Downloaded at Georgia Tech Library on September 29, 2021

Check for
updates

A largely invariant marine dissolved organic carbon
reservoir across Earth’s history

Mojtaba Fakhraee®™<, Lidya G. Tarhan“®, Noah J. Planavsky®*, and Christopher T. Reinhard®?

2school of Earth and Atmospheric Sciences, Georgia Tech, Atlanta, GA 30318; PAlternative Earths Team, NASA Interdisciplinary Consortia for Astrobiology
Research, Riverside, CA 92521; and “Department of Earth and Planetary Sciences, Yale University, New Haven, CT 06511

Edited by Mark Thiemens, University of California San Diego, La Jolla, CA, and approved July 28, 2021 (received for review February 21, 2021)

Marine dissolved organic carbon (DOC), the largest pool of reduced
carbon in the oceans, plays an important role in the global carbon
cycle and contributes to the regulation of atmospheric oxygen and
carbon dioxide abundances. Despite its importance in global bio-
geochemical cycles, the long-term history of the marine DOC reser-
voir is poorly constrained. Nonetheless, significant changes to the
size of the oceanic DOC reservoir through Earth’s history have been
commonly invoked to explain changes to ocean chemistry, carbon
cycling, and marine ecology. Here, we present a revised view of the
evolution of marine DOC concentrations using a mechanistic carbon
cycle model that can reproduce DOC concentrations in both oxic and
anoxic modern environments. We use this model to demonstrate
that the overall size of the marine DOC reservoir has likely under-
gone very little variation through Earth’'s history, despite major
changes in the redox state of the ocean-atmosphere system and
the nature and efficiency of the biological carbon pump. A relatively
static marine DOC reservoir across Earth’s history renders it unlikely
that major changes in marine DOC concentrations have been respon-
sible for driving massive repartitioning of surface carbon or the large
carbon isotope excursions observed in Earth’s stratigraphic record
and casts doubt on previously hypothesized links between marine
DOC levels and the emergence and radiation of early animals.

marine carbon cycle | dissolved organic carbon | Precambrian |
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At ~600 petagrams of carbon (PgC = 10" gC), dissolved
organic carbon (DOC) is the largest pool of reduced carbon
in the modern oceans, holding more than 200 times the carbon
inventory of living marine biomass (1-3). Marine DOC exists
along a continuum of reactivities and contains a range of labile and
more refractory constituents (1-5). Because changes in the size or
reactivity of each of these constituent pools can dramatically change
both overall carbon storage in the oceans and the partitioning of
carbon among surface reservoirs, the dynamics of marine DOC can
potentially have major consequences for marine ecology and, on
longer (geologic) time scales, atmospheric O, and CO; levels (2, 6,
7). Current views on the geologic history of the marine DOC pool
and its links to major chemical and biological events (e.g., ocean—
atmosphere oxygenation, the rise of eukaryotes, and marine mass
extinctions) through Earth’s history vary substantially. However, a
common view is that the size of the DOC reservoir has undergone
substantial changes and has played a key role in driving extreme
global biogeochemical perturbations (e.g., refs. 7-10).

The marine DOC pool has been proposed to have been sig-
nificantly larger than that of the modern oceans for the majority
of Earth’s history (11). A large marine DOC pool has been
linked to the presence of a low-oxygen Earth state dominated by
single-celled, prokaryotic life (12-14). An assumption underlying
this view is that in an ocean in which both autotrophy and het-
erotrophy are dominated by prokaryotes, the transport of or-
ganic biomass into the deep ocean is attenuated by the slower
sinking rate of smaller-sized prokaryotic cells. This in turn results
in a much less efficient biological carbon pump, in which more of
the biomass produced in the photic zone remains suspended in
the surface ocean, reducing the fraction that reaches the ocean
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interior and seafloor. Such conditions, it has been argued, would
promote the accumulation of a large marine DOC pool, which
would act as a buffer against the accumulation of oxygen in
Earth’s ocean—atmosphere system (12-14).

