous work thus analyzed
the fraction of OCy;, or OCe, in turbidites (Galy et al. 2007, Kao et al. 2014, Hage et al. 2020).
For example, it was once assumed that OC exported by small mountainous rivers was mainly
fossil OC (Blair & Aller 2012), but other studies have shown that it can have a dominant OCy;,
component (Kao et al. 2014), as is also the case in fjords (Hage et al. 2022).

Turbidity current systems are typically dominated by terrestrial OC, but in some locations
organic matter is mainly marine, such as in the Kaikoura Canyon (Gibbs et al. 2020, Leduc
et al. 2020). A large earthquake-triggered canyon-flushing turbidity current transferred ~8 Mt
of mainly marine OC to the deep sea in 2016 (Mountjoy et al. 2018), as compared with the 90—
130 Mt/year of marine OC buried globally, although canyon-flushing events in the Kaikoura
Canyon may have recurrence intervals of ~140 years (Mountjoy et al. 2018).

Do Turbidity Currents Segregate Different Organic Carbon Types?
Is There a Leaky Pipeline?

OC particles have lower densities than most sediment grains, as well as a wide range of sizes and
shapes (Repasch et al. 2022, Schwab et al. 2022). Thus, different types of organic matter may be
hydrodynamically sorted (Bianchi et al. 2002, Eglinton et al. 2021), ending up in different parts of
submarine fans (e.g., McArthur et al. 2017) and thus being preferentially buried or remineralized
within a leaky pipeline.

Finer-grained organic matter tends to be deposited within turbidite mud layers (Bouma
Ty interval; Blair & Aller 2012, Talling et al. 2012). Mud makes up >70% of global sediment
supplied by rivers to the oceans (Aplin et al. 1999), and many turbidity current systems are
mud dominated, especially larger submarine fans fed by major rivers (Normark et al. 1986). As
discussed above, fine mud is often key in preserving terrestrial organic matter because clays can
shield particulate OC from degradation (Blair & Aller 2012, Keil & Mayer 2014, Blattmann et al.
2019, Hemingway et al. 2019). But in some settings, large amounts of fresh OCy,, such as woody
debris, can be deposited within turbidite sands (Saller et al. 2006, Kao et al. 2014, Lee et al. 2019,
Hage et al. 2020). This woody material may be preferentially deposited within the finer upper
levels of a sand layer (Bouma T, division; Talling et al. 2012) or with the largest woody fragments
found toward the sand layer’s base (Bouma Ty and Tpy intervals) and also within muddy sands
deposited via debris flow (hybrid beds) (Haughton et al. 2003; Talling et al. 2004, 2012; Hussein
et al. 2021). OC deposited in turbidite sands may be protected from oxidization by an overlying
mud cap (Hage et al. 2020). Neglecting organic material in sand may then cause burial fluxes to
be underestimated significantly, as has been shown in fjords (Hage et al. 2020). Standard methods
to core the seabed tend not to penetrate sandy seabed deposits, which may lead to biases in global
core data sets used for burial fluxes (e.g., Cartapanis et al. 2016, 2018; Li et al. 2023).

Submarine fan subenvironments contain different sediment grain sizes and accumulation rates,
which can affect OC burial. Rapid sediment accumulation in lobes (Figure 2e) favors more effi-
cient OC burial, and lobes may be relatively sand rich (Hodgson et al. 2022), albeit with exceptions
(Dennielou et al. 2017), while levees can also have high accumulation rates (Figure 2e) but are
mud dominated (Normark et al. 1986, Covault 2011, Baudin et al. 2020). Forensic tracking of
different types of organic matter can show changes away from specific sources, such as particular
rivers on the shelf (Gibbs et al. 2020). The shapes of an individual turbidite deposit may also af-
fect OC burial efficiency. For example, very-large-volume turbidity currents may produce ponded
mud deposits in basin plains that are tens of meters thick (Talling et al. 2007, 2012), with only the
upper few tens of centimeters oxidized over thousands of years, such that the majority of under-
lying mud is protected (Thomson et al. 1987). Conversely, flows that spread sediment thinly and
evenly will cause a greater fraction of OC to be remineralized, other factors being equal.
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How Does Organic Carbon Cycling by Turbidity Currents Work in Different
Types of Systems?

Here, we present a series of models that illustrate how OC transfer and burial work in different
types of turbidity current system (Figure 3).

Type 1: submarine canyon head that connects directly to a river mouth. Very few (~180
of ~9,500) modern submarine canyons connect directly to river mouths (Harris et al. 2014,
Bernhardt & Schwanghart 2021), but they include rivers with large sediment fluxes, such as
the Congo, Gaoping, and Var systems (Figure 34). These submarine fans are dominated by
terrestrial OC (>70 to ~100%), but the fraction of fresh or fossil terrestrial OC depends on the
river type, with <2% fossil OC for the Congo River on a passive margin (Baudin et al. 2020).
Small mountainous rivers may have higher fractions of fossil OC (e.g., 60-70%), with the OC
supply also being highly episodic during floods (Kao et al. 2014, Bao et al. 2018). Turbidity
currents are generated relatively frequently at river mouths in type 1 systems (Khripounoff et al.
2012, Liu et al. 2012, Azpiroz-Zabala et al. 2017, Talling et al. 2022). Organic matter may reside
initially in canyon-floor deposits, maybe for years to decades, before being flushed into the deep
sea by far larger flows (Allin et al. 2016, Mountjoy et al. 2018, Talling et al. 2022).

