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Abstract Organic carbon (OC) sedimentation in marine sediments is the largest long-term sink of
atmospheric CO, after silicate weathering. Understanding the mechanistic and quantitative aspects of OC
delivery and preservation in marine sediments is critical for predicting the role of the oceans in modulating
global climate. Yet, estimates of the global OC sedimentation in marginal settings span an order of magnitude,
and the primary controls of OC preservation remain highly debated. Here, we provide the first global bottom-up
estimate of OC sedimentation along the margins using a synthesis of literature data. We quantify both terrestrial-
and marine-sourced OC fluxes and perform a statistical analysis to discern the key factors influencing their
magnitude. We find that the margins host 23.2 + 3.5 Tmol of OC sedimentation annually, with approximately
84% of marine origin. Accordingly, we calculate that only 2%—3% of OC exported from the euphotic zone
escapes remineralization before sedimentation. Surprisingly, over half of all global OC sedimentation occurs
below bottom waters with oxygen concentrations greater than 180 pM, while less than 4% occurs in settings
with <50 pM oxygen. This challenges the prevailing paradigm that bottom-water oxygen (BWO) is the primary
control on OC preservation. Instead, our statistical analysis reveals that water depth is the most significant
predictor of OC sedimentation, surpassing all other factors investigated, including BWO levels and sea-surface
chlorophyll concentrations. This finding suggests that the primary control on OC sedimentation is not
production, but the ability of OC to resist remineralization during transit through the water column and while
settling on the seafloor.

Plain Language Summary Particulate organic carbon (OC) sedimentation is a major sink of
atmospheric carbon dioxide. Most OC is thought to be sedimented along the margin, the marine area near
land with water depths shallower than 1,500 m. However, estimating how much OC is sedimented in these
environments has proven challenging with current methods. Here, we compiled and studied information on
hundreds of seafloor sediment samples that were collected from around the world. We find that the margins
account for approximately 92% of total marine OC sedimentation. Surprisingly, less than 4% of this
sedimentation occurs in low-oxygen regions of the ocean, contradicting a long-standing assumption about the
importance of low-oxygen regions to global carbon sedimentation. Our results show that the breakdown of
particulate OC during its transit through the water column and while settling at the seafloor is the main
control on how much OC is sedimented. This information helps to constrain the flux of several other
biologically cycled elements and will be important for predicting how global climate change will affect
marine OC sedimentation.

1. Introduction

Nearly 40% of global net primary production (NPP) occurs in the ocean, equivalent to the production of about
6,500 Tmol organic carbon (OC) year™! (Falkowski et al., 1998; Jin et al., 2006). Around 850 Tmol (~15%) of
this OC is exported below the euphotic zone and an additional ~37.5 Tmol of terrestrial OC is delivered from
continental environments via rivers (Galy et al., 2015; Hedges et al., 1997). Though much of this OC is
remineralized before it reaches the seafloor (Dunne et al., 2007; Jahnke, 1996; Martin et al., 1987), OC burial is
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one of the two major long-term sinks of atmospheric carbon dioxide (CO,), the other being silicate weathering
(Urey, 1952).

Despite its importance to the C cycle, the very definition of OC burial is murky, which makes estimating fluxes
challenging. True burial refers to OC irreversibly stored in sediments below the active degradation zone
(Keil, 2015). Ideally, we want to quantify this flux of OC because it is removed from the surficial C cycle on
tectonic timescales (Walker, 1993). However, determining this depth is difficult, as the depth at which OC
remineralization is arrested is highly variable, and may not even exist (Bradley et al., 2022). Moreover, when
constructing a burial estimate using literature data without sediment or pore water information to assess OC
degradation in the sediment, it is impossible to ensure that every datum is below the zone of active degradation.
Given these limitations, we focus our study on OC sedimentation, which we define as a flux that falls between the
OC rain rate and the OC flux at the depth of irreversible burial. Thus, any sediment-based estimate of global OC
sedimentation is likely to represent an upper bound of the true OC burial flux.

In addition to the challenge of defining burial, studies have shown that determining the magnitude and spatial
pattern of OC sedimentation is also difficult, especially along the continental margins, where most OC sedi-
mentation is thought to occur (Bianchi et al., 2018; Burdige, 2007). In contrast, deep-sea OC sedimentation (i.e.,
below 1,500 m, or ~85% of the ocean floor) is more easily quantified, but constitutes a small flux relative to that
sedimented in marginal settings (Hayes et al., 2021). The sedimentation of OC is much larger in margin sediments
than in deep-sea sediments for two principle reasons: productivity and proximity. Marginal environments are, by
definition, closer to the land, which can provide essential nutrients that can stimulate plankton growth (e.g., from
coastal upwelling, terrestrial run-off, and sediment dissolution). Likewise, margin environments are shallower
than the deep sea, meaning that there is a shorter distance for OC to travel between where it is produced and where
it is sedimented. Despite their importance to the global C budget, OC fluxes to the margins are not well con-
strained (Table 1). The lack of constraints reflects, in significant part, the sparsity of measurements in margin
environments relative to their high degree of heterogeneity. While it is possible to measure the flux of OC
accumulating in any individual sediment sample, OC fluxes can vary greatly over relatively small distances due to
variations in seafloor topography, water column oxygen concentrations, rates of nutrient-rich water mass up-
welling, and ecological factors that affect export and remineralization (Arndt et al., 2013; Bauer et al., 2013;
Eglinton et al., 2021; Hedges & Keil, 1995; Middelburg, 2018). While previous studies have been able to derive
estimates of margin OC fluxes using global sediment averages (Gershanovich et al., 1974), such estimates cannot
account for regional variations in OC fluxes. Quantifying and understanding the spatial pattern of OC sedi-
mentation in margin sediments therefore requires alternative approaches that can account for regional
heterogeneity.

Almost all published estimates of margin OC sedimentation are based on “top-down” approaches. Top-down
approaches are popular because they offer granular information on OC sedimentation, which is necessary to
account for regional heterogeneity. Top-down models achieve this by using input data with a high spatial sam-
pling density, such as sea-surface chlorophyll concentrations or temperature, which can be determined via sat-
ellite. Global OC sedimentation can then be modeled by considering how much OC is produced (i.e., NPP), the
fraction of the produced OC that is exported out of the euphotic zone, how much is transferred through the water
column, and the amount of OC that is expected to arrive at the seafloor. These latter terms have been estimated
using combinations of sediment trap data and benthic O, fluxes (e.g., Jahnke, 2010) or through empirical re-
lationships derived from data sets of water column particulate OC fluxes and sedimentation rates (e.g., Dunne
et al., 2005, 2007; Lutz et al., 2002). While valuable, these approaches require explicit parameterizations of
processes that may be poorly understood mechanistically, leading to global margin OC sedimentation flux es-
timates varying by almost a factor of 40 (Table 1).

The wide range of top-down OC sedimentation estimates suggests that bottom-up approaches—those that
leverage measurements of the sediments themselves—may also be valuable in constraining global OC fluxes.
However, bottom-up approaches for measuring OC fluxes present several of their own challenges, such as: sparse
input data, the need to differentiate between types of OC, and the very definition of burial and sedimentation. In
general, there are far fewer measurements of OC fluxes than OC concentrations. Several studies employed
machine-learning and other statistical approaches to estimate sedimentary OC stocks (Atwood et al., 2020; Lee
etal., 2019), but not OC fluxes. Where bottom-up estimates of OC fluxes do exist, these studies typically focus on
specific regions with high data density, rather than extrapolating to all margins (Diesing et al., 2021; Smeaton
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Table 1

A Compliation of Existing Marine Organic Carbon Sedimentation Flux Estimates

Marine OC Marine OC

sedimentation rate sedimentation rate

(Tg C year™") (Tmol C year™") Reference Estimate logic

60 5 Muller-Karger et al. (2005) Used satellite data and NPP estimates. The NPP estimates were attenuated with
depth to the seafloor using standard models

2,218 184.7 Archer et al. (2002) Diagenesis model was applied to a gridded map of OC rain rates across bottom
water oxygen value

