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The marine biological carbon pump is driven by sinking particulate organic matter
(POM). Sinking speed and remineralization rate determine flux attenuation in the
mesopelagic. Since the fate of all marine organic matter is either complete reminer-
alization or transformation to more stable products, diagenetic modifications impact
carbon dioxide sequestration time from the atmosphere. To investigate particle trans-
formation at the molecular level, we characterize the water-extractable organic matter
(WEOM) fraction of sinking particles from dominant biogeochemical environments
using ultrahigh-resolution mass spectrometry. We find distinct, inverse associations
in molecular-level nitrogen content and degree of transformation (i.e., “stability”) of
organic matter across a productivity gradient from coastal upwelling to oligotrophic
conditions. Nitrogen enrichment and low stability were observed at the coastal upwelling
site and persisted to depths >400 m. Further, carbon flux is strongly correlated with
the relative abundance of stable WEOM (“Island of Stability” molecular formulae)
across productivity regimes and depth. This suggests emergent patterns in epi- and
mesopelagic diagenesis, highlighting that the molecular composition of sinking organic
matter exiting the euphotic zone varies more across regions than as a function of depth.
This is attributed to highly variable sinking rates and the microbial diagenetic histories
within the euphotic zone. The stability—flux relationship is considered a “diagenetic
clock” relative to organic matter formation where the relative abundance of Island of
Stability molecular formulae describes the degree of departure from the organic matter
molecular-level composition at formation. This ubiquitous trajectory of the diagenetic
clock further underpins a global ocean molecular signature of sinking POM.

particulate organic matter | molecular-level composition | particle flux | remineralization |
biological carbon pump

The biological carbon pump (BCP) is the sequestration of atmospheric carbon dioxide
(CO,) to the deep ocean via combined processes that transport photosynthetically fixed
organic carbon from the surface ocean to depth. It is becoming increasingly evident that
even small perturbations in the magnitude (rate of organic matter flux) and sequestration
duration of the BCP will have large impacts on ecosystem functioning, carbon cycling,
and global climate (1, 2). Newly sinking particulate organic matter (POM)—widely
considered the dominant component of the BCP—is primarily composed of detrital
material (i.e., dead phytoplankton cells and fecal pellets), aggregates, and living microbial
cells (3). Enriched in diverse bioavailable, aliphatic compounds (3), sinking POM spans
a broad size range from microscopic colloidal material to macroscopic marine snow (4,
5). However, its molecular-level composition remains poorly characterized (2, 6, 7), con-
tributing to persistent uncertainties in our understanding of carbon sequestration; par-
ticularly the relationship between surface productivity and flux-associated digenetic
modifications. An estimated POM flux attenuation of 70 to 85% occurs within mesope-
lagic depths (~200 to 1,000 m) (8—10) resulting from diagenetic transformations mediated
by microbial ectoenzymes as well as zooplankton consumption and particle fragmentation
(1, 6, 11). Particulate sinking speed and remineralization rate determine the reminerali-
zation length scale and hence the duration of carbon sequestration from the atmosphere
(12-14), and may vary systematically over space and time (1, 2, 10, 13, 14).

The molecular characteristics of sinking POM are a function of the euphotic zone (EZ)
biogeochemical environment (e.g., inorganic nutrient regimes, plankton community
composition) and diagenetic transformations occurring as particles sink. In the framework
of the size-reactivity and degradation-continuum theories (15, 16) that span both the
dissolved- (DOM) and POM pools (17), bioavailable high molecular weight nitrogen
(N)-enriched aliphatic (N-aliphatic) compounds are preferentially remineralized. This
subsequently alters the molecular composition of sinking POM and the associated DOM

PNAS 2025 Vol. 122 No.48 2504769122

Significance

Sinking particulate organic matter
is a dominant component of the
biological carbon pump. A paucity
of knowledge regarding molecular-
level composition of these sinking
particles contributes to uncertainty
in the relationship between
surface productivity, flux-
associated microbe-mediated
chemical transformations, and
carbon sequestration. We present
a molecular-level dataset from
multiple ocean regions and find an
emergent strong correlation
between particulate carbon flux
and molecular stability, deemed
the molecular-level “diagenetic
clock.” This reveals robust patterns
of microbial organic matter
transformation across productivity
regimes and depths, where the
short timescales describe an active
sink of relatively “new” carbon to
depth in productive regions. This
study provides important insights
into the role of microbial
diagenesis in altering flux
attenuation patterns and hence
carbon sequestration duration.