OC burial can be highly efficient (>70% to approaching 100%) in type 1 systems (Galy et al.
2007, Kao et al. 2014). For example, a mass balance that includes canyon-flushing events suggests
that ~100% of Congo River sediment is transferred to the deep sea over 20-50-year timescales
(Azpiroz-Zabala etal. 2017, Simmons et al. 2020, Talling et al. 2022) and deposited mainly beyond
the channel mouth or on flanking levees (Talling et al. 2022). It is estimated that ~15% of OC is
remineralized and recycled on the seabed in the Congo system, with a burial efficiency of ~85%
on the lobe (Rabouille et al. 2017, Baudin et al. 2020), although the efficiency is lower if sediment
is buried and re-exhumed multiple times. However, precise estimates of terrestrial OC burial effi-
ciency are challenging, even in well-studied systems, because they require constraints on riverine
inputs and tracking of all sediment through the deep-sea system. Baudin et al. (2020) concluded
that 33-69% of the terrestrial OC supplied by the Congo River was buried in the Congo subma-
rine fan, mainly in lobes and levees. However, approximately half of the OC supplied by the river
was unaccounted for in their budget and may have been flushed beyond the lobe by very large
flows, as in 2020 (Talling et al. 2022). Thus, burial efficiency is likely to be somewhat higher than
33-69%.

Type 2: submarine canyon that connects to the shore and is fed by longshore drift. Some
of the ~180 modern canyons (Harris et al. 2014, Bernhardt & Schwanghart 2021) that extend
close to the shoreline are fed mainly by littoral drift, with little or no direct connection to river
mouths, yet show evidence of turbidity current events (Figure 35). Examples include Monterey
Canyon (Paull et al. 2018, Maier et al. 2019) and Nazaré Canyon (Masson et al. 2010). Cores
from Monterey Canyon are dominated by terrestrial OC, with annual sediment mass fluxes to the
canyon (1-3 Mt/year) and TOC values (~0.5%) that are similar to those for nearby rivers (Paull
et al. 2006, Maier et al. 2019, Bailey et al. 2021). This suggests there is efficient (>80-100%)
burial of terrestrial OC from rivers in the upper canyon, despite an intervening period of time
being reworked on the shelf. Much higher TOC values (~1.2-2.9%) occur in sediment traps in
Monterey Canyon, with a large proportion of this OC being absent from seabed cores (Maier et al.
2019). This suggests that there is a large pool of easily resuspended and labile OC, likely primarily
marine in origin, that is not buried. Nazaré Canyon has much higher TOC values (~2 %) in seabed
cores, with ~30% of OC in sediment trap samples estimated to be buried on the seabed (Masson
et al. 2010). There may again be a pool of labile OC that is easily resuspended by internal tides
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and is trapped in the upper canyon and remineralized before burial, albeit a smaller fraction than
within Monterey Canyon. In both locations, canyon-flushing flows occur every few hundred to
1,000 years (Allin et al. 2016), and some fraction of initially buried OC may be remineralized
during this second transport stage (Thomson et al. 1987).

Type 3: submarine canyon that only partially indents the shelf, but sediment still reaches it
from rivers. Approximately 30% of submarine canyons partly indent the shelf (Harris et al. 2014,
Bernhardt & Schwanghart 2021), and at least in some cases, sediment is transferred effectively
across the shelf to the canyon head, triggering turbidity currents (Figure 3¢). One example is the
Bengal Fan fed by the Ganges and Brahmaputra Rivers, which alone carry ~8-10% of global sed-
iment and ~2% of the terrestrial OC flux from continents to oceans (Supplemental Table 1).
Clinoforms on the shelf reach the canyon head, which is highly active with turbidity currents
(Rogers & Goodbred 2010). Similar amounts of (mainly fresh) terrestrial OC characterize sed-
iment from both the river mouths and the deep-sea fan, suggesting highly (80-100%) efficient
burial of OC, despite a distance of ~140 km from river mouths to the canyon head (Galy et al.
2007).

The sediment flux to this system is extreme (Milliman & Farnsworth 2011), but sediment can
be transferred effectively across the shelf in other locations, albeit for somewhat shorter distances.
For example, ~60% of sediment from the Eel River is transferred across an ~12-km-wide shelf
and is mostly trapped by a submarine canyon (Pratson et al. 2009). Cross-shelf sediment transport
occurs via highly mobile mud layers that are often partly supported by waves or tides (Kineke
et al. 1996, Kuehl et al. 1996, Wright & Friedrichs 2006) and thus may be favored by locations
with greater tide or wave amplitudes. Similar fractions (60%) of river sediment traverse the 30—
40-km-wide shelf offshore of the Waipaoa River in Aotearoa New Zealand to reach the Poverty
Canyon head (Kuehl et al. 2016). There is also evidence for recent sediment deposition in the
Mississippi Canyon head (Bianchi et al. 2006), although the distal parts of that large submarine
fan are dormant (Piper et al. 1997, Schliinz et al. 1999). The burial flux of terrestrial OC in such
systems is variable, for example, due to the fraction of sediment and sources of OC traversing
the shelf, the residence time on the shelf, and the frequency of turbidity currents. But in some
cases (e.g., the Bengal Fan), these systems may have terrestrial OC burial efficiencies of >50% to
~100% (Galy et al. 2007, Kuehl et al. 2016).