590 49.2 Middelburg et al. (1997) Used empirical relationships between remineralization rates and water depth
(geometric mean was taken)

2,481 206.6 Middelburg et al. (1997) Used empirical relationships between remineralization rates and water depth
combined with arithmetic means (arithmetic mean)

213 17.7 Muller-Karger et al. (2005) The OC rain rate from this work was assumed to be the rate of marine organic

Burdige (2007) matter input to sediments, and sedimentation efficiency values taken from

another study (Burdige, 2007; Muller-Karger et al., 2005). These were applied
to these rain rates to estimate sedimentation rates of marine organic carbon

577 48 Burdige (2007) Estimated sedimentation efficiency based on remineralization rates. Study
assumed a steady-state OC budget

248 20.6 Burdige (2007) Same as above method, but estimate assumed relict sands do not accumulate very
much TOC

149 12.1 Hedges and Keil (1995) Estimate was recalculated from another reference (Berner, 1989)

218 18.2 Gershanovich et al. (1974) Average TOC content of Holocene sediments multiplied by their areal size
and thickness

187.08 15.6 Jahnke (2010) Regionally defined fluxes from oxygen fluxes and primary productivity

290.4 24.2 Dunne et al. (2007) Series of algorithms starting with satellite estimate of primary productivity,
converted to a sinking particle flux, estimated penetration to the sea floor, and
finally accumulation in the sediments

231.6 19.4 This study Interpolation and extrapolation of patterns of OC sedimentation

et al., 2021). Another difficulty concerns the different types of OC present in marine sediments. Marine sedi-
mentary OC often contains a mixture of autochthonous (produced in the ocean) and allochthonous OC (formed in
the terrestrial environment and transported to the seafloor). This mixing of OC types necessitates that OC from
terrestrial and marine environments be tabulated separately if we aim to constrain the magnitude and efficiency of
the marine biological carbon pump and exclude terrestrial inputs.

Here, we estimate margin OC sedimentation using a bottom-up, data-driven approach leveraging more than 800
OC sedimentation rates from recent environments (i.e., Holocene; younger than 11,000 years before the pre-
sent) deposited in water depths shallower than 1,500 m. Our estimate accounts for vertical and spatial vari-
ability in OC sedimentation along continental margins by employing geospatial interpolation methods, allowing
us to arrive at an annual global margin OC sedimentation estimate. Combining this flux with an existing
bottom-up estimate of deep-sea OC sedimentation fluxes from Hayes et al. (2021), we calculate global OC
sedimentation. To interrogate the controls on this flux estimate, we employ multiple linear regression (MLR)
modeling using standard oceanographic predictors. Our marine flux offers a new means to calculate the effi-
ciency of the biological carbon pump and has implications for the sedimentation of other biologically cycled
elements.

2. Materials and Methods

Our methodology for estimating OC sedimentation involved five main steps: data compilation, categorizing based
on OC type and water depth (Section 2.1), interpolation, extrapolation for regional coverage, and region-specific
analysis (Section 2.2). Following these steps, we employed MLR analysis to study the predictability of OC
sedimentation and identify the main features that control it (Section 2.3).
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2.1. Data Compilation and Categorization

Organic carbon sedimentation data were compiled from the PANGAEA database (pangaea.de), Integrated Ocean
Discovery Program (IODP) proceedings (publications.iodp.org), and through literature searches (Table S1 in
Supporting Information S3). Many of the compiled data possessed a mass accumulation rate (MAR); however, for
samples without an associated MAR, we assumed a linear sedimentation rate between sediment samples in
cores that had age and depth constraints and multiplied by the dry bulk density:

MAR = Sedimentation Rate (cm year_l) X dry bulk density <i3> @)
cm
This process resulted in a MAR for every sample. The rate of OC sedimentation was obtained by multiplying the
MAR by the OC content of each sample:

OC (Wt.%)

100 @

OCsedimentation = MAR (g Cm_2 year_l) X
While total OC sedimentation data are useful, they combine autochthonous and allochthonous OC. Since only the
former is useful for assessing marine CO, removal, we split the data into two data sets to isolate samples that may
have significant terrestrial OC influence. The first data set included sediment samples with both marine and
terrestrial influence (Figure 1a; n = 804), whereas samples that were strongly influenced by terrestrially sourced
OC were removed from the second data set (Figure 1b; “predominantly marine” n = 691). The terrestrial in-
fluence was assessed based on C:N ratios and 8'3C values. In general, terrestrial OC exhibits C:N > 10 (Lamb
et al., 2006), whereas most marine OC exhibits C:N between 5 and 8 (Redfield, 1934). Likewise, the §'C of
terrestrial OC is typically between —21 and —32%o, which is lower than the majority of marine OC (—18 to
—24%o; Lamb et al., 2006). As such, terrestrial organic matter was screened from the predominantly marine data
set by removing samples with C:N > 8 or 8'*C < —23%,. Although this screening does not eliminate all terrestrial
organic matter influence, particularly if the terrestrial OC is dominated by C, plants (Lamb et al., 2006), samples
falling outside both the terrestrial screening values (C:N < 8 and 8'>C > —23%o) in marine sediments likely have
relatively minor terrestrial components. Samples previously used in marine estimates were retained in the marine
compilation regardless of whether they had published C:N or 8'°C values (Cartapanis et al., 2016; Hayes
et al., 2021). This method, while potentially allowing some terrestrial influence, prioritizes having more data with
minimal terrestrial material than having fewer data, which should provide a more robust estimate of marine OC
sedimentation.

2.2. Interpolation and Extrapolation of OC Sedimentation Estimates

Following initial data compilation, a map of seafloor topography (Smith & Sandwell, 1997) was loaded into
ArcMap (Version 10.8.2; Esri, Redlands CA) and projected so that each pixel had an equal area (1 km? pixel size;
Figure 1a). The distinction between the continental margins and the deep sea was challenging to define due to the
unique hydrography of each region. Previous studies have placed the boundary between the margins and the deep
sea between 1,000 and 2,000 m (Burdige, 2007; Hayes et al., 2021). For this study, we defined the margin as
encompassing depths ranging from O to 1,500 m, including the continental shelf (0-200 m; Laruelle et al., 2013).
Deeper depths were excluded as robust OC flux estimates for the deep ocean are available in Hayes et al. (2021),
and because the deep-sea OC flux is relatively small compared to that of the margins.

Subsequently, we created two bathymetry bins (0—1,000 m and 1,000-1,500 m water depth), and the compiled OC
sedimentation data were loaded into ArcMap. Within each bin, the data were interpolated and extrapolated using
inverse distance weighting (IDW). This deterministic interpolation technique estimates values at unsampled
locations based on the values at the nearest sampled locations according to a distance decay function. The closer
an unsampled point is to an observation, the more weight that point has in the averaging process. The significance
that the nearest point has relative to further ones is controlled by defining the “power.” A higher power places an
additional emphasis on the nearest points, whereas a lower power places less emphasis on these points. We used a
power of two (i.e., 1/distance®), meaning that a sample twice as far away from the target pixel as another sample
would be weighted four times less.
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Figure 1. Global map of compiled sediments with organic carbon (OC) sedimentation. Black regions show continental margins with bathymetry <1,500 m. (a) Shows
samples that include both terrestrial and marine OC sedimentation. The triangles are data between 0 and 1,000 m and the circles are data between 1,000 and 1,500 m.
(b) Includes only sediments with marine-dominated OC. The triangles are data from 0 to 1,000 m and the circles are data from 1,000 to 1,500 m.

By default, ArcMap interpolates over the data within a minimum spatial bounding box that encompasses all the
data. However, this does not allow ArcMap to produce a map that covers the entire region of interest. Thus, we
created a bounding box using extrapolation that was larger than the minimum spatial bounding box and covered
the entire region. To do this, the processing extent box was set to the size of each region of interest (Figure 2,
Table 2). Extrapolated OC fluxes were bounded by the values encountered in that region; extrapolations could not
yield OC sedimentation rates that were more (or less) than the largest (or smallest) observed OC sedimentation
rate within the bounding box. Once every pixel had a defined flux, the pixels were summed to produce a total OC
sedimentation for the defined area.