Author contributions: M.R.S. and R.G.M.S. designed
research; HJ.F., M.RS., S.AK., and R.G.M.S. performed
research; HJ.F., M.R.S., AM.M., H.C., AD.H., SAK, and
R.G.M.S. analyzed data; and H..F., M.R.S., and R.G.M.S.
wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2025 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

PNAS policy is to publish maps as provided by the authors.

"To whom correspondence may be addressed. Email:
hforrer@fsu.edu.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2504769122/-/DCSupplemental.

Published November 24, 2025.

https://doi.org/10.1073/pnas.2504769122 1 of 10


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:hforrer@fsu.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2504769122/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2504769122/-/DCSupplemental
mailto:
https://orcid.org/0000-0001-9648-086X
https://orcid.org/0000-0002-7696-6739
https://orcid.org/0000-0001-7213-521X
https://orcid.org/0000-0001-7091-9416
https://orcid.org/0000-0003-0777-0748
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2504769122&domain=pdf&date_stamp=2025-11-19

Downloaded from https://www.pnas.org by FLORIDA STATE UNIVERSITY; ELECTRONIC RESOURCES on February 2, 2026 from |P address 146.201.200.251.

20f10

pool toward a decrease in size (mass) and bioavailability with an
increase in degree of transformation and thus inherent
molecular-level stability (15, 16, 18-20). The fate of all marine
organic molecules is either complete remineralization or the trans-
formation to a more stable product over time. The latter can be
quantified in terms of relative contribution to the so-called “Island
of Stability” (I0S) (21). The IOS is comprised of 361 molecular
formulae that are ubiquitous in all marine DOM samples, largely
lacking N and entirely devoid of sulfur (S) (21). These molecular
formulae have been postulated to be the most stable over ocean
residence time scales due to their associated lower degradation
rates (21). While the IOS relative abundance (RA) of the marine
DOM pool typically averages ~30%RA (21, 22), higher values
have been observed in the deep Atlantic (23) and Weddell Sea
(50%RA) (21, 23), and up to 60%RA in the deep Pacific (23)
where the oldest, most stable DOM accumulates. These patterns
suggest that with increasing depth and residence time, organic
matter becomes more compositionally stable as typified by an
increase in IOS %RA and a concomitant decrease in aliphatic
moieties (21-26).

Although strong aliphatic and IOS depth gradients in the
marine DOM pool are well known (21-26), the molecular diage-
netic pathways driving the transformation of sinking POM to
increasingly stable products with depth remains unclear. These
gradients suggest that either IOS molecular formulae persist in
sinking POM, or selective cleavage (21, 27) of IOS molecular
formulae from sinking POM by ectoenzymes occurs, leading to
ubiquitous production of increasingly stable DOM at all depths.
This possible removal of IOS molecular formulae from the
microbial-remineralization “hotspots” on sinking POM is poten-
tially important for their persistence over ocean residence times-
cales. Alternatively, it is possible that sinking POM follows entirely
different patterns to DOM for two reasons: 1) highly variable
POM sinking speeds (ran?ng from >km da)f1 in some productive
environments to ~m day ™ in oligotrophic environments) (28-31)
can lead to vastly different residence times (days to months), influ-
encing microbial activity relative to the ambient deepwater DOM
which has persisted for millennia; and 2) sinking POM acts as a
microenvironment with distinctly different microbial activity and
biogeochemical functions than the dilute water surrounding the
particles. Considering these arguments, we hypothesized that
while EZ plankton communities will set the molecular-level char-
acteristics of sinking POM at formation, mesopelagic diagenetic
transformations will drive a convergence in POM composition
and increase in stability with depth. This hypothesis suggests that
although POM leaving the EZ will be regionally unique, sinking
POM collected at deeper depths will have converging molecular
signatures across diverse regions, describing the greatest compo-
sitional change to be along a depth gradient within a region.