It has also been hypothesized that the rise of larger eukaryotic
algae to ecological dominance during the Neoproterozoic Era
(1,000 to 541 Ma) (15-18) led to a smaller marine DOC pool,
allowing dissolved oxygen to penetrate more deeply into Earth’s
oceans (13). In addition, it has been suggested that the radiation of
zooplankton in the late Neoproterozoic Era or early Cambrian
Period (e.g., 635 to 509 Ma) would have further modulated the
structure of the biological carbon pump by packaging organic
carbon in rapidly sinking fecal pellets produced by zooplankton (8,
19). In theory, zooplankton-assisted increases in organic matter
burial could, by decreasing degradation of particulate organic
matter (POC) to DOC in the ocean interior, have led to an even
smaller DOC reservoir with even shorter residence times (8, 12,
13). This restructuring of marine carbon reservoirs has also been
suggested to have catalyzed increases in marine oxygen levels and
to have fostered the rise of multicellular organisms with greater
oxygen requirements (11, 12).

In addition, anomalously large negative carbon isotope ex-
cursions recorded in Neoproterozoic strata, such as the Edia-
caran Shuram excursion, have been attributed to oxidation of a
substantial DOC reservoir (e.g., refs. 11, 20, and 21)—by some
estimates up to 30-fold larger than the modern dissolved inor-
ganic carbon (DIC) reservoir (10). It has also been suggested
that changes in the DOC reservoir may have shaped Neo-
proterozoic climate and glacial dynamics (22). Furthermore, a
large DOC reservoir is purported to have shaped the ecology of
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some of the earliest complex ecosystems, such as rangeomorph-
dominated communities of the Avalon Assemblage of the Edia-
cara Biota (e.g., refs. 23-26). Some workers have also suggested
that the emergence of more complex animal behaviors, including
new modes of heterotrophy by epibenthic organisms, as well as
bioturbation, may have mediated contractions in the size of the
marine DOC pool (e.g., refs. 27 and 28) and that fluctuations in
the size of the marine DOC reservoir—whether biologically or
environmentally mediated—may, in turn, have been responsible
for extinction and taxonomic turnover between different Assem-
blages of the Ediacara Biota (29). Although previous empirical
and modeling studies have invoked a large ancient DOC reservoir
to explain observations from Earth’s rock record (e.g., refs. 9 and
11), the underlying premise of dramatic changes to the size of
oceanic DOC reservoir has yet to be explicitly evaluated in a
quantitative and mechanistic framework.

A Mechanistic Model for Marine DOC Cycling

To delineate how the marine DOC pool has changed through time,
we have developed a mechanistic model of global marine DOC
cycling. The core of the model is a previously developed particle-
based representation of the marine biological pump (30), which is
coupled to a parameterization of DOC dynamics embedded into a
simple ocean model designed to capture the large-scale effects of
global, density-driven circulation on the marine DOC cycle (Fig. 1).
The oceanic regions in the model include continental shelf, surface,
intermediate, deep, downwelling high-latitude, upwelling high-
latitude, upwelling slope, and upwelling surface ocean environ-
ments (Fig. 1). The model explicitly tracks the production, con-
sumption, and transfer of DOC and dynamically calculates its
abundance throughout the ocean (Fig. 1).

The particle model couples stochastic particle aggregation and
transport with temperature- and oxygen-dependent organic
matter remineralization. Aggregates, the constitutive elements of
the model, are clusters of planktonic cells (e.g., diatoms, non-
skeletal algae, picoplankton, zooplankton) and terrigenous dust
particles. In the uppermost layer of the ocean, we stochastically
“seed” a stock of primary particles based on assumed primary
productivity of picoplanktonic and algal biomass, algal carbonate
flux, and surface dust flux (30). These particles then sink from
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Fig. 1. Schematic representation of the ocean-atmosphere box model for
DOC. DOC concentrations in each oceanic box are controlled by physical
transport mechanisms, carbon degradation (POC to DOC transformation),
mineralization (DOC to DIC), hydrothermal flux, and photodegradation in
the photic zone.
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the surface ocean and interact in the ocean interior through
aggregation/disaggregation and organic matter breakdown.

As oceanic aggregates sink through the water column, POC
with high molecular weights (>>1,000 Dalton) is degraded and
depolymerized into smaller organic molecules with lower molec-
ular weights (e.g., DOC) (31). The resultant DOC is then further
degraded and remineralized, which results in the formation of
DIC (31). The overall rate of carbon transformation from POC to
DIC is thus controlled by the rates of DOC production from POC
and DIC production from DOC. Many of the mechanisms con-
trolling the rate of this multistage conversion of organic matter to
inorganic carbon are not fully understood. However, we use a
well-established, empirically based power-law framework for or-
ganic matter degradation that has been modified to account for
the effects of oxygen and seawater temperature on the overall rate
of POC degradation (SI Appendix) (32, 33). The rate of the ter-
minal oxidation step, in which DOC is converted to DIC, is based
on a Monod model that includes a half-saturation for DOC up-
take by heterotrophs and a maximum rate of DOC degradation
(34, 35). Specifically, there is now compelling evidence that DOC
degradation is regulated by the concentration of intrinsically labile
compound classes and the metabolic costs associated with their
degradation (34, 35) (SI Appendix).