The spatial binning reveals sampling biases. Some regions are data-dense and are presumed to give the most
accurate interpolations. Conversely, some areas have too little data to interpolate. Therefore, we divided the
margin into 30 distinct regions, which constrained the distance over which any individual datum can be inter-
polated within that region. For each region, we assessed if alternative methods were required to obtain the most
robust OC sedimentation flux. These methods either used the higher-density data within one bathymetric bin to
extrapolate a flux to the other bin or, in a few cases with particularly poor data coverage, adopted previous
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Figure 2. Map showing the 30 regions (each labeled with a letter) we divided the margin in. The black area is the seafloor from 0 to 1,500 m water depth. The colored part
around each region illustrates where the boundaries of the regions are. Each region is given a letter so that it can be referred to more easily without depending on the
names of landmass (Table 2).

estimates from the literature. These details are included in the results and discussion. A complete ArcMap
workflow can be found within Supporting Information S1.

2.3. Constructing Multiple Linear Regression Models

To augment our IDW-based estimates of marine OC sedimentation, we employed statistical modeling of OC flux
data using MLR without interaction terms. This approach had two main objectives: to assess the predictability of
OC fluxes based on a set of features and to identify the features that exert the most significant influence on
predicting OC fluxes.

The MLR analysis incorporated 12 predictor values derived from two databases: World Ocean Atlas 2018
(WOA18) and Copernicus Marine Service (CMEMS) satellite data. The WOA18 provided mixed layer depth
(MLD), surface- and bottom-water temperature (BWT), and dissolved oxygen, as well as sea-surface nutrients
(nitrate, phosphate, and silicate), while CMEMS data contributed surface chlorophyll-a levels. Nearest-neighbor
interpolation was then used to infer values for the location of each of the OC flux values in our sediment
compilation. For all data extracted from the WOA18, objectively analyzed mean data were obtained from the 1°
grid at the depth level corresponding to the sediment sample. For the CMEMS satellite data, surface chlorophyll-a
values were interpolated onto a 4-km grid. This process resulted in a data set containing 459 observations of OC
fluxes associated with all 12 predictor variables. Approximately 200 data points were excluded because one or
more predictor variables could not be located for the latitude and longitude of the OC flux datum. The OC
sedimentation and chlorophyll-a data were then log transformed to reduce parameter weighting and MLR models
were employed to predict OC fluxes using the MATLAB fitlm function. The general form of the MLR equation is
as follows:

OCiedimentation = € + f; - longitude + f, - latitude + f; - depth + f, - SWT + s - BWT+

Bs-BWO + B, - SWO + s - SWSi + By - SWP + S8, - SWN + 3, - Chl + 8, - MLD

where c is the intercept and f, represents the optimized coefficient for each of the 12 predictors: longitude,
latitude, depth, surface-water temperature (SWT), BWT, bottom-water oxygen (BWO), surface-water oxygen
(SWO), surface water silicate (SWSi), surface-water phosphate (SWP), surface-water nitrate (SWN),
chlorophyll-a levels (Chl), and MLD. Following Mete et al. (2023), we used a factorial design to test 4,095
distinct MLR models. In this framework, each model represented a unique combination of the 12 features, which
were either enabled (and optimized) or disabled (set to zero). This design theoretically allowed for 212 (4,096)
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Table 2
Combined Marine and Terrestrial Organic Carbon (OC) Fluxes

Area in km? Area in km? Total area OC flux OC flux

General region Figure code (0-1,000 m) (1,000-1,500 m) (km?) (mol m™ year") (Tmol year‘l) Source
Northeast Pacific a 5.74E+05 3.08E+04 6.05E+05 2.09 1.26 This study
Northeast Pacific b 3.32E+05 6.96E+04 4.02E+4+05 2.04 0.86 This study
Northeast Pacific ® 2.16E+05 5.28E+04 2.69E+05 0.65 0.18 This study
Equatorial Pacific d 3.43E+04 4.53E+04 7.96E+04 0.25 0.02 This study
Southeast Pacific e 2.27E+05 6.63E+04 2.93E+05 0.86 0.25 This study
Southeast Pacific f 2.66E+05 3.37E+04 3.00E+05 0.76 0.23 This study
Southwest Atlantic g 1.79E+06 1.69E+05 1.96E+06 0.12 0.23 This study
Southwest Atlantic h 6.50E+05 8.43E+04 7.34E+05 1.91 1.4 This study
West Equatorial Atlantic i 2.94E+05 1.01E+05 3.95E+05 0.75 0.37 This study
Gulf of Mexico j 1.02E4+06 2.17E+05 1.24E406 0.17 0.21 This study
Northwest Atlantic k 1.79E+06 1.21E+405 1.91E+06 0.05 0.1 This study
Arctic 1 7.48E+05 2.36E+05 9.84E+05 0.62 0.61 This study
Northeast Atlantic m 1.81E+06 3.52E+05 2.16E+06 0.55 12 This study
Northeast Atlantic n 4.23E405 8.50E+04 5.08E+05 0.72 0.37 This study
Southeast Atlantic 0 4.83E+05 9.44E+04 5.77E4+05 0.21 0.12 This study
Southeast Atlantic p 3.98E405 5.98E+04 4.58E+05 0.16 0.07 This study
West Indian q 4.82E+05 1.75E4+05 6.57TE+05 0.19 0.12 This study
Red Sea r 3.99E405 5.59E+04 4.55E+05 0.02 0.01 This study
Black Sea s 2.08E405 3.39E+04 2.42E+05 0.2 0.05 This study
West Arabian Sea t 3.61E+05 2.65E+04 3.88E+05 0.46 0.18 This study
East Arabian Sea u 4.47E405 7.36E+04 5.21E4+05 0.16 0.08 This study
Bay of Bengal v 1.29E+06 2.31E+05 1.52E+06 0.59 0.90 This study
Australia (West) w 5.81E4+05 1.79E+05 7.60E+05 0.12 0.09 Jahnke
Australia (South) X 5.75E+05 5.69E+04 6.32E+05 0.21 0.13 Jahnke
Australia (East) y 7.20E+05 1.40E+05 8.60E+05 0.23 0.20 Jahnke (2010)
Australia (Tropical) z 1.33E4+06 2.49E+04 1.35E+06 0.25 0.34 Jahnke (2010)
West Equatorial Pacific o 4.50E+06 5.07E+05 5.01E+06 1.05 5.24 This study
Northwest Pacific i 2.03E4+06 4.83E4+05 2.51E+06 0.16 0.39 This study
Antarctic 3 1.03E+06 5.81E+05 1.61E+06 0.54 2.35 This study
South Pacific Y 4.03E+06 3.40E+05 4.37E+06 0.22 0.36 This study
Arctic € 8.11E4+06 2.98E+05 8.41E+06 0.62 5.21 This study
Northeast Pacific C 2.65E+04 2.78E+04 5.43E+04 0.06 0.02 This study
Mediterranean Sea 3 1.07E4+06 2.27E+05 1.30E+06 0.02 0.03 This study
Sum 3.82E+07 5.3E+06 4.35E+07 232

possible feature combinations; however, due to the necessity of having at least one feature enabled per model, the
total count of unique, trainable MLR models with >1 features = 212 1 =4,095.

We used Monte Carlo cross-validation to assess MLR model performance. Specifically, before MLR model
initialization and optimization, the data set was randomly partitioned into training (75%) and validation (25%)
components. The training component was used to compute the best fit MLR model, while the validation
component was utilized to assess model performance. All MLR outputs, including plots and summary sta-
tistics, refer only to the validation component. The model training and validation process was performed 100
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times for each model, with each iteration involving a different random partitioning of the training and
validation data sets.

3. Results

Here we explore the results of two flux calculations to estimate OC sedimentation from global sedimentary
samples (Figure 1). We refer to these OC sedimentation estimates as the fotal OC sedimentation (e.g., marine and
terrestrial Section 3.1.1) and the marine OC sedimentation (Section 3.1.2; e.g., screening data to determine
whether OC sedimentation is primarily of terrestrial or marine origin).