To investigate the molecular signatures of sinking POM within
and across biogeochemical regions, we characterize the molecular-
level composition of the water-extractable organic matter (WEOM)
fraction derived from sinking POM captured in sediment traps
using coupled solid phase extraction (SPE) and ultrahigh-resolution
21T Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS). Notably, this molecular-level composition is largely
based on stoichiometric similarity, as each compound may represent
numerous structural isomers (32). Sediment traps were deployed at
the base of the EZ and within the mesopelagic across the following
biogeochemical provinces; California Current Ecosystem (CCE)
(including an inshore coastal upwelling and offshore oligotrophic
site; CCE Inshore and CCE Offshore, respectively), the Gulf of
Mexico (GoM), and the Tropical Indian Ocean (TroplO) (Fig. 14
and SI Appendix, Table S1). Deployed in the late spring and
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summer, the sediment traps captured sinking POM representative
of mean growing season conditions across distinct EZ biogeochem-
ical environments. These deployments were strategically located in
an upwelling region (CCE Inshore) and predominantly oligotrophic
regions, which together reflect key endmembers of global ocean
productivity regimes.

Results and Discussion

EZ Biogeochemistry Shapes Bulk Flux Attenuation and Sinking
Particulate WEOM Molecular-Level Composition through Depth.
We observed substantial variability in carbon flux across the
study regions. Net primary productivity (NPP) in the upwelling
region (CCE Inshore, 1,349 + 496 mg C m ™~ d") was twofold
to eightfold greater than in the oligotrophic environments (CCE
Offshore, GoM, and TroplO, 228 to 363 mg C m™ d™"). This
sustains the production of large, fast-sinking particles (29, 31,
42) with potential physical protection mechanisms including a
biomineral matrix (i.e., opal from elevated diatom abundances,
though this mechanism is more important for driving export flux
in the North Atantic and Southern Ocean) (42, 53, 54) or by
incorporating particles into zooplankton fecal pellets or aggregates
(55-57), each of which typically has higher settling velocities than
smaller particles (Fig. 1B). Indeed, fast-sinking fecal pellets were
a key driver of export at the productive CCE Inshore site (58)
in contrast to the slower-sinking, unrecognizable marine snow
particles dominant in the oligotrophic regions (33, 58, 59).
Consequently, CCE Inshore exhibited a higher particulate organic
carbon (POC) flux at the base of the EZ and a larger fraction of
NPP exported below the EZ (458 + 105 mg C m™ d'and 34 +
11%, respectively), compared to the oligotrophic regions (27 to
144 mg C m™ d™" and 9 to 32%, respectively) (Figs. 1B and 24
and ST Appendix, Fig. S1). While bulk sinking POC 8"°C values
ranged from -19.3%o to -26.5%o near the base of the EZ across
all sites and were consistent with EZ primary production (60),
3C-enrichment at CCE Inshore (~6%o higher than oligotrophic
sites) is indicative of rapid phytoplankton growth (higher NPP)
depleting CO, faster than the resupply (61, 62) and dominance
by diatoms (63) (Fig. 2B). This elevated POC flux at CCE Inshore
was maintained at depth (110 + 17 mg C m™>d™" at 415 m below
the EZ) compared to oligotrophic regions (23 to 35 mg C m™
d™! at ~325 m below the oligotrophic EZs of CCE Offshore and
TroplO), suggesting sinking POM at the upwelling site experienced
reduced exposure to remineralization processes (Fig. 24). Although
the decrease in POC flux within the first 100 m of the mesopelagic
was narrowly constrained across all sampling regions (average T’ o,
=52 + 8; comparable to previous studies), we observed substantial
variability in the proportion of NPP being exported 2100 m below
the EZ (5 + 2 to 18 + 8%), with the highest values at the upwelling
site (Fig. 1C). Further, the tightly constrained sinking POC 8C
decrease with depth shows a preferential breakdown of the lighter
2C isotope by microbial diagenesis (64) (Fig. 2B). Considering
POM remineralization is largely associated with sinking speed and
thus exposure to (or protection from) microbial activity (55-57),
these disparate sinking POM remineralization regimes create a
testing ground for examining this impact on the molecular-level
composition of sinking WEOM.