Critically, our model can accurately reproduce measured DOC
concentrations across a wide range of modern environments
(Fig. 2). Foremost, the model reproduces depth-dependent DOC
abundance in all major regions of the oceans using constraints on
modern rates of primary productivity, ocean and hydrothermal
circulation, and temperature. With empirically constrained tem-
peratures, physical dynamics, and primary productivities (but the
same parameterization scheme as for carbon cycling; reference S
Appendix), the model also reproduces the dynamics of DOC
recycling in modern anoxic systems, including the Black Sea (the
largest modern marine anoxic and sulfidic basin) and Lac Pavin (a
well-studied anoxic and iron-rich lake). The close correspondence
between our model results and empirical data indicates that our
model captures the major processes regulating DOC production,
accumulation, and recycling across a wide range of marine and
lacustrine environments of varying redox states. Full model details,
documentation of model assumptions, and information on error
propagation are provided in SI Appendix.

Factors Regulating Marine DOC Concentrations through
Earth’s History

Having demonstrated that our model can capture key processes
regulating modern DOC cycling, we next quantified changes in the
marine DOC reservoir in three different scenarios that represent
endmembers in Earth’s evolving ocean—atmosphere redox state,
along with major changes in the structure and efficiency of the
marine biological carbon pump. The first two scenarios corre-
spond broadly to the Precambrian oceans (>541 Mya), in which
marine primary production is commonly interpreted to have been
dominated by single-celled cyanobacteria, and surface marine
oxygen levels were likely between 0.1 and 10% of those in the
modern surface oceans (36). The third scenario represents a
condition that broadly mimics the modern Earth system, in which
the marine biological pump is more ecologically complex and in-
cludes eukaryotic algae, fecal pellet-producing zooplankton, and
zooplankton practicing diel vertical migration. Finally, to account
for the intrinsic uncertainty in values of a number of model pa-
rameters, we employ a stochastic approach wherein potential
values for these input parameters were randomly sampled across a
wide range (assuming uniform priors; SI Appendix, Table S1), and
the model is spun up to steady state to estimate ocean DOC
distributions for each case.

Our model suggests that the size of the oceanic DOC reservoir
has been relatively constant throughout Earth’s history (Figs. 3
and 4). Specifically, in all scenarios and regardless of changes in
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Fig. 2. Results of calibrating the particle-tracking model of the marine biological pump to observed POC fluxes in four different sites in the North Atlantic
(61) (A) and from the box model for the modern oceans (B), the anoxic and sulfide-rich Black Sea (C), and the anoxic and iron-rich Lac Pavin (D). POC fluxes
from the particle-tracking model (A) are obtained by calculating the concentration of POC at each depth using a power law for organic matter degradation.
The reactivity of organic matter used in the power law is calculated from a depth profile of POC age obtained by considering the average settling rate of
aggregates in the particle-tracking model and their corresponding depths (S/ Appendix). The observed POC fluxes are derived from a series of different sites
across the North Atlantic (61). The DOC concentration in different modern settings, including the modern ocean, the Black Sea, and Lac Pavin, is calculated by
considering the same set of assumptions for production and consumption of DOC and using distinct physical transport coefficients for each of these settings
(62-66). Symbols “*" and “**" denote results of t tests performed to assess whether differences between model results and modern observations are sig-
nificantly different; * denotes a P value > 0.05, indicating that the null hypothesis of no significant difference cannot be rejected; ** denotes a P value > 0.1.