3.1. Organic Carbon Sedimentation Along the Continental Margins
3.1.1. Regionally and Bathymetrically Constrained Flux Estimate

To mitigate interpolation or extrapolation between hydrographically distinct regions, we divided the global
margins into 30 regions based on geography, bathymetry (i.e., 0—1,000 and 1,000-1,500 m bins), and data
density for a total of 60 bins (Figure 2). Regions were defined as close as possible to the regions defined by
Jahnke (2010), where the margins were separated into five categories: polar, subpolar, monsoonal, tropical,
eastern boundary current, and western boundary current. The polar regions, which include the Arctic and the
region near Antarctica, were defined by ecosystems that have extreme seasonality (e.g., light limitation and
have ice-cover for a significant part of the year). The sub-polar margins are in the high-latitude regions, which
lie between the polar regions and the east and western-boundary current regions. The Western and Eastern
Boundary currents are regions where water flows parallel to the margins, where west coast margins (or
Eastern Boundary currents) are characterized by upwelling and subsurface oxygen minima. The monsoonal
margins are regions that are affected by monsoonal wind patterns. Here, and in Jahnke (2010), the monsoonal
margins are only based in the Northern Indian Ocean. Finally, the tropical margins are located at the low
latitudes and are found roughly between 15° S and 15° N. For a detailed breakdown of these regions, the
reader is referred to Jahnke (2010).

After breaking our margin area into these five categories, we considered data density in defining our regions.
For example, instead of grouping the entire coast of western North America as the same eastern boundary
current area, we split our data set into three regions—the Gulf of Alaska, California margin to Canada, and
Mexico to Panama. These splits are possible because of the higher data density in these regions. Addi-
tionally, regions with low data density were necessarily defined by the location of samples. Once the region
and bins were defined, we interpolated OC sedimentation separately within the two bins in each region. We
created the bathymetry bins by clipping based on the bathymetry from Smith and Sandwell (1997). This
method divided the data into two bins: 0-1,000 and 1,000-1,500 m. This grouping limited the effects of the
low OC flux values at deeper depths from being extrapolated up-slope and artificially reducing the margin
flux. Similarly, it prevented the shallow points from being extrapolated far down the slope, which would
artificially inflate the margin fluxes. Though increasing the number of depth bins reduced vertical extrap-
olation, this came at the cost of diminishing data density in certain bins and in several regions. We found
that using two depth bins optimized the tradeoff between minimizing vertical extrapolation and maintaining
high data density; while more bins would be preferable, this is not possible without additional data.
Although we utilized a seafloor data set (Smith & Sandwell, 1997) to avoid projecting over land masses,
some inland bodies of water might have been included if their bathymetry was part of the data set. However,
we anticipate the impact of these regions is negligible because they represent minimal area and are largely
connected to the open ocean.

We summed the values for OC sedimentation in each bin and repeated the steps for each of the 30 regions. The
steps for defining regions, bathymetry, and interpolation are shown in Figures 3a—3f. This approach allowed us to
calculate regional and margin-wide flux estimates (Table 2). This regionally and bathymetrically constrained flux
method is our preferred approach as it accounts for bathymetry and prevents extrapolations across dissimilar
regions. This method yields a global margin OC sedimentation of 23.2 + 3.5 Tmol year™ . Since IDW does not
permit direct estimation of uncertainty, our uncertainties were derived using a resampling analysis, described in
Sections 3.1.2 and 3.2.
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Figure 3. Maps of the California Margin (region b) illustrating the workflow of creating depth bins and the result of
interpolating between data points. (a) Pink triangles indicate data between 0 and 1,000 m water depth and yellow circles are
between 1,000 and 1,500 m, (b) regions of interest clipped around the data, (c) seafloor area from 0 to 1,000 m water depth
within the regionally clipped area, (d) seafloor area from 1,000 to 1,500 m water depth within the regionally clipped area,
(e) interpolated organic carbon (OC) fluxes within the 0-1,000-m depth bin, (f) interpolated OC fluxes within the 1,000—
1,500-m depth bin. Final values were ascertained by summing the fluxes in each region. This process was repeated for each
region of interest.

3.1.2. Regionally and Bathymetrically Constrained Flux Estimate for Marine OC

The bottom-up approach described in Section 3.1.1 provides an estimate of the flux of OC sedimented in margin
environments, including both autochthonous and allochthonous sources. However, only the autochthonous
fraction is relevant for constraining the magnitude and efficiency of the ocean's biological carbon pump.
Therefore, in this second method, we separated the fraction of OC sedimentation derived from primarily marine
sources versus those from terrestrial inputs, thus allowing us to estimate autochthonous OC sedimentation
(Figure 4). As described in detail in the methods section, we filtered out sediments with a measured C:N > 8 or
8'3C < —23%o. While this method allowed for a more accurate estimation of marine OC sedimentation, the
screening removed around 15% of the data, thus leading to regions with insufficient data in either the deep (1,000
1,500 m) or shallow (0-1,000 m) bins to interpolate within each region. We leveraged the patterns observed in
high-data-density regions to make a marine OC sedimentation estimation in these low-data-density bins. We
selected six regions with high-density data coverage, contrasting hydrography, and water column OC flux
attenuation and evaluated the relative OC sedimentation fluxes between the deep and shallow bins. The six re-
gions we examined in detail were in the Northeast Pacific (Region b), the Southeast Pacific (Region f), the
Northwest Atlantic (Region k), the Northeast Atlantic (Region n), and the Arctic (Regions € and ; e.g., Figure 2,
Table 3).

We observed similar ratios of OC sedimentation between shallow and deep bins, ranging from 7.8 to 16.4
(Table 3), despite substantial biogeochemical and hydrographic differences between regions. Since OC sedi-
mentation exhibits systematic variations with respect to water depth, we developed a Monte Carlo method to
estimate OC sedimentation in regions with limited data coverage. This approach involved randomly removing
data from two of the six regions' shallow or deep bins while preserving the remaining data. Uncertainties in OC
sedimentation of the remaining four shallow sites were introduced by assigning new estimates within 15% of the
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Figure 4. Marine organic carbon (OC) sedimentation flux across the globe along the margins. Generally, higher OC deposition rates are found in the Northeast Pacific
and the West Equatorial Pacific Oceans. Interestingly, elevated OC rates were also observed in parts off of the coast of Antarctica and the Arctic Ocean. Relatively low
OC fluxes define the western Atlantic margins. Regions without shading used previously tabulated estimates (Jahnke, 2010).

Table 3
Regions With High Marine Data Density

reported values, which accounts for uncertainties in MAR and OC measurements. This process was repeated
500,000 times for the shallow bin and the resulting predictions consistently reproduced the known values within
their uncertainties. We find that the mean ratio of shallow-to-deep fluxes is 12.7 = 1.1 (1 SD, Figure 5). This value
agrees well with a separate bootstrapping analysis of the same data that does not prescribe uncertainties, which
yielded a ratio of 12.6 £ 1.2 (1 SD).

To account for uncertainties in high-density data areas where applying a sedimentation ratio is not needed, we
imposed a 15% uncertainty on each sedimentation estimate. Thus, OC fluxes in every single region and bin have
individually assigned uncertainties, which allows us to calculate a marine-dominated OC sedimentation between
16.4 and 22.5 Tmol year™ . Our best marine estimate, using a shallow-to-deep OC sedimentation ratio of 12.7, is
19.4 Tmol year_l. Given that our best estimate for total (i.e., marine and terrestrial) OC sedimentation is
23.2 Tmol OC year™', it is evident that the marine flux accounts for the majority of total OC sedimentation
globally. The fluxes for each region are given in Table 4.