Bulk productivity metrics were correlated with molecular pat-
terns of N-enrichment and stability gradients. The upwelling-
induced elevated NPP and high POC flux at CCE Inshore was
associated with WEOM molecular signatures elevated in molec-
ular mass (553 Da, weighted-average) and relative N-enrichment
(N-containing heteroatom class, CHON, 39%RA) (Figs. 1 Cand
2 and ST Appendix, Table S2). Comparatively, the molecular-level
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Fig. 1. The euphotic biogeochemical environment shapes bulk carbon export. (A) Surface mean net primary productivity (NPP, mg C m™ d™'") estimated from
the standard VGPM MODIS R2022 product and averaged for the years of the sediment trap deployments (2018 to 2022). Sediment trap deployment locations
include the CCE upwelling inshore (CCE Inshore, blue circle) in 2019 and oligotrophic offshore (CCE Offshore, green triangle) in 2021, as well as the GoM (red
square) in 2018 and the TroplO (yellow diamond) in 2022. (B) Particulate organic carbon (POC) flux calculated at the base of the EZ (see Methods) plotted against
vertically integrated EZ NPP. Solid gray lines indicate EZ-ratio (%NPP being exported below the EZ). (C) EZ-ratio plotted against T, (POC flux efficiency through
the upper 100 m in the mesopelagic; see Methods), where the solid gray lines indicate the proportion of NPP exported =100 m below the base of the EZ (1, 33,
34) and the marker size indicates NPP (mg C m™ d™"). Additional data plotted here (gray circles) are means from multiple trap or 2“Th profiles in other well-
studied biogeochemical provinces or mesoscale features (33, 34) including; 1) Subtropical Pacific (35), 2) Sargasso Sea (36), 3) Sargasso Sea eddy features (37),
4) Costa Rica Dome (38), 5) Equatorial Pacific (39), 6) Tropical South Pacific continental shelf (40), 7) Tropical South Pacific offshore (40), 8) Tropical South Pacific
gyre (40), 9) CCE eutrophic inshore (41), 10) CCE oligotrophic offshore (41), 11) CCE frontal region (42, 43), 12) Subarctic Pacific (44), 13) Subarctic Pacific (45), 14)
Spanish continental margin (46), 15) North Atlantic bloom (47), 16) Southern Ocean (48), 17) Barents Sea, Arctic (49), 18) Northern GoM (50), 19) GoM cold-core
eddy (51, 52), 20) GoM warm-core eddy (51, 52).

stoichiometric composition of WEOM associated with lower ~ a more oxidized and stable form of WEOM, as evidenced by
POC flux beneath the oligotrophic regions was characterized by~ higher IOS %RA, sinking out of oligotrophic EZs (Figs. 1C and
lower molecular mass (467 to 525 Da, weighted-averages) and 2 and S7 Appendix, Table S2). As WEOM sinks through the mes-
elevated CHO content (42 to 53%RA). This composition reflects ~ opelagic, the distinct compositions of upwelling (i.e., relative
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Fig. 2. The EZ biogeochemical environment distinguishes POC flux, WEOM molecular-level composition, 10S (21), and molecular mass assignments through
depth. (A) POC flux (mg C m™2d™), (B) POC §'C (%), (O) weighted-average molecular mass (Da), (D) IOS formulae (%RA), and heteroatom classes (%RA) including
(E) carbon-hydrogen-oxygen (CHO), (F) CHO-nitrogen (CHON), (G) CHON-sulfur (CHONS) and, (H) CHOS are plotted with depth normalized to the base of the EZ
(0.1% light level). Sediment trap deployments include CCE Inshore (blue circles), CCE Offshore (green triangles), GoM (red squares), and TroplO (yellow diamonds).
The base of the EZ is indicated by the gray dashed line and the base of the EZ+100 m is indicated by the gray dotted line. Molecular mass distribution provided

in violin plot (S/ Appendix, Fig. S2).