atmospheric oxygen abundance or the structure and efficiency of
the biological pump caused by increasing ecological complexity in
the surface ocean, DOC concentrations in all oceanic regions rep-
resented in the model remained well below 300 pM, with the most
likely range for all regions (>95% of results) being less than 100 pM
DOC, very similar to that of the modern oceans (Fig. 3). In both our
model and in modern systems (see ref. 37), increases in oxygen
availability lead to enhanced rates of DOC oxidation. However, this
effect is largely balanced by an increase in the generation of DOC
from the degradation of POC, resulting in a relatively constant
DOC reservoir. This is consistent with evidence from modern oxic
sediments in which an increased rate of POC degradation under
oxic conditions leads to lower POC concentrations and lower burial
efficiency (e.g., ref. 33). Unlike oxygen, the availability of electron
acceptors under anoxic conditions (e.g., sulfate, metal oxides) does
not appear to have any impact on rates of DOC oxidation and DIC
production (37, 38). This is in accordance with observations from
modern anoxic sediments in which rates of organic matter degra-
dation have been found to be largely invariant through the transi-
tion from the sulfate-reducing zone to the methanic zone,
suggesting that terminal electron acceptors exert minimal control
over upstream hydrolytic and fermentative processes (e.g., ref. 38).

Our results also indicate that the rise of eukaryote-dominated
ecosystems in the oceans would have had a minimal influence on
the size of the marine DOC reservoir. In particular, a shift from a
biological pump dominated by slow-sinking, single-celled or-
ganisms to one that is dominated by eukaryotic algae and that
contains zooplankton with the ability to vertically migrate and
produce dense, rapidly sinking fecal pellets has a minimal overall
impact on oceanic DOC abundance. This is in marked contrast
to previous hypotheses that the rise of eukaryotic algae would
have significantly impacted the efficiency of the biological pump
and marine DOC concentrations (e.g., refs. 8, 10, and 14). This
apparent discrepancy stems in part from observations and model
results suggesting that all sinking organic matter in marine sys-
tems will become a part of a complex aggregation—disaggregation
system of marine particles, rather than sinking as single, isolated
cells as has been envisioned by previous models—regardless
of whether algae or fecal pellet—producing zooplankton are
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prevalent in these systems (39). For instance, experimental
studies indicate substantial aggregation of particles in the ab-
sence of zooplankton, with an important role for mineral bal-
lasting in regulating particle aggregation and increasing the
settling velocity of aggregates (e.g., refs. 39 and 40).

Changes to seawater surface temperature emerge in our model as
the single strongest lever on the concentration of marine DOC.
Specifically, our modeling results indicate that a cooling climate
would act to promote the accumulation of a significantly larger
DOC pool, whereas warming would lead to a smaller DOC reser-
voir (30, 41, 42). By suppressing rates of DOC consumption by
heterotrophs, global cooling elevates the mean marine DOC con-
centration by up to several hundred uM in our model (Fig. 4). In
this light, Late Cenozoic oceans (including today’s oceans) may
actually have some of the highest DOC concentrations in all of
Earth’s history. Additionally, severe cooling events such as those
that occurred during Neoproterozoic low-latitude “Snowball Earth”
glaciations could have potentially led to the accumulation of DOC
to several hundreds of uM, about three times higher than typical
DOC concentrations in the modern oceans (<100 pM), assuming
roughly modern levels of primary productivity. Nonetheless, even in
extreme events—such as during Snowball Earth glacial episodes—
our model suggests DOC concentrations would have been many
orders of magnitude lower than previously hypothesized (9, 11).

Impact of the Marine DOC Reservoir on Geochemical and
Paleontological Records

Our model results suggest that the marine DOC reservoir would
likely have had only a minimal impact on the isotopic composition
of marine DIC, thus indicating that marine DOC is unlikely to
have played a significant role in driving global carbon isotope
excursions (cf. refs. 9 and 11). For instance, estimates derived
from non-steady-state marine carbon cycle models have been
used to suggest that oceanic DOC concentrations at least 10 times
larger than the marine DIC pool were needed to drive prominent
Neoproterozoic negative carbon isotope excursions, such as the
Shuram excursion (e.g., refs. 9 and 11). Conservatively assuming a
modern value for the marine DIC reservoir, this would translate
into roughly 400,000 PgC in the marine DOC pool, more than
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discussed in the text. In the Precambrian scenarios, the marine biological pump is dominated by single-celled bacterial primary producers, and atmospheric
oxygen levels (pO,) are assumed to be less than modern. We considered two end-member pO; levels of 0.01 and 0.1 times the present atmospheric level (PAL)
for the Precambrian simulations. The Phanerozoic scenario represents a modern-like condition in which there is a wide range of eukaryotic algae in the
oceans, as well as zooplankton with the capability of vertical migration and production of large, rapidly sinking fecal pellets.