Type 4: submarine canyon that is restricted to the shelf edge but is still highly active. Ap-
proximately 70% of all submarine canyons are restricted to the shelf edge and continental slopes
(Harris & Whiteway 2011, Harris et al. 2014) (Figure 3d). For example, Whittard Canyon is lo-
cated more than 300 km from the nearest coastline and does not indent the shelf (Amaro et al.
2016, Heijnen et al. 2022b). However, recent monitoring shows that it had 4-6 powerful (up to 5-
8 m/s) turbidity currents in one year, some of which ran out for more than 50 km to water depths
of >2 km (Heijnen et al. 2022b). It is thus as active as some canyons that connect directly to
shorelines and littoral cells, such as type 2 Monterey Canyon (Paull et al. 2018). It was previously
thought that present-day turbidity currents played little role in the transfer and burial of fresh
(mainly marine) OC in Whittard Canyon (Amaro et al. 2016), with labile organic matter supplied
to the canyon floor via vertical settling, but this was based mainly on moorings in deeper water
(>4 km) (Amaro et al. 2016). Further work is needed to understand how sediment is supplied to
such canyon heads, such as via sand waves on the shelf (Heijnen et al. 2022b), and how far turbidity
currents extend down these types of canyons. But there are thousands of other submarine canyons
restricted to the continental slope (Harris et al. 2014), and work in Whittard Canyon (Heijnen
et al. 2022b) raises the question of how many of those canyons are currently active. Even if that
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activity is restricted to their upper reaches, they could play a role in global carbon cycling and
delivery of OC to the deep ocean.

Type 5: submarine canyon that is at the shelf edge and assumed to be inactive. It is often
assumed that submarine canyons restricted to the continental slope are currently inactive, because
limited sediment can reach the canyon head, especially where the shelf is wide (Figure 3e). For
example, influential studies of the Amazon system show how terrestrial OC is reworked repeatedly
on the shelf within highly mobile mud layers (Kuehl etal. 1996, Kineke et al. 1996, Nittrouer et al.
2021), which causes this OC to be repeatedly exposed to oxygen and remineralized, reducing burial
efficiency to 20-30% (Aller 1998; Schliinz & Schneider 2000; Burdige 2005, 2007; Nittrouer et al.
2021). It has been inferred that negligible sediment reaches the Amazon Canyon head at the shelf
edge because the continental shelf is ~300 km wide (Nittrouer et al. 2021). Steep submerged delta
foresets occur on the shelf ~100 km from the canyon head, and monitoring shows that episodic
flows of fluid mud move down these foresets (Sternberg et al. 1996, Nittrouer et al. 2021). Fluid
muds can be extremely mobile on low gradients, moorings for flow monitoring are yet to be
placed in the upper Amazon Canyon, and cores are not available to determine whether recent
sedimentation occurs. Monitoring is warranted to confirm inactivity, especially given the activity
seen in Whittard Canyon, also 300 km from shore. However, the outer Amazon shelf is dominated
by sandy deposits and coral reefs, with little evidence of mud deposition from turbidity currents
(Nittrouer et al. 2021, Vale et al. 2022), and reworked terrestrial OC that escapes from the shelf
may have a high refractory component and thus play a limited role in drawdown of CO, from the
atmosphere. Cores on levees from deeper (>2 km) parts of the Amazon Fan clearly indicate that
overspill of large turbidity currents ceased during the last sea-level rise (Piper et al. 1999), and
much greater burial of both marine and terrestrial OC occurred in the deep sea during lowstands
in sea level (Schliinz et al. 1999).

Type 6: fjords where a river mouth feeds directly into deep water. Efficient burial of both
terrestrial and marine OC occurs within fjords, which are often characterized by high TOC (av-
erage 2.6%), rapid sediment accumulation, and poorly oxygenated seabed conditions (Smith et al.
2015; Bianchi et al. 2018, 2020). Rapid transport of terrestrial OC from forests and soils, as well
as episodic sediment supply from mountainous rivers, may also lead to a high percentage of fresh
(biospheric) carbon (Smith et al. 2015; Cui et al. 2016; Bianchi et al. 2018, 2020; Smeaton &
Austin 2022). Thus, even though their surface areas are ~40 times smaller than those of deltas
and continental shelves, fjords represent ~17% of the global terrestrial OC burial and ~11% of
the TOC burial in marine sediments (Smith et al. 2015). Well-developed turbidity current sys-
tems occur in many (Pope et al. 2019; Hage et al. 2020, 2022) but not all (Smeaton & Austin 2022)
fjords, and they can play a key role in OC cycling (Figure 3f). Significant amounts of terrestrial
OC are buried in the sandy parts of turbidites (Hage et al. 2020), suggesting that past global esti-
mates of burial fluxes are underestimates, as they consider primarily muddy fjord sediments (Smith
et al. 2015). Efficient burial of terrestrial OC can occur within fjord turbidites (Smith et al. 2015,
Hage et al. 2020) (Supplemental Material and Supplemental Table 1) despite being remobi-
lized in one or more stages by seabed flows (Heijnen et al. 2022a,b). For example, a detailed study
of Bute Inlet suggested that 62% =+ 10% of the OC supplied by the rivers is buried within surface
marine sediment across this fjord (Hage et al. 2022).