CHON-enrichment) and oligotrophic regions (i.e., relative
CHO-enrichment) are maintained (Fig. 2 £ and F). Conversely,
across all regions, the CHONS and CHOS heteroatom classes
were observed to continuously decrease (%RA) with depth sug-
gesting preferential organosulfur compound remineralization (65)
(Fig. 2 Gand H). This variability highlights that the stoichiometric
composition of the WEOM leaving the epipelagic is generally set
by the EZ biogeochemical environment, leading to a divergence
in N-content and stability of the WEOM produced in highly
productive upwelling versus oligotrophic regions.

Molecular-Level Nitrogen Content and Stability Drive Sinking
Particulate WEOM Variability. Independent Principal Component
Analysis (PCA) of molecular compositional metrics, and
hierarchical clustering of molecular formulae abundances (Bray—
Curtis dissimilarly index, BCDI) (66) showed sinking WEOM
stoichiometric variability to be largely characterized by EZ
N-content and stability gradients. PC1 described 52% of the
variability and appeared to characterize sinking WEOM based on
the relative degree of N-enrichment (Fig. 34). Upwelling samples
were typically positively correlated with PC1 and associated with
higher molecular mass, enriched (%RA) in CHON and N-
aliphatics, while oligotrophic samples were typically negatively
correlated with PC1 and associated with more stable WEOM
enriched (%RA) in IOS and CHO compounds (Fig. 3 4 and B).
This distinction between biogeochemical environments was further
evident in the hierarchical clustering analyses where two distinctive
clusters, CCE Inshore and the oligotrophic sites were observed,
showing significant molecular-level stoichiometric differences in

https://doi.org/10.1073/pnas.2504769122

WEOM production and diagenetic transformation in these trophic
regions (Fig. 3C). Further, PC2 described 19% of the variability
and appeared to characterize sinking WEOM based on the degree
of stability. Typically, compounds and heteroatom classes assumed
to have relatively higher bioavailability such as (%RA) aliphatics,
N-aliphatics, CHON, and CHONS were negatively correlated
with PC2, while more stable compound classes and parameters
such as (%RA) I0S, polyphenolics, highly unsaturated and
phenolics (HUPs), and modified aromaticity index (Al ) (67)
were positively correlated. This is indicative of a stability gradient
that generally increases with depth within a region (Fig. 3 4 and
B) and aligns with the clustering, and indeed higher similarities of
WEOM molecular formulae abundances within a regional depth
gradient (BCDI 0.30 + 0.07) (Fig. 3C).

Although we observe the propagation of epipelagic productivity
signals to depth, the extent to which these signals propagate and the
WEOM diagenetic history is highly diverse across and within bio-
geochemical environments. Combined, the PCA and hierarchical
clustering delineates two profound observations: 1) sinking WEOM
produced in the upwelling region was highly differentiated, at the
molecular level, to sinking WEOM produced in oligotrophic regions;
and 2) molecular formulae of sinking WEOM in the deep mesope-
lagic was largely dissimilar across regions compared to sinking
WEOM along a depth gradient within a region. Given that much
of global ocean productivity is (co-) limited by N (68), it is perhaps
unsurprising that sinking WEOM variability was primarily charac-
terized by degree of N-enrichment (PC1), a reflection of the over-
lying EZ biogeochemical environment. However, the lack of
convergence between increasing WEOM stability with increasing
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Fig. 3. N-enrichment and stability gradients drive molecular-level characterization of sinking WEOM. (4) PCA biplot of WEOM properties from FT-ICR MS compound
class assignments separates samples based on degree of N-enrichment (describing 52% of the variance) and degree of stability (describing 19% of the variance).
The WEOM variables are presented in either %RA or weighted-average (WA) in PCA space, while (B) presents each sample in the PCA space with the shape
indicating the region (CCE Inshore as circles, CCE Offshore as triangles, GoM as squares, and TroplO as diamonds), the color indicates the depth normalized
to the base of the EZ (0.1% light level) and the dashed ovals indicate the 95% bounds for the oligotrophic versus upwelling samples. (C) Dendrogram showing
the BCDI (66) of the molecular formulae for the sediment trap deployments. The marker shading indicates the depth of the sample collection including “base
of EZ,” “mid” (30 to 130 m below the EZ), and “deep” (320 to 415 m below the EZ), while the color designates the collection site as further indicated on the plot.