500 times larger than that of the modern oceans (cf. ref. 43). Our
results thus strongly support suggestions that prominent negative
carbon isotope excursions during late Precambrian time are more
plausibly tied either to oxidation of geologic carbon reservoirs
(e.g., ref. 44) or to diagenetic alteration (45, 46), rather than the
oxidation of a large DOC reservoir (9, 11).

Evidence for a relatively invariant marine DOC reservoir
through Earth’s history also provides critical insights into the
environmental backdrop for the Neoproterozoic emergence of
animals. It has commonly been proposed, largely on the basis of
molecular clock predictions (e.g., refs. 47 and 48), that animals
emerged in the Tonian (1,000 to 720 Ma) or Cryogenian (720 to
635 Ma). However, the first widely accepted body and trace fossil
evidence for complex and macroscopic multicellular hetero-
trophs, including bilaterian animals, appears much later, during
the Ediacaran Period (e.g., ref. 49). The phylogenic affinities of
many Ediacaran fossils, foremost the enigmatic Ediacara Biota,
remain poorly constrained, with proposed affinities ranging from
sponges to placozoans, giant protists, lichens, or even an extinct
kingdom (50-52)—but they are commonly inferred to consist
largely of stem- or even crown-group animals (e.g., refs. 50, 53,
and 54). Although Ediacara communities comprising the youn-
ger White Sea and Nama Assemblages flourished in shallow
marine environments, communities of the older Avalon Assem-
blage, dominated by rangeomorphs (benthic frondose organisms
with fractal morphologies; e.g., ref. 55), appear to have been
restricted to deep marine environments (56, 57). Rangeomorphs, as
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well as potentially sponge-grade organisms such as Thectardis (28),
have commonly been proposed to have fed via osmotrophy
(i.e., osmotic uptake of dissolved organic nutrients), presumably
sustained by a massive reservoir of labile DOC (23, 25, 26, 58). Our
model results—indicating that DOC abundance in late Ediacaran
oceans is unlikely to have been substantially higher than that of the
modern oceans—call into question this longstanding interpretation
of the paleoecology of Earth’s earliest animal ecosystems.
Neoproterozoic oceans with a DOC inventory similar to that
of the modern oceans, as suggested by our work, would have
provided a distinctively different environment for the initial radi-
ation of complex animal life than oceans characterized by a vast
DOC reservoir. More broadly, these results suggest that previous
inferences regarding the role played by particular environmental
factors in the ecology of early animals should be revisited. It is
unlikely that decreasing marine DOC levels would have played a
role in the decline and extinction of Ediacara taxa, as has pre-
viously been suggested (e.g., ref. 29). Additionally, our modeling
results may help resolve a longstanding contradiction between
geochemical models and ecological predictions regarding the rise
of multicellular heterotrophs. Previous geochemical modeling
work has led to the inference that heterotrophic multicellularity
(i.e., animals and fungi) emerged against a backdrop of a vast DOC
reservoir (e.g., refs. 9 and 10). However, under a high-DOC scenario,
metabolizable organic matter would have been nonlimiting, as DOC
levels would have been orders of magnitude higher than dissolved
oxygen levels. Therefore, many of the commonly assumed benefits
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Fig. 4. Effect of seawater surface temperature on marine DOC concentra-

tions. Each value represents the average DOC concentration (and associated
error [+16] for the stochastic simulation) in the surface ocean (Box 1 in Fig. 1).
By lowering rates of heterotrophic DOC degradation, a decrease in seawater
surface temperature results in an increase in the size of the surface ocean DOC
reservoir. The shaded box corresponds to suggestions from previous work for
the range of DOC in Precambrian oceans (>541 Mya) (9, 11).

of complex multicellularity and key features of basal metazoan
clades—particularly those that facilitate enhanced delivery of
organic substrates (e.g., cnidocysts in cnidarians)—would not, by
this logic, have had significant energetic benefits or obvious evo-
lutionary advantage over strategies employed by single-celled or-
ganisms. In contrast, a largely static marine DOC reservoir offers a
simple path toward resolving these contradictory views. The body
plans of Neoproterozoic animals may, in contrast to previous
conceptual models (e.g., refs. 24-26), have evolved to facilitate
more efficient uptake of metabolizable organic matter in relatively
DOC-lean environments.