As a validation check, we compared one of our flux estimates derived using the ratio value to a recent study that
estimated the OC accumulation flux in the North Sea using a machine-learning method. This study suggests that

Sedimentation rate ~ Sedimentation rate
Total area (kmz) Total area (kmz) (mol m~? ear ) (mol m~? ear ')  Total sedimentation
y J

Coastal region Basin Total area (kmz) 0-1,000 m 1,000-1,500 m 0-1,000 m 1,000-1,500 m (Tmol OC year_l) Ratio
b NE Pacific 4.20E+05 3.32E+05 8.90E+04 1.51 0.13 0.51 11.44
f SE Pacific 3.10E+05 2.66E+05 3.37E+04 0.85 0.06 0.23 13.60
k NW Atlantic 1.70E+06 1.79E+06 1.21E+05 0.08 0.01 0.14 7.80
€ Arctic 8.41E+06 8.11E+06 2.98E+05 0.39 0.03 3.16 14.09
1 Arctic 9.84E+05 7.48E+05 2.36E+05 1.19 0.10 0.91 11.34
n NE Atlantic 5.08E+05 4.23E4+05 8.50E+04 0.86 0.05 0.37 16.44
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Figure 5. Uncertainty analysis on the ratio extrapolation method, (a, ¢) show the measured flux from the test sites against the
predicted values when they are removed and subsequently predicted using the relationships in the remaining data. Panels (b,
d) show a histogram of the distribution of the ratios between the shallow and the deep bins. The average ratio is 12.7 with a
standard deviation of 1.1 (n = 500,000).

0.12 + 0.17 Tmol C year ' reaches the sediment in the North Sea and Skagerrak, with most of the sedimentation
occurring in the Norwegian Trough. Using our mean sedimentation estimate in this region (i.e., region m, ratio at
12.7,0.14 mol m~2 year™") and applying it to the area covered in that study (~560,000 km?), we get an estimate of
~0.08 Tmol C year_l, which is in good agreement with the machine-learning method. It is important to note that
each of these regional environments has important geographic textures to consider, resulting in heterogeneous OC
arrival to the seafloor across the region. Despite this heterogeneity, our methods are still able to broadly replicate
the detailed regional estimate. The global OC sedimentation patterns are shown in Figure 4. Generally, the highest
marine OC fluxes are found in the East Pacific, the West Indian, and the Arabian Sea, with some elevated OC
sedimentation in parts of the Arctic and Equatorial Pacific. The Atlantic generally shows the lowest OC sedi-
mentation rates.

3.2. Multiple Linear Regression Modeling

Having derived a global OC sedimentation estimate using IDW, we employed statistical modeling to determine its
predictability and identify the principal controlling factors. We achieved this using a series of MLR models that
utilize the 459 OC sedimentation data that have complete records for all 12 predictor variables.

A total of 4,095 models were trained and we assessed model performance using standard metrics such as the
Coefficient of Determination (R*) and Mean Absolute Percentage Error (MAPE; Table S3 in Supporting In-
formation S3). We found that trained model performance tended to plateau at an R* of ~0.55, regardless of the
number of features. We also observed that the R* of trained models tended to fall into one of three distinct
populations: those with R? between 0.53 and 0.55, those with R? between 0.42 and 0.47, and those with R? be-
tween —0.03 and 0.23 (Figure 6). The first population included the 1,024 models where both depth and BWO
were predictors; the second group comprised the 1,024 models where, regardless of any other features, depth was
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Table 4
Marine-Only Organic Carbon Flux
Area in km? Area in km? Max flux Min flux Max Min Bin with sufficient

General region

Figure code (0-1,000 m) (1,000-1,500m) (mol m~ year™") (mol m™ year') (Tmol year') (Tmol year') Method data density

NE Pacific

NE Pacific

NE Pacific

SE Pacific

SE Pacific

SW Atlantic
SW Atlantic

W. Equ. Atlantic
Gulf of Mexico
NW Atlantic
Arctic

NE Atlantic

NE Atlantic

SE Atlantic

SE Atlantic

EW Indian

Red Sea

Black Sea

W Arabian Sea
E Arabian Sea
Bay of Bengal
Australia (West)
Australia (South)
Australia (East)

Australia
(Tropical)

W Equ. Pacific
NW Pacific

S Pacific
Antarctic
Arctic

NE Pacific
Med. Sea

Sum

a

b

= 5 e e

—.

-

MmO < ™ R

i

5.74E+05 3.08E+04 2.28 1.69 1.38 1.02 Ratio 0-1,000
3.32E+05 6.96E+04 1.46 1.08 0.59 0.43 Binned
2.16E+05 5.28E+04 0.81 0.60 0.22 0.16 Ratio 0-1,000
2.27E4+05 6.63E+04 2.04 1.27 0.60 0.37 Ratio 1,000-1,500
2.66E+05 3.37E+04 0.88 0.65 0.26 0.19 Binned
1.79E+06 1.69E+05 0.26 0.16 0.51 0.32 Ratio 1,000-1,500
6.50E+05 8.43E+04 0.23 0.14 0.17 0.10 Ratio 1,000-1,500
2.94E+05 1.01E+05 0.17 0.17 0.07 0.12 Jahnke NA
1.02E+06 2.17E+05 0.17 0.17 0.28 0.28 Jahnke NA
1.79E+06 1.21E+05 0.08 0.06 0.16 0.12 Binned
7.48E+05 2.36E+05 1.07 0.79 1.05 0.78 Binned
1.81E+06 3.52E+05 0.17 0.10 0.36 0.23 Ratio 1,000-1,500
4.23E405 8.50E+04 0.83 0.61 0.42 0.31 Binned
4.83E4+05 9.44E+04 0.51 0.51 0.22 0.22 Jahnke
3.98E+05 5.98E+04 0.60 0.38 0.28 0.17 Ratio 1,000-1,500
4.82E+05 1.75E+05 1.46 0.91 0.96 0.60 Ratio 1,000-1,500
3.99E+05 5.59E+04 0.02 0.01 0.01 0.01 Ratio 0-1,000
2.08E+05 3.39E+04 0.24 0.18 0.06 0.04 Ratio 0-1,000
3.61E+05 2.65E+04 0.25 0.19 0.10 0.07 Ratio 0-1,000
4.47E+05 7.36E+04 1.57 0.98 0.82 0.51 Ratio 1,000-1,500
1.29E+06 2.31E+405 0.19 0.14 0.29 0.21 Ratio 0-1,000
5.81E+4+05 1.79E405 0.12 0.12 0.09 0.09 Jahnke NA
5.75E+05 5.69E+04 0.21 0.21 0.08 0.08 Jahnke NA
7.20E+05 1.40E+05 0.23 0.23 0.2 0.20 Jahnke NA
1.33E+06 2.49E+04 0.25 0.25 0.45 0.45 Jahnke NA
4.50E+06 5.07E+05 0.88 0.65 4.40 3.25 Ratio 0-1,000
2.03E+06 4.83E4+05 0.63 0.39 1.59 0.99 Ratio 1,000-1,500
1.03E+06 5.81E+05 0.26 0.19 0.42 0.31 Binned
4.03E+06 3.40E+05 0.63 0.46 2.73 2.02 Binned
8.11E+06 2.98E+05 0.43 0.32 3.64 2.69 Binned
2.65E+04 2.78E+04 0.02 0.01 0.00 0.00 Ratio 0-1,000
1.07E+06 2.27E+05 0.05 0.03 0.06 0.04 Binned

22.45 16.40

included as a predictor and BWO was not; and, the third group consisted of the 2,047 models that did not encode
depth, although half of these models included BWO as a predictor.