depth (PC2), despite similar directional changes, is indicative of
sustained (PC1 N-enrichment) and significant differences in the
molecular-level stoichiometric composition of sinking WEOM
across trophic regions, even between samples >300 m below the EZ
(BCDI 0.49 + 0.09) (Fig. 3C). This ecosystem governance means
that sinking WEOM ~400 m below the productive, upwelling EZ
was less stable and more N-enriched than sinking WEOM imme-
diately below oligotrophic EZs (Figs. 2 and 3B). This suggests that
WEOM exported from oligotrophic regions had undergone more
extensive microbial diagenesis prior to export from the EZ, reflecting
longer diagenetic histories likely driven by a combination of enhanced
stratification and reduced NPP (33, 58). Notably, the clustering of
deep TropIlO molecular formulae abundances with GoM samples
further describes a spectrum of diagenetic histories within olig-
otrophic regions (Fig. 3C). Considering the highly variable sinking
speeds of POM (ranging from >km to ~m day'l) (28-31) and the
lack of molecular convergence with depth, these findings challenge
the assumption of deep ocean POM homogeneity (69). Instead, they
suggest that the molecular-level stoichiometric composition of POM
exiting the EZ is shaped more strongly by regionally specific diage-
netic histories than as a function of depth, highlighting the need for
alternative metrics to better constrain this variability.

The “Diagenetic Clock” Describes Ubiquitous Microbial Diagenesis

of Sinking Organic Material across the Global Ocean. The WEOM
fraction of sinking POM is considered a relatively new input to the

PNAS 2025 Vol. 122 No.48 2504769122

global ocean organic matter pool compared to older, persisting marine
DOM (including the semilabile and refractory pools) (20, 23, 70,
71). While the 10S of the marine DOM pool typically averages
~30%RA and is associated with a strong stability gradient increase
with depth (~20 to ~60%RA) (21-23, 26), sinking WEOM was
observed to have a significantly reduced IOS ranging from 3.7 to
11.4%RA across nutrient regimes while maintaining a twofold to
threefold stability gradient increase with depth (Fig. 2D). Although
the IOS composition of organic matter is postulated to eventually
converge over geologic timescales, this large IOS discrepancy between
the DOM and sinking WEOM pools underscores the significant
differences in timescales of this organic matter transformation;
sinking POM transformation occurs over days to weeks, while DOM
degradation is on the scale of centuries to millennia (20, 21, 23). An
emergent finding from this study is the strong correlation (R* = 0.91,
P < 0.001) observed between POC flux and the sinking WEOM
IOS signature, suggesting ubiquitous epi- and mesopelagic microbial
diagenesis patterns across all biogeochemical regions (Fig. 44). While
it might seem surprising that particles >400 m beneath the upwelling
EZ were “fresher” (i.e., lower IOS) than particles just leaving the EZ in
oligotrophic areas, microbial diagenesis can begin long before organic
matter leaves the EZ and thus drives diverse WEOM IOS signatures
at the base of the EZ (IOSg,; IOS %RA extrapolated to the base of
the EZ; see Methods).