Type 7: mega-landslides and abyssal plains with infrequent but very large turbidity cur-
rents. Some submarine landslides are exceptionally large (Korup et al. 2007, Talling et al. 2014)
(Table 1) and disintegrate to form turbidity currents that transport and deposit large amounts
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of OC in mega-turbidites in deep-water basin plains and trenches (Figure 3g). Individual mega-
landslides within submarine fan systems can be vast. For example, those on the Mississippi, Nile,
and Amazon Fans contain 400-800 km® of sediment (e.g., Maslin et al. 2005), while landslide de-
posits are 10-20% of the total mass of the Congo Fan (Picot et al. 2015). Very large landslides
also occur on open continental slopes away from canyon-fed fans, such as the Storegga landslide
off Norway, which comprises >3,000 km? (Haflidason et al. 2005, Talling et al. 2014).

If a landslide fails to disintegrate, then OC is trapped within landslide deposits that may be
tens of meters thick, so negligible OC is remineralized. However, when mega-landslides mix with
seawater to form a turbidity current, very large sediment volumes may be spread in a thin turbidite
layer across a very wide area in deep-water basin plains or trenches, remineralizing large amounts
of OC (Thomson et al. 1987, Piper et al. 1999, Talling et al. 2007). These mega-turbidites in basin
plains may originate from landslides on open continental slopes or via canyon-flushing turbidity
currents. OC in the upper part of distal mega-turbidites is then remineralized over long periods
of hundreds to thousands of years between events (Thomson et al. 1987). The fraction of OC
that is lost from these mega-turbidites also depends on whether thick layers pond in basin lows,
which then protects most underlying OC from surface oxidization (Thomson et al. 1987). Some
submarine landslide events are triggered by earthquakes; the M,, 9.1 Tohoku earthquake in 2011
offshore Japan remobilized ~1 Mt of OC into a deep-sea trench (Kioka et al. 2019) (Table 1).

Importantly, in contrast to smaller canyon-filling flows, the frequency of mega-turbidites that
reach abyssal basin plains appears to be independent of sea level (Allin et al. 2016) and quasi-
random in time (Clare et al. 2014). This may reflect that the mega-flows that reach basin plains
have exceptional and more temporally random triggers, such as earthquakes. Flows that flushed
Nazaré Canyon and reached the Iberian Abyssal Plain have an average frequency of ~2,000 years
and likely contained more than ~0.1-1 km? of sediment (Allin et al. 2016), implying a flux of more
than ~0.1-1 Mt/year, which is comparable to sediment supply via longshore drift to the modern
canyon head (Duarte et al. 2019). Thus, the turbidity current pump may remain active during
lowstands of sea level through these exceptionally large but infrequent canyon-flushing turbidity
currents, even in cases where canyon-filling flows are much reduced.

Do We Need to Revise the Global Amount and Efficiency of Organic Carbon
Burial in Marine Sediments?

Current estimates of global burial of both marine and terrestrial OC in marine sediments are in
the range of ~160-170 Mt C/year (Hedges & Keil 1995; Burdige 2005, 2007; Smith et al. 2015;
Hilton & West 2020) (Table 1). This range was derived by assuming that 66% of the annual sed-
iment mass flux from rivers (i.e., ~18,000 Mt/year; Milliman & Farnsworth 2011) is deposited in
deltaic areas, while 33 % is deposited on continental shelves and upper slopes (Hedges & Keil 1995,
Burdige 2005). No OC was assumed to reach deep-sea submarine fans. Average TOC values of
~0.7% for deltas and 1.5% for shelves and slopes were used to compute OC burial fluxes, with
a further ~22 Mt C/year assumed to be buried in marine sediment buried in other locations
(e.g., beneath zones of high surface ocean productivity). It was then assumed that ~67% of
the TOC in deltaic areas and ~16% in shelves and slopes are terrestrial OC. This led to an
estimated burial flux of terrestrial OC in marine sediments of ~40-80 Mt/year (Burdige 2005,
2007, Hilton & West 2020) (Table 1). Rivers are estimated to supply ~200-300 Mt/year of
terrestrial OC to the oceans (Galy et al. 2015, Hilton & West 2020, Li et al. 2022) (Table 1). This
produces estimates of global burial efficiency for terrestrial OC in marine sediments of ~13-40%
(Table 1; Supplemental Material).

www.annualreviews.org o The Global Turbidity Current Carbon Pump

Supplemental Material >

119


https://www.annualreviews.org/doi/suppl/10.1146/annurev-marine-032223-103626

-133. Downloaded from www.annualreviews.org

Access provided by IFREMER,- Bibliotheque La Perouse on 01/22/24. See copyright for approved use.