We then conducted a feature significance analysis to identify the features exerting the most influence on pre-
dicting log-transformed OC sedimentation. By comparing the R? values of all 2,048 models encoding a feature
against those 2,047 that did not, we calculated the absolute and relative changes in R*. Additionally, we performed
a two-way, unpaired heteroscedastic r-test and reported the resultant p-values. This analysis highlighted the
importance of individual features on model performance and their statistical significance. Including depth as a
predictor improved R? by an average of 115%, establishing it as the strongest predictor tested. Following depth,
BWO also significantly improves R> by 21.3%. Other statistically significant predictors included: BWT (7.7%
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0.60 improvement), MLD (7.1%), SWO (7.0%), sea-surface temperature (4.7%),
=D oy S O ) T T and surface silicate concentrations (4.6%). Chlorophyll-a, surface phosphate,
and surface nitrate exhibited modest model improvements (ranging from
- 04 - o ﬁ%ﬂﬂ!,'_ b 0.6% to 1.7%), though these effects lacked statistical significance at the 95%
§ level. Notably, the inclusion of latitude or longitude in an MLR model
_§ 030 f marginally degraded model performance, though these effects were also
g — o statistically insignificant (Table S3 in Supporting Information S3).
c -
§ 015 F g;% Figure 7 illustrates a comparison between predicted and observed log-
S o transformed OC sedimentation for three selected MLR models. These accu-
& w0 rate models were chosen for visualization for the following reasons: Model
000 F ' #1796 incorporates all seven features that exhibit statistically significant
: enhancements to model outputs, achieving an R* ~ 0.54. Model #4052 ex-
015 PR S S T S S S R hibits similar performance to the best MLR models in our analysis, with an

1 2 3 4 5 6 7 8 9 1011 12
Number of features in model

Figure 6. Performance of the multiple linear regression (MLR) models as a
function of their complexity. The figure shows the R between predictions and
observations of each MLR model as a function of the number of features used
to train that model. The models fall into three populations based on their R
those with values between 0.53 and 0.55, those with R? between 0.42 and
0.47, and those with R? between —0.03 and 0.23. The highest R* group
comprises models that include both depth and bottom-water oxygen (BWO).
The middle group consists of models that include depth (excluding those that
are in the highest R model group), but not BWO. The lowest R group
contains models that do not incorporate depth, though they may

encode BWO.

4. Discussion

R* %~ 0.55, though this is achieved with only three features: depth, BWO, and
BWT. Lastly, Model #4060 achieves an R*> ~ 0.54 but utilizes only two
features—depth and BWO. With the exception of the coefficient for MLD in
Model #1796, the coefficients for all terms in these three MLR models were
negative, implying that an increase in any parameter would be predicted to
drive a decrease in OC sedimentation.

Although MLR represents a simple form of statistical modeling that assumes
linear relationships without interactions between variables, our analysis
suggests that even relatively straightforward models comprising only a few
features can effectively capture a significant portion of the variability within
the underlying OC sedimentation data.

4.1. Magnitude of OC Sedimentation

4.1.1. Comparison With Prior Flux Estimates and Global OC Sedimentation Patterns

Our regionally and bathymetrically constrained flux estimate places marine OC sedimentation between 16.4 and

22.5 Tmol OC year™"'. This range compares well with several top-down estimates established by previous studies
reporting 15.6 (Jahnke, 2010) and 24.2 Tmol OC year_1 (Dunne et al., 2007). Although Dunne et al. (2007) and
Jahnke (2010) report their values as burial fluxes, we compare them to our OC sedimentation estimates because
true burial is inherently unknowable. Regardless of the differences due to how burial is defined, the broad

convergence of these estimates bolsters our confidence that the uncertainties inherent to each approach do not

compromise the ability to accurately determine OC sedimentation to recent sediments.

Globally, regions with the highest marine OC sedimentation are found in the East Pacific, West Indian Ocean, and
the Arabian Sea. Conversely, the lowest fluxes are found in the Red Sea and the North Atlantic. Elevated OC
sedimentation is also noted in certain parts of the Arctic and Antarctic. The Arctic is characterized by broad,

shallow continental shelves, while the Antarctic shelf, although deeper than the Arctic, extends significantly

below continentally-based ice sheets. Additionally, the colder bottom waters in these polar regions reduce the rate

of heterotrophic respiration of OC compared to the warmer bottom waters in the low-latitudes.

4.1.2. Efficiency of the Biological Carbon Pump

We can use our OC flux to determine the overall long-term (i.e., millennial) efficiency of the marine biological

carbon pump. This calculation is based on the fraction of NPP that reaches the seafloor rather than nutrient use
efficiency (as in Volk & Hoffert, 1985). Marine biogeochemical models estimate that between 800 and
850 Tmol C year™" are exported as particulate OC below the euphotic zone (Jin et al., 2006; Nowicki et al., 2022),
roughly equivalent to current anthropogenic CO, emissions of ~800 Tmol C year™' (Friedlingstein et al., 2022).

Using our predominantly-marine margin OC sedimentation estimate of 19.4 Tmol year™' and combining it with

OC sedimentation in the deep sea, we can calculate the total sedimentation of OC in the ocean. While recognizing

that the deep-sea estimates are not perfectly aligned with our own due to differences in water depths, we choose a
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Figure 7. Relationship between predicted and observed log-transformed
organic carbon (OC) sedimentation for models 1796 (top), 4052 (middle)
and 4060 (bottom). The dashed line indicates a 1:1 relationship.

middle value of 1.6 + 0.5 Tmol C year™ ' (Hayes et al., 2021), which is within
the uncertainty of estimates deeper than 1,000 m (1.7 + 0.5 Tmol C year™ ") or
deeper than 2,000 m (1.4 + 0.4 Tmol C year™'; Hayes et al., 2021). The total
flux is then calculated as 21 + 3.1 Tmol OC year™'. Thus, we estimate that
between 2.2% and 3.0% of the organic matter exported below the euphotic
zone escapes remineralization and is ultimately sedimented. This aligns well
with previous literature estimates (e.g., Behrenfeld & Falkowski, 1997;
Iversen, 2023; Jahnke, 1996; Sarmiento & Gruber, 2006) and supports the
robustness of our findings.

Additionally, we estimate that approximately 92% of OC sedimentation oc-
curs at water depths shallower than 1,500 m. This finding provides critical
values for determining the flux of OC sedimentation and contextualizes the
role marine sediments can play in sequestering anthropogenic carbon. Our
work also identifies the factors governing OC sedimentation and highlights
the geographic regions contributing most significantly to OC sedimentation
during the Holocene.

4.2. Drivers of OC Flux Variability
4.2.1. The Role of Bottom Water Oxygen on OC Sedimentation

Our analysis of OC sedimentation as a function of BWO concentrations,
extracted from the WOA1S, indicates that regions with bottom water [O,] in
the range of 100-150 pM exhibit the highest OC sedimentation per unit area
(Figure 8c). We also find that 43% of OC sedimentation along the margins
occurs in regions with a bottom water [O,] lower than 200 pM, while
approximately 57% of OC sedimentation occurs in regions with bottom water
[O,] between 200 and 400 puM (Figure 8b). Most of the OC sedimentation
under these higher oxygen conditions occurs in the Arctic and Southern
Oceans, which typically have lower bottom-water temperatures. Regions with
bottom water [O,] <50 pM, typically considered hotspots of OC sedimen-
tation, constitute <4% of global margin OC sedimentation (Figure 8b). This
low percentage is attributed to both the limited areal extent of such regions
and the relatively minor role that bottom water [O,] plays in influencing OC
sedimentation globally. Thus, we do not see significant evidence within our
data to suggest that OC sedimentation is disproportionately higher or more
efficient in low-oxygen regions of the ocean. Instead, each region charac-
terized by a similar range of BWO exhibits relatively similar OC sedimen-
tation when normalized by area (Figure 8). A recent study of particulate
organic matter distributions observed similar patterns in the water column,
noting that remineralization rates did not display a strong dependence on
ambient [O,] (Amaral et al., 2024). It is important to note that because we
grouped the BWO values into large bins (0-50 pM O,), we do not expect
seasonal variations to substantially impact the overall bottom water concen-
trations. Collectively, these results suggest that the oxygen content of bottom
waters plays a relatively minor role in determining OC sedimentation on a
global scale. This finding is supported by our MLR modeling, which showed
that adding bottom water [O,] as a predictor resulted in only a modest
improvement in MLR model performance compared to depth (Section 3.2).

One possibility for the low predictive power of BWO for OC sedimentation
may be due to the presence of other electron acceptors in sediment pore-
waters. While oxygen has the most negative Gibbs free energy associated
with it, many other electron acceptors also participate in organic matter
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Figure 8. Marine organic carbon (OC) fluxes (a), seafloor area (b), and area-normalized OC sedimentation (c) shown as a
function of water depth.
degradation in sediment, including NOs~, Mn(IV), Fe(II), SO4>, and COz2 (e.g., Claypool & Kaplan, 1974;
Froelich et al., 1979; Stumm & Morgan, 1996). Although many studies suggest that the presence of Oz typically
enhances OC degradation, several studies argue that the presence of oxygen in porewaters is not the critical factor
for determining POC reactivity (Hulthe et al., 1998; Pedersen & Calvert, 1990). Indeed, studies have suggested
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Water Depth (meters)

» that POC degradation rates in anoxic regions can be equal (Henrichs &
- o o Reeburgh, 1987; Kristensen & Holmer, 2001) or even exceed POC reactivity
in oxic regions (D'Hondt et al., 2015; Rgy et al., 2012). Our results align with
this perspective, indicating that while low oxygen is a predictor for OC
sedimentation, it does not appear to exert the primary influence.