Since ubiquitous microbial diagenetic patterns occur across
trophic regions, we suggest that IOS %RA reflects a diagenetic
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Fig. 4. The diagenetic clock and global ocean “molecular signature of sinking
particulate WEOM." (A) the IOS %RA (21) shows a strong correlation to POC flux
(mg Cm™d™"), where R*=0.91 and P < 0.001 from a Type Il linear regression,
describing ubiquitous epi- and mesopelagic microbial diagenesis, and (B) the
I0S at the base of the EZ (I0Sg; %RA; see Methods) shows a strong correlation
to EZ turnover rates or “Freshness” (NPP/ EZ POC Stock), where R? = 0.96 and P
<0.05from a Type Il linear regression, thus describing disparate EZ diagenetic
histories. Sediment trap deployments for (A and B) include CCE Inshore (blue
circles), CCE Offshore (green triangles), GoM (red squares), and TroplO (yellow
diamonds). (C) van Krevelen diagram of common formulae across all regions
and depths describes the global ocean “molecular signature of sinking WEOM."
Marker colors are indicative of molecular composition of heteroatom classes
including CHO, CHON, CHONS, and CHOS, where the most abundant molecular
formulae are plotted in the foreground. Dashed lines approximately delineate
the compound groups that are determined by the modified aromaticity index
(Al 0q) (67) that assesses the degree of saturation (see Methods). Individual
heteroatom classes individually plotted in S/ Appendix, Fig. S4.
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clock that provides insight into the relative degree of departure
from the molecular-level stoichiometric composition at POM
formation (i.e., photosynthesis). To investigate the extent to which
EZ diagenesis occurs and how it shapes the IOS signature of POM
exiting the EZ, we consider the relative EZ POM “freshness” (ratio
of NPP to POC standing stock) as a proxy for EZ turnover rate
(inverse of average age). A strong correlation (R* = 0.96, P <0.05)
between EZ POM freshness and IOS, demonstrates that WEOM
diagenesis begins within the EZ and progresses along gradients
both across and within trophic regions (Fig. 4B). The N-enriched
sinking WEOM produced in the fresher CCE Inshore EZ (0.18
+0.09 POC turnover day ') was associated with the lowest [0Sy,
(3.62%RA) and IOS at depth (5.1%RA at 415 m below EZ)
coinciding with the highest POC flux (Fig. 4 A and B). These
findings suggest that material collected below this productive
region, even at depth, was both relatively young (with regard to
time since formation) and new (with regard to limited diagenetic
history), reflecting fast flux of “fresh,” N-enriched POM to the
deep ocean. This reduced exposure to microbial diagenesis is due,
at least in part, to this sinking POM being bound in fast-sinking
fecal pellets (58), which limits organic matter exposure to micro-
bial activity through both a physical barrier (the peritrophic mem-
brane that encloses many fecal pellets) and reduced epi- and
mesopelagic residence times (55-57). Conversely, sinking POM
produced in oligotrophic regions with longer EZ residence times
(0.06 to 0.14 POC turnover day_l) and lower POC fluxes was
largely dominated by unrecognizable, degraded marine snow
aggregates (33, 58, 59). These highly porous aggregates typically
sink more slowly while serving as colonization hotspots for
microbes. As a result of these longer surface POM residence times
and greater exposure to microbial degradation, the WEOM frac-
tion of sinking POM beneath oligotrophic regions exhibited ele-
vated IOSg;, (6.1 to 9.4%RA) and 10S with depth (10.7%RA at
~70 m below GoM EZ, 7.3%RA at 320 m below CCE Offshore
EZ, and 11.4%RA at 336 m below TroplO EZ), describing an
increasingly stable, slower sinking flux of older POM from olig-
otrophic EZs to the mesopelagic (Fig. 4 A and B). Additionally,
as WEOM undergoes diagenetic transformation and moves toward
increased stability, an associated pervasive decrease in size (molec-
ular mass) is observed (Fig. 2 C and D and S/ Appendix, Fig. S2).
This aligns with the degradation and size-reactivity continuum
theories (15, 16) (SI Appendix, Fig. $3; R* = 0.97, P < 0.001
and R? = 0.88, P< 0.001, respectively), and further highlights the
strong relationship between sinking flux and the diagenetic clock.
Collectively, this variability in flux and diagenetic age of sinking
WEOM sustains deep ocean heterogeneity that has important
implications for mesopelagic and potentially benthic microbial
communities (13), as well as sequestration timescales.