Annu. Rev. Mar. Sci. 2024.16:105:

upplemental Material >

120

Data points from Walsh & Nittrouer (2009)

Terrestrial OC burial efficiency (%) . . .

for systems discussed in this review Bengal Fan and ° @ Amazon

@ Unknown terrestrial OC burial efficiency Ganges-Brahmaputra
Efficiency of sediment transfer off shelf

1,000

QB Congo

Gaopin
S ping Eel@
10 ﬂ Var 7

Monterey Canyon

Sediment supply (Mt/year)

Fjords, 60-80%

Whittard Canyon
N I

0 1 1 1 1
0 1 10 100 ~ 1,000

Shelf width (km)

Figure 4

Relationship between the efficiency of sediment transfer and terrestrial OC burial, shelf width, and the
magnitude of the annual sediment supply from rivers or via longshore drift (e.g., to Monterey Canyon). Data
on annual sediment fluxes from rivers and shelf width are from Walsh & Nittrouer (2009). Annual sediment
flux into the head of Whittard Canyon is poorly known but relatively low (Heijnen et al. 2022b). For the Eel
River and the associated shelf, the fraction of riverine sediment that escapes the shelf on a decadal timescale
is shown, rather than the estimated burial efficiency of OC. Abbreviation: OC, organic carbon.

However, from our discussions above, terrestrial OC burial can be much more efficient than
40% in a wide range of settings (Figure 4; Supplemental Material and Supplemental Tables 1
and 2), such as type 1 systems that include the large Bengal Fan (Galy et al. 2007), Congo Fan
(Baudin et al. 2020, Talling et al. 2022), Gaoping Canyon (Kao et al. 2014), and Mackenzie River
(Hilton et al. 2015) systems as well as type 6 global fjords (Smith et al. 2015, Bianchi et al. 2020,
Hage et al. 2022). Some forms of terrestrial carbon thus appear able to survive repeated mobiliza-
tion and long-distance transfer (Blair & Aller 2012). It is therefore timely to reassess values for
global burial of OC in marine sediments.

Three methods can be used to calculate global fluxes and burial efficiency of terrestrial OC.
The first method uses the global OC flux from rivers and attributes it in different proportions to
different settings, such as deltas, shelves, submarine fans, or fjords (Berner 1982, 1989; Burdige
2005, 2007; Blair & Aller 2012). This method neglects annual sediment supply to canyon heads
via longshore drift, which may be significant, include a component of coastal erosion, and not
necessarily reflect the closest river (e.g., Gibbs et al. 2020). It is therefore not preferred here.
The amount of sediment reaching the ocean from rivers globally has also declined due to human
activities (e.g., dams) and may now be ~50% (Syvitski et al. 2022) of the value of ~18,000 Mt/year
(Milliman & Farnsworth 2011) that was used to infer that 40-80 Mt/year of terrestrial OC is
buried in marine sediments. This raises a question of whether terrestrial OC burial in the oceans
has also declined by up to 50%, with a greater amount of OC buried in reservoirs and terrestrial
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settings. However, dams may preferentially trap sandy bedload with lower amounts of fresh OC
(Bianchi et al. 2018, Syvitski et al. 2022), and rates of sediment deposition in coastal areas offshore
North America do not seem to have declined since 1950 (Dethier et al. 2022).

A second method uses the abundance of terrestrial OC and sediment accumulation rates mea-
sured in seabed sediment cores together with representative areas to calculate burial fluxes (Smith
et al. 2015; Cartapanis et al. 2016, 2018; Rabouille et al. 2019; Baudin et al. 2020; Li et al. 2022).
Although this method is currently not feasible due to spatially limited OC measurements in cores
from turbidite systems, it holds promise for future estimates of terrestrial OC burial in subma-
rine fans by extending published core data for submarine fan accumulation rates (e.g., Covault &
Graham 2010) to include TOC and terrestrial OC fractions. It should also be noted that cores
from submarine fans may be significantly underrepresented in global core databases previously
used for TOC burial estimates in marine sediments (Cartapanis et al. 2016, 2018; Li et al. 2022).
Furthermore, sandy seabed areas are often impractical to core via traditional piston or gravity
corers, potentially leading to other biases.