However, it is crucial to note that our study focused on BWO, not porewater
; oxygen levels. In regions with high OC fluxes, such as along the margins, the
oxygen penetration depth into the sediment could be very small (Glud, 2008).
Thus, sediment that underlies oxic bottom water may be mostly anoxic.
Unfortunately, there are no gridded data sets of porewater oxygen levels to
determine the role that porewater oxygen concentrations play in POC reac-
tivity in the sediment. Regardless of the differences between porewater ox-
ygen and BWO, our data suggest that water column oxygen concentrations
may not exert as much influence as previously thought. This insight is pivotal

©  Observed Data |4

= odel 4060 . L. . L
_____ 2uM O in the context of proposed carbon dioxide removal projects aiming to

— -386uMO n sequester carbon by depositing organic matter in low-oxygen or anoxic re-
2 . . .

gions (e.g., Raven et al., 2024). If such projects rely on BWO concentrations

! | for site selection, they may not achieve the anticipated long-term carbon

6 8 10 sequestration results, as our findings indicate that there may only be moderate

OC MAR (g cm™ ka'1) gains from sinking carbon in anoxic regions compared to oxic ones. Scaling

up carbon sequestration efforts in sediments demands more investigation.

Figure 9. Observed organic carbon (OC) sedimentation values are plotted

against their bathymetry in the yellow points. The modeled data are shown 4.2.2. Water Depth as the Dominant Control on OC Sedimentation
for Model 4060 (solid line). The dashed lines show the model results -
assuming a BWO value of either 2 uM or 386 uM. We now turn to identifying the primary influences on OC sedimentation, with

our MLR analysis underscoring water depth as the most influential predictor.
Indeed, a model utilizing depth as the sole predictor (Model #4092) achieves an R? of 0.43, equivalent to 78% of
the variance that can be explained by the MLR approach. While water depth emerges as the primary control on
OC sedimentation in our MLR, this variable likely acts as a proxy for a multitude of physical, chemical, and
biological processes that operate at different depths.

Visual inspection of the vertical structure of OC sedimentation data reveals that the highest flux values pre-
dominantly occur in continental shelf waters (i.e., depths shallower than 200 m; Figure 9). These shallower re-
gions also tend to exhibit the most variance, with the top 200 m of the data set encapsulating the entire range of OC
sedimentation fluxes. In contrast, deeper depths demonstrate lower OC sedimentation and significantly reduced
variance. One reason for the high variance along the shelf is that these regions are characterized by episodic
sedimentation of OC, periods of non-sedimentation, and—in shallow areas—erosion. The shelf is also influenced
by processes occurring along the land-to-ocean aquatic continuum, a series of “loops” that recycle and transform
OC as it is transported from soils to the open ocean (e.g., Regnier et al., 2022). The final loop of this continuum
involves the continental shelf, where significant reprocessing occurs. Beyond the shelf lies the open ocean, which
then acts as the terminal sink for exported organic matter.

Additionally, the shallow ocean typically hosts both production and regeneration of OC. This can lead to high OC
flux variability since it depends on two processes—OC formation and regeneration—that both exhibit hetero-
geneity. In contrast, below 200 m, there is very little autotrophic production of OC. Consequently, the dominant
control on OC fluxes below 200 m is regeneration. Over long-length scales, this regeneration process tends to
follow a consistent “Martin-like relationship,” regardless of whether the degradation is mediated by bacteria or
zooplankton (e.g., Steinberg et al., 2008). Thus, our results indicate that regions with the highest OC flux un-
certainty are those closest to the land, highlighting such areas as a priority for further study. This is particularly
important as human-driven changes to marine environments are most acute in these regions (Regnier et al., 2022).

It is important to note that other forms of OC preservation may also be significant in decoupling OC production
from sedimentation. While water depth is the primary factor identified here, this term encompasses both respi-
ration in the water column and early diagenetic reactions taking place at the seafloor. The latter likely contributes
as much, if not more, to OC remineralization than pelagic processes (e.g., Berner, 1980). However, given the
nature of our statistical approach, it is challenging to determine the relative importance of pelagic versus benthic
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remineralization in decoupling OC production from sedimentation. We encourage future studies to investigate
this distinction, as it will shed light on the ultimate controls on OC preservation in marine sediments.

4.2.3. Primary Productivity Is Not Strongly Correlated With OC Sedimentation

Notably, our findings reveal that OC sedimentation has no statistically significant relationship with sea-surface
chlorophyll-a concentrations, either alone or in concert with other predictors. To a first order, this finding implies
that surface water productivity does not meaningfully influence the amount of OC ultimately sedimented on the
seafloor. However, the challenges in accurately quantifying chlorophyll-a concentrations using satellite data—
particularly the potential overestimation in near-shore environments due to increased particle loading—suggest
that OC production might still have some influence on OC sedimentation. Future research may consider
comparing derived rates of NPP or gross primary productivity with OC sedimentation, although some challenges
remain in transforming pigment and chlorophyll measurements into rates (Westberry et al., 2023).

4.2.4. Other Considerations

Our MLR model only accounted for a fraction of the total variability in the data. This could be due to non-linear
relationships between the 12 modeled parameters. However, it is also likely that additional parameters, which we
were unable to model, play a role in determining OC sedimentation. We will briefly examine three potential
parameters that could be important for OC sedimentation. First, the microbes that the OC encounters in the
sediment could be important for determining OC reactivity. Cell abundances in all surface margin sediments are
estimated to be between 10% and 10'° cells cm™ (Kallmeyer et al., 2012) and certainly impact how much OC is
remineralized in the sediment. Different sediment types have been shown to have distinct microbial communities
(Orsi, 2018), which could explain differences in OC sedimentation. Second, there is a correlation between OC
concentrations and mineral surface area (e.g., Keil et al., 1994; Mayer et al., 1985), with OC possibly being
protected by minerals through mechanisms such as absorption in mineral micro-pores and co-precipitation with
Fe-oxyhydroxides (La Rowe et al., 2020; Moore et al., 2023). Finally, the composition of organic matter may
influence OC sedimentation. Particulate OC comprises a diverse array of chemical compounds, some of which are
more reactive or recalcitrant than others. Although structure and composition offer insights into reactivity,
identifying and classifying marine POC remains challenging, with a significant portion deemed “uncharacter-
izable” (e.g., Hedges et al., 2000). Despite this, studies indicate that weak bonds between monomers generally
increase biopolymer reactivity (La Rowe et al., 2020; Tegelaar et al., 1989). Future research could focus on
understanding the significance of each of these parameters more fully to improve the overall predictability of OC
sedimentation and the factors that control it.

4.3. Quantifying Uncertainties and Utility of the Carbon Flux Estimate

While our bottom-up methodology offers valuable insights into sedimentary OC sedimentation, several limita-
tions warrant consideration. These include potential oversampling of non-representative regions, low data density
from areas underlying very shallow water depths, OC sedimentation attenuation with sediment age, challenges in
assigning uncertainties, and inability to account for all processes affecting OC preservation. We explore these
limitations and suggest that while these uncertainties will affect the precision of our estimates, they will have a
minimal effect on their overall accuracy.

4.3.1. Inverse Distance Weighting Limitations

In this study, we opted to calculate global OC sedimentation using IDW, a method we selected for several reasons.
Most significantly, this technique provides a straightforward and easily interpretable method for estimating OC
sedimentation with conservative assumptions. However, IDW is not without limitations. One notable challenge is
its reliance on a defined decorrelation length scale to interpolate between data points. As previously mentioned,
this interpolation is based on values from neighboring points, prioritizing those physically closest to the gap
(Section 2.2). Yet, this approach fails to account for seafloor heterogeneity. In regions with significant variations
in topography or bottom water chemistry and biology, the decorrelation scale may be shorter than what IDW can
accurately determine.