Conclusions

A mechanistic model of the marine biological carbon pump and
large-scale DOC cycling suggests that the marine DOC reservoir
has remained relatively constant through much of Earth’s history.
Notably, regardless of the substantial changes that have occurred
in the biological and chemical structure of the oceans through
time, the concentration of marine DOC would have been dy-
namically buffered near its observed range in the modern oceans.
Our results further indicate that while climate cooling can po-
tentially enhance the concentration of marine DOC up to several
hundreds of pM, even during extreme glacial episodes such as the
Cryogenian Snowball Earth events inferred temperature declines
would have been insufficient to explain the large carbon isotope
excursions that characterize the upper Neoproterozoic stratigraphic
record. Finally, our results do not corroborate previous interpreta-
tions, influenced in large part by inferences of an anomalously large
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marine DOC reservoir, that osmotrophy would have played a sig-
nificant role in shaping the evolution of the earliest multicellular
eukaryotes, reviving fundamental questions about the ecology and
evolution of early complex life.

Materials and Methods
The Box Model. The concentration of DOC in each oceanic box is calculated by
solving the following differential equation:

dDOC;
ot " = Fpoc-poc — Fpoc-pic — Frhoto + Ftransport, [1]

where DOC; is the concentration of DOC in box i. Fpoc.poc: Fpoc.oic: Frhoto
(only for surface boxes), and Fiansport COrrespond, respectively, to the fluxes of
DOC production from POC, DOC transformation into DIC, photodegradation
of DOC, and the sum of all the physical transport fluxes into and out of the
box. The production flux of DOC from POC is calculated by multiplying the
area of the box by the depth-integrated rate of POC breakdown resulting
from the biological pump model. The rate of POC breakdown is modeled as a
power-law function, following a previously established framework, which is
modified to also account for the effects of oxygen and temperature (30, 33).
T-Tret
Rroc—poc = Q;4° (=bt™20), [2]
where T is the ambient environmental temperature, T,.r is a reference
temperature, and Qq¢ is the temperature dependency factor, which for most
biological systems varies between 1.5 and 2.5 (59, 60). C is the concentration
of organic matter as POC, and the constants a and b define the rate of or-
ganic carbon mineralization, which varies as a function of environmental
oxygen availability (38). The rate of DOC to DIC production is considered to
follow a Monod scheme, consistent with experimental and modeling studies
in the modern oceans (e.g., ref. 34):

[DOC]

kooc +[DOC] 7 3l

Fpoc-pic = a Rroc-poc
As denoted in Eq. 3, Reoc.ooc is the depth-integrated rate of conversion of
POC to DOC, calculated using the power law described above and obtained by
the biological carbon pump model; [DOC] is the concentration of DOC in each
oceanic box; kpoc is the half-saturation constant for DOC degradation; A; is the
area of the corresponding oceanic box; and « is a fitting parameter obtained by
fitting the DOC depth profile from our model to the measured depth profiles in
the modern ocean. Mechanistically, the factor kpoc represents the impact of the
“dilution hypothesis” in which a low DOC concentration is invoked to explain
large deep-ocean DOC storage (e.g., ref. 34). The value of kpoc has been sug-
gested to be ~231.16 + 899.99 pM (S/ Appendix, Table S1) (35).

The Biological Carbon Pump Model. At its core, the biological carbon pump is
comprised of a particle model that couples stochastic particle aggregation
and transport with temperature- and oxygen-dependent organic matter
remineralization. Aggregates, the constitutive elements of the model, are
clusters of phytoplankton cells (e.g., diatoms, nonskeletal algae, pico-
plankton, zooplankton) and terrigenous dust particles. In the uppermost
layer of the ocean, we stochastically “seed” a stock of primary particles
based on assumed primary productivity of picoplankton and algal biomass,
algal calcite flux, and surface dust flux. These particles then sink from the
surface ocean and interact in the ocean interior through aggregation/dis-
aggregation and organic matter respiration. To account for spatial hetero-
geneity, the model calculates the sinking rates of a large number of
aggregates (10° at each depth layer. Dividing the ocean into 1,000 depth
intervals results in 10° potential aggregates. A full description of the model
is provided in SI Appendix as well as in ref. 30.

Data Availability. All study data are included in the article and/or S/ Appendix.
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