A third method is to estimate burial efficiencies in a small number of well-studied locations
or system types with larger OC burial fluxes—namely, (#) the Ganges—Brahmaputra system and
Bengal Fan, () the Congo River and Fan, and (¢) the Amazon and Fly Rivers and their offshore
areas, as well as (d) Oceania systems (derived from Taiwan; see the Supplemental Material),
(e) fjords, and (f) all other systems notincluded in the first five categories (Supplemental Material
and Supplemental Table 1). The percentage of global OC supplied by rivers to each of these
categories is calculated for both TOC and OCyj,. A range of burial efficiencies of terrestrial OC
in marine sediments is then defined for each system (Supplemental Table 1). For example, we
assume a burial efficiency of 80-90% for the Bengal Fan (Galy et al. 2007), 60-90% for the Congo
Fan (Azpiroz-Zabala et al. 2017, Baudin et al. 2020, Talling et al. 2022), 60-80% for fjords (Smith
et al. 2015, Bianchi et al. 2020), 60-90% for systems in Oceania fed by small mountainous rivers
(Kaoetal. 2014, Bao etal. 2015),and 30% for the Amazon and Fly River shelves (figure 9 in Blair &
Aller 2012). Burial efficiencies of 20% and 30% are then modeled for the final category (all other
systems) (Supplemental Material and Supplemental Table 1). The fraction of global TOC and
OCy;, supply buried within seabed sediment is then calculated for each of these categories, which
are then summed to derive an overall global burial efficiency for TOC and OCy, (for details and
justification of the values chosen in Supplemental Table 1, see the Supplemental Material).

This method derives a global burial efficiency of 31-45% for terrestrial OC in marine sed-
iments and 28-51% for OCy;, (for details, see the Supplemental Material and Supplemental
Table 1). This range is significantly higher than the burial efficiencies of 10-30% proposed by
Hedges etal. (1997), Schliinz & Schneider (2000), and Burdige (2005,2007) and somewhat greater
than the 20-44% estimate of Blair & Aller (2012) (Table 1). Using the revised terrestrial OC burial
efficiency of 31-45% and a flux of 200 Mt/year of terrestrial OC from rivers (Galy et al. 2015), we
derive a burial flux of terrestrial OC in marine sediments of 62-90 Mt/year, which is higher than
the previous values of 40-80 Mt/year (Hilton & West 2020) (Table 1).

How Do Glacial Sea-Level Cycles Affect Global Organic Carbon Burial
Efficiency in Marine Sediments?

Far more rivers connect directly to the heads of submarine canyons during glacial periods due
to the lower global sea level (Harris et al. 2014, Bernhardt & Schwanghart 2021) (Figure 3b),
and this profoundly affects the transfer and burial of OC in the deep sea. Numerous submarine
fans would therefore likely have burial efficiencies for terrestrial OC of >60% to almost 100%, as
occurs in modern type 1 systems, where river mouths connect to canyon heads (Figures 32 and 4),
such as the Congo Fan and Bengal Fan, or small mountainous rivers in Oceania, exemplified by the
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Gaoping Canyon system (Supplemental Material and Supplemental Table 1). The global burial
efficiency of terrestrial OC in marine sediments would thus potentially reach 60-80% during
glacial periods, rising significantly from the values of 31-45% derived in the previous section and
past estimates of 10-44% (Table 1). Ifitis also assumed that the flux of OC (200 Mt/year; Table 1)
from land did not change, which is supported by an overall erosional control on OC exportin river
sediments (Galy etal. 2015, Hilton 2017), and ~10-15 Mt/year of terrestrial OC was buried within
glacial trough-mouth fans, then burial of terrestrial OC in marine sediment during glacial periods
would increase from 62-90 Mt/year to 130-175 Mt/year (Table 1; Supplemental Material).
Assuming that burial of marine OC from surface oceans (90-130 Mt/year) remained unchanged,
the TOC burial flux in marine sediments would rise to 220-305 Mt/year. However, we also note
that sediment and OC export from rivers to the ocean may vary systematically and significantly
between glacial and interglacial periods (e.g., Mariotti et al. 2021).

Our analysis suggests that the total amount of OC buried in marine sediments may have nearly
doubled during glacial periods, reflecting an increase in terrestrial OC burial efficiency from 31—
45% to 60-80% (Table 1). A similar doubling of TOC burial within deep-sea (>1 km) cores
was noted by Cartapanis et al. (2016) (Figure 54). However, they only considered sites at water
depths of >1 km and omitted submarine fans built by turbidity currents, and the OC burial fluxes
they calculated were therefore ~10% of those calculated here (Figure 54; Table 1). Cartapanis
etal. (2016) attributed the increased OC burial in marine sediments to enhanced nutrient supply,
better preservation of organic matter due to reduced oxygen exposure, and more efficient transfer
of terrestrial organic matter to the deep sea by turbidity currents.