Addressing this challenge involves more data acquisition and employing more sophisticated methods in the
future. Numerous factors, including geomorphological, geochemical, hydrographic, and biological factors, can
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influence OC sedimentation over short distances (Levin & Sibuet, 2012). If these parameters are well-represented
in a data set covering several relatively small regions in all of the basins that exhibit significant topographic
variations, more advanced techniques such as machine learning could be used to interpolate between points more
effectively, without relying only on proximity to existing measurements.

4.3.2. Sample Site Bias

Study site selection is often driven by the desire to study specific phenomena, such as low-oxygen environments,
upwelling, cross-shelf transport, or ecology. Therefore, regions hosting unusual oceanographic phenomena may
be overrepresented in our sample compilation. Constraining the uncertainty caused by this limitation is chal-
lenging since several factors influence site selection. However, when we compare the distribution of raw OC
sedimentation data versus BWO, a phenomenon we expected to be oversampled, we find that the distribution is
remarkably similar (Figure S1 in Supporting Information S2). Thus, while we recognize that a bias toward regions
with unique depositional environments may influence our margin flux value, we do not believe the bias impacts
the primary findings of the study.

However, one potential limitation that is challenging to quantify relates to the observation that portions of the
shelf are characterized by little-to-no sedimentation, or even erosion, which our analysis does not include. This
could lead to an overestimation of OC sedimentation. While certainly a limitation of our analysis, it is not
currently feasible to incorporate this into our areas of modeling since very little is known about the spatial dis-
tribution of non-sedimentation and erosional environments on the continental margins. As new data become
available for these regions, they can be added to our current framework to provide a more nuanced estimate of OC
sedimentation.

4.3.3. Attenuation of OC Sedimentation With Depth

We recognize that a significant fraction of our compiled data comes from sediments underlying water columns
deeper than 700 m (Tables S1 and S2 in Supporting Information S3). Pelagic OC fluxes generally attenuate
according to a power law as a function of water depth (Martin et al., 1987). Thus, we may be underestimating the
marine OC sedimentation to the margins by having only relatively few data from shallower water depths. If this
problem were to persist in the sample sites, it could lead to OC sedimentation in shallow waters that are too low.
This could result in an underestimate of the global marine OC sedimentation. However, the data that we do have
for samples in less than 200 m of water depth span the full range of OC sedimentation (Figure 9), suggesting that
we capture OC sedimentation across the entire range of potential values.

4.3.4. Carbon Sedimentation as a Function of Sediment Age and Oxidation Processes

In this study, we only included sediments deposited during the Holocene (i.e., 0-11 Kyr BP), which serves to
eliminate the large changes in productivity and bottom-water conditions associated with the last glaciation and
deglacial period (Jaccard & Galbraith, 2012). Although accumulation rates at any site may have changed
somewhat over the Holocene, this period was generally stable with a climate relatively similar to modern and only
minor changes in sea level (Stanford et al., 2011). Because we purposefully selected sediment cores with ages as
close to modern as possible, we assume that the rates of OC sedimentation throughout the Holocene are similar to
modern values.

Using samples sedimented over a wider timeframe presents another potential concern in that there is variability in
sedimentary oxygen exposure time within the sediment. BWO does not reflect porewater oxygen concentrations,
which may be important for controlling remineralization within the sediment itself. In many coastal regions, the
sediment porewater becomes anoxic within the first few centimeters, but, in some sediments, oxygen penetration
extends beyond the upper layers. In such environments, older sedimentary OC, subjected to prolonged oxidation,
might better reflect long-term OC burial. Conversely, younger sediment may more closely resemble the OC rain
rate, rather than that which is irreversibly buried. As previously highlighted, our OC sedimentation estimate
represents the upper limit of burial flux and does not account for the potential cessation of post-sedimentation
remineralization, though a recent study suggests no such cessation occurs (Rothman, 2024). Thus, our OC
sedimentation estimate likely falls between the rain rate at the sediment-water interface and the true long-term
burial flux. The ideal method to determine accurate OC burial involves integrating OC burial fluxes over the
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last 11,000 years, necessitating OC accumulation rate estimates for each sample throughout that period, which is
presently unfeasible for the samples used in this study.

4.3.5. Recommendations for Future Research

This study identifies several critical areas for future research. First, enhancing our ability to predict OC sedi-
mentation demands increased sample collection, particularly in regions with sparse data coverage, shallow water
depths, and areas subject to non-sedimentation and erosion. Expanding the data set would also enable researchers
to explore OC sedimentation across a broader spectrum of depth bins. Additionally, further investigation is
needed to understand the influence of factors that are challenging to quantify, such as microbial degradation of
OC, mineral protection mechanisms, and the variable lability of OC in sediments. Lastly, we advocate for the
adoption of more advanced statistical methods, such as machine learning, to more effectively interpolate between
—and extrapolate beyond—existing data.

5. Conclusions

Organic carbon export to marine sediments removes carbon dioxide from the atmosphere on centennial-to-
million-year timescales. Although several studies have combined measurements of sediments and modeling to
estimate OC sedimentation in the deep sea, no such exercise has been undertaken along the continental margins,
where most of global OC sedimentation is thought to occur. Here, we compiled OC flux data for Holocene
sediments from the primary literature as well as the PANGAEA and IODP databases and used geospatial
interpolation to produce a bottom-up estimate of the OC sedimentation along the margins. Our preferred estimate
of marine margin OC sedimentation is 19.4 Tmol OC year™'. Combined with previous estimates of deep-sea OC
sedimentation of 1-2 Tmol C year™ ", we estimate the global marine flux over all water depths to be between 17.4
and 24.5 Tmol C year™' (0.2-0.3 Pg C year™'). Additionally, we estimate that the margins host a total OC
sedimentation, including both marine-and terrestrial-sources, of 23.2 + 3.5 Tmol C year™', resulting in a whole-

ocean OC sedimentation estimate of 24.9 + 3.6 Tmol C year™".

Our estimates compare reasonably well with previous top-down approaches and suggest that the efficiency of
global OC export from the euphotic zone to the seafloor is between 2% and 3%. Contrary to the paradigm that OC
sedimentation is strongly focused in low-oxygen regions, our data show that >95% of OC sedimentation occurs in
regions with bottom water [O,] >50 pM. Using multiple-linear regression analysis, we demonstrate that OC
sedimentation primarily depends on the transit distance to the seafloor. Other factors tested, such as bottom-water
[O,], bottom water-temperature, and MLD, are of secondary importance. Notably, productivity in the surface
ocean, as inferred from sea-surface chlorophyll concentrations, showed no significant relationship to OC sedi-
mentation. Collectively, these findings highlight the importance of other factors, such as OC preservation, as the
principal driver of OC sedimentation. Preservation is ultimately determined by a combination of pelagic remi-
neralization and early diagenetic reactions occurring at the seafloor. However, our approach does not resolve the
specific proportions of these two processes. Apportioning the relative magnitude of pelagic processes and benthic
breakdown to total OC preservation is a significant and important challenge that would be greatly aided by
additional depth-resolved sediment data and more advanced modeling.

The two methods used to explore OC fluxes in this study, IDW and MLR, provide initial insights and establish a
baseline understanding of the data, while also highlighting certain limitations. Chief among the limitations is the
low data density in certain regions of the ocean, such as the Australian margins and the Southeast Atlantic. While
the statistical methods employed here were useful in identifying predictors of OC sedimentation, even our most
robust MLR models explain only slightly more than half of the variance in the data. This suggests that there may
be additional parameters that we did not test in our model that exert a strong control over OC sedimenta-
tion. Additionally, non-linear relationships between parameters, which cannot be detected using MLR without
interaction terms, may also play an important role. Such processes could potentially be better addressed using
more advanced statistical methods, such as machine learning, to create a more predictive model of global OC
sedimentation.
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