This raises the question of how highly variable burial flux of OC in marine sediment affects
global carbon cycling and atmospheric pCO, levels, and thus climate (Cartapanis et al. 2016, 2018,
Li et al. 2022). Burial of OC in marine sediment affects atmospheric CO, levels only over long
timescales (>1,000 years) (Galy et al. 2007, Blair & Aller 2012, Hilton & West 2020). Over shorter
time periods (days or months to millennia), atmospheric pCO; is determined by exchange of
CO; between the atmosphere, ocean-water reservoirs, and terrestrial biomass (Sundquist 1993).
Interaction between these shorter-term (active) carbon reservoirs and longer-term (geological)
reservoirs such as marine sediments can be complex, not least because many factors other than
the turbidity current pump likely varied between glacial and interglacial periods (Sigman & Boyle
2000, Cartapanis et al. 2016). For example, increased surface-ocean productivity is commonly
inferred to have reduced atmospheric pCO, levels during glacial periods, thus amplifying reduc-
tions in atmospheric pCO, (Sigman & Boyle 2000). More efficient burial of OC by the turbidity
current pump would also be a positive feedback (Galy etal. 2007; Cartapanis et al. 2016, 2018), fur-
ther reducing pCO; levels during glacial periods but over much longer timescales (>1,000 years).
However, the magnitude of change in OC burial flux via turbidity currents between glacial and
interglacial periods (~30-95 Mt/year; Table 1) may rival or exceed changes in global OC burial
previously proposed to drive other longer-term climate fluctuations (Figure 5). For example, Li
etal. (2023) inferred that moderate changes in global OC burial flux (e.g., ~90 Mt/year) were an
important positive feedback for global warming during the Neogene (~23-3 Ma) (Figure 55).

The Role of Turbidity Currents in Terrestrial Organic Carbon Cycling
by Ice Sheets

Large fluctuations in OC storage and release can also occur due to the growth and decay of ice
sheets (Zeng 2003, 2007; Wadham et al. 2019; Cui et al. 2022), and turbidity currents may play
some role in such OC storage and release. For example, terrestrial OC may be buried beneath ice
sheets during glacial periods but efficiently remineralized as ice sheets melt (Zeng 2003, 2007).
Fjords at the margins of ice sheets may then bury the OC that is released from within or below
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Figure 5

Changes in TOC burial flux within marine sediments through time. Burial fluxes are calculated by using seabed core databases and
analyses of TOC, mass accumulation rates, and representative areas (biogeographic provinces). () Changes in TOC burial flux in the
deep sea (>1-km water depth) during glacial and interglacial periods. Submarine fans were not included within Cartapanis et al.’s (2016)
seabed core database, suggesting that they may have underestimated OC burial fluxes. Here, we estimate a global OC burial flux during
glacials of 220-305 Mt/year, much of which will occur via turbidity currents on submarine fans at water depths of >1 km.

(b) Longer-term changes in global OC burial rates over the last ~23 Ma from Li et al. (2023), who inferred that changes may have
affected global climate. Abbreviations: OC, organic carbon; TOC, total organic carbon. Panel # adapted from Cartapanis et al. (2016)
(CC BY 4.0); panel  adapted with permission from Li et al. (2023).
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glaciers as sea level rises during deglaciation (Smith et al. 2015, Cui et al. 2022). Turbidity current
systems will play a role in how OC is buried within many such fjords (Smith et al. 2015, Hage
etal. 2020).

In addition, when ice streams reach the shelf edge, they can form extremely large-volume
sediment accumulations (called trough-mouth fans), whose scale rivals that of the largest river-
fed submarine fans (Nygird et al. 2007). For example, the sediment mass flux to the North Sea
Trough-Mouth Fan at the peak of the last glacial was ~1,100 Mt/year, which occurred for only
~1,000 years (Nygérd et al. 2007). This sediment flux is similar to those of the modern Amazon
and Ganges—Brahmaputra River systems (Milliman & Farnsworth 2011). Terrestrial OC burial is
highly efficient within these episodically active trough-mouth fans, which are built by thick sub-
marine debris flow deposits and turbidites (Nygird et al. 2007, Bellwald et al. 2020). Therefore,
trough-mouth fans need to be included in estimates of global terrestrial OC burial in marine sed-
iments during glacial periods (Figure 37), although it is likely that they contain a high fraction of
tossil OC and relatively low TOC (King et al. 1998). For example, if trough-mouth fans globally
supplied 2,000-3,000 Mt/year of sediment with TOC values of ~0.5% (King et al. 1998), this
would be an additional burial flux of 10-15 Mt/year of terrestrial OC in marine sediments, raising

the global burial flux to 130-175 Mt/year (Table 1).

CONCLUSIONS

Turbidity currents are one of the most important sediment transport processes (pumps) on Earth
(Talling et al. 2015), yet they were previously not included in analyses of global OC cycles (Berner
1982, 1989; Burdige 2005, 2007; Blair & Aller 2012). It was once assumed that terrestrial OC was
primarily incinerated on continental shelves, such that global burial efficiency was low (~10-44%;
Table 1), and that the vast majority of turbidity current systems were inactive in the modern sea-
level highstand (Berner 1982, 1989; Posamentier & Kolla 2003). However, it is now emerging that
deep-sea burial of terrestrial OC by turbidity currents can be highly efficient (~60-100%) in a
relatively wide range of settings (Galy et al. 2007, Kao et al. 2014, Smith et al. 2015, Baudin et al.
2020) (Supplemental Table 1). Direct monitoring and dated cores are also showing that turbidity
currents are presently much more active than once thought (e.g., Clare et al. 2016, Normandeau
etal. 2020, Heijnen et al. 2022b, Talling et al. 2022), and they would be even more active in glacial
sea-level lowstands (Schliinz et al. 1999, Harris et al. 2014, Cartapanis et al. 2016).

The role of turbidity currents in global carbon cycling is therefore in need of reassessment,
leading to revised global estimates for the mass flux (~62-90 Mt/year) and efficiency 31-45%)
of terrestrial OC burial in marine sediments (Table 1; Supplemental Material). Burial of terres-
trial OC during glacial periods of sea-level lowstand was far more efficient than it is at present,
as most submarine canyons connected to river mouths (Harris & Whiteway 2011, Bernhardt &
Schwanghart 2021). We estimate that terrestrial OC burial doubled during glacial periods, and
this is consistent with previous analysis of deep-sea (>1 km) cores (Figure 54). Assuming a global
average burial efficiency of 60-80% by turbidity currents, the TOC burial flux in marine sed-
iments could rise to 220-305 Mt/year (Table 1). Similar changes in seabed burial flux of OC
from surface-ocean carbon pumps are thought to be an important positive-feedback mechanism
for global warming (Li et al. 2023) (Figure 5b4). The fluctuating strength of the turbidity cur-
rent pump may therefore also affect atmospheric pCO; levels and climate over longer geological
timescales (>>1,000 years) (Galy et al. 2007, Kao et al. 2014, Cartapanis et al. 2016).

FUTURE RESEARCH DIRECTIONS

This review is a rallying call for additional flow monitoring, allied to time-lapse bathymetric map-
ping and sediment sampling, to understand the frequency and nature of turbidity currents in a
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much wider range of settings. This direct monitoring work can then underpin better-constrained
estimates of mass transfer and burial fluxes of OC within marine sediments. Ideally, new meth-
ods are needed to measure sediment concentrations and mass fluxes directly in turbidity currents
(e.g., Simmons et al. 2020), which are currently estimated via time-lapse mapping (Hage et al.
2022, Heijnen et al. 2022a, Talling et al. 2022) or dating of widely spaced sediment cores (Covault
& Graham 2010).

There is also a need to understand where and how sediment and OC are transferred efficiently
across wide (>>10 km) continental shelves (Figures 2d and 4), as this may produce a far greater
number of active submarine canyons (Harris & Whiteway 2011, Bernhardt & Schwanghart 2021).
Whittard Canyon is more than 300 km from the nearest coast, yet it is currently active (Heijnen
et al. 2022b). Future work should aim to determine the ultimate fate of extremely mobile (fluid)
mud layers on the continental shelf (Kineke et al. 1996, Wright & Friedrichs 2006, Kuehl et al.
2016, Nittrouer et al. 2021) and whether they occasionally escape the shelf, as these fluid muds
occur on some of the largest systems that have a disproportionate effect on global fluxes. For
example, it is often assumed that the Amazon (Nittrouer et al. 2021) and Mississippi Canyons are
inactive, but moored sensors have not yet been placed in these canyons, and dated cores from the
upper Mississippi Canyon suggest recent flows (Bianchi et al. 2002).

Finally, improved estimates of global OC burial fluxes are based on seabed core databases,
both for the Quaternary (Cartapanis et al. 2016) and older geological periods (Li et al. 2023);
however, these core databases are strongly biased, as they have few or no cores from submarine fans
(Cartapanis et al. 2016, Li et al. 2023), where sediment and OC accumulation rates are unusually
high (Baudin etal. 2020) (Figure 2). Future studies thus need to include representative cores from
submarine fans. Traditional coring methods tend not to recover sandy sediments, and there should
also be efforts to account for OC buried within sandy sediment, including with studies of modern
carbon stock on continental shelves (Atwood et al. 2020).

This article has focused on how more efficient organic carbon burial by turbidity currents may
affect long-term climate change, but organic carbon is also the basis for most marine food webs.
Transfer of organic carbon by turbidity current may therefore also have significant implications
for seabed life (see the sidebar titled Wider Implications of the Turbidity Current Pump).

WIDER IMPLICATIONS OF THE TURBIDITY CURRENT PUMP

A more active turbidity current carbon pump has significant implications for seabed life. These flows supply OC
that underpins food webs, although seafloor biomass is more dependent on labile marine carbon than the refractory
terrestrial carbon that dominates some flows (Gibbs et al. 2020, Leduc et al. 2020). Powerful turbidity currents both
scour the seabed, sometimes to depths of tens of meters, and deposit thick sediment layers that smother ecosystems
(Mountjoy et al. 2018). Rapid accumulation of organic-rich sediment has sometimes favored chemotrophic ecosys-
tems resembling those around black smokers (Karine et al. 2017), while turbidity currents provide a template of
sediment or bedrock types for different ecosystems.

There is an increasing focus on how carbon stocks on continental shelves are remobilized by human activities
such as trawling (Atwood et al. 2020). Where trawling occurs close to canyons, turbidity currents play a key role in
exporting and remineralizing carbon (Puig etal. 2012, Payo-Payo et al. 2017, Paradis etal. 2022). Turbidity currents
may also transfer microplastics in the deep sea, potentially explaining why ~99% of plastic entering the ocean is
currently unaccounted for (Kane & Clare 2019). There is also a question of whether onshore water reservoirs,
which may now trap ~50% of global river sediment (Syvitski et al. 2022), affect offshore turbidity currents and
their carbon cycling.
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