To investigate the molecular signature of sinking POM from
the global ocean, we examined the common molecular formulae
of WEOM at all sites and depths. This “molecular signature of
sinking WEOM?” is comprised of 1,716 molecular formulae and
dominated by aliphatic and HUPs compounds, consisting largely
of the heteroatom classes CHO and CHON (Fig. 4C and
SI Appendix, Fig. S4). The more stable CHO heteroatom class was
generally more abundant at lower O/C elemental ratios (<0.4),
conversely the CHON class was more abundant at a higher O/C
(20.4), while the S-containing CHOS and CHONS heteroatom
classes were observed in low %RAs and are generally aliphatic
(H/C >1.5) in nature. Samples with longer diagenetic histories
resulting from slower EZ turnover exhibit higher convergence
toward the global ocean molecular signature of sinking WEOM
(% common molecular signature of sinking WEOM formulae
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relative to total sample formulae). Across all depths, the CCE
Inshore samples exhibited 17 to 20%RA of this signature com-
pared to a slightly higher 20 to 31%RA at the oligotrophic sites,
supporting the collective trajectory of the diagenetic clock.

In summary, our results highlight the molecular-level complex-
ity of sinking WEOM. We reject the hypothesis that particles
collected at deeper depths will share greater stoichiometric molec-
ular similarity between regions than across a depth gradient within
a region. Depth appears to be a poor proxy for the diagenetic age
of sinking WEOM, owing to the wide range of particle sinking
speeds and the substantial diagenesis that can occur before parti-
cles leave the EZ, particularly in low-productivity regions (Fig. 4B).
Instead, our findings reveal that while POM composition is ini-
tially established at formation and driven by ecosystem function-
ing and nutrient availability, sinking POM composition is
subsequently controlled by microbial processing, and follows
entirely different patterns to marine DOM. The extent of this
POM molecular-level stoichiometric change is largely constrained
by the cumulative exposure to microbial diagenesis, a process
modulated by epi- and mesopelagic residence times that operate
in concert with physical protection mechanisms (e.g., incorpora-
tion into fast-sinking fecal pellets with a protective barrier at CCE
Inshore versus slower-sinking, individually exposed marine snow
particles and aggregates in the oligotrophic regions). Together,
these factors govern the diagenetic history of sinking particles,
ultimately driving distinct WEOM compositional differences in
particles captured in the high-flux upwelling region and low-flux
oligotrophic regions. Notably, sinking particles >400 m below the
EZ at the coastal upwelling CCE Inshore site more closely resem-
ble the particles exiting the overlying EZ than they do other deep-
water mesopelagic sinking particles collected in the oligotrophic
CCE Offshore, GoM, or TroplO. This, however, does not reflect
a regional dissimilarity in diagenetic processes. Rather, it under-
scores a robust, emergent pattern of microbial activity shared
across both ecological niches of free-living and particle-attached
communities in the epi- and mesopelagic zones of upwelling and
oligotrophic regions alike. Overall, these processes drive WEOM
toward greater IOS %RA (Fig. 44) and yield a global ocean molec-
ular signature of sinking WEOM (Fig. 4C), where the strong
fHux—IOS relationship highlights the emergent concept of the
diagenetic clock.

The short timescales of the particulate diagenetic clock (days
to weeks) compared to the marine DOM reservoir (centuries to
millennia) (20, 21, 23) reflects an active, strong sink of relatively
new carbon to depth with large implications for the global carbon
cycle. This carbon sink is particularly enhanced in productive
regions and challenges the long-standing assumption of deep
ocean homogeneity (69) for the sinking POM pool. The strong
flux—IOS relationship underscores the community-level linkages
between particle residence times and diagenetic histories, shaping
the composition of organic matter delivered to mesopelagic and
potentially benthic communities beneath upwelling versus olig-
otrophic water columns, as well as carbon sequestration timescales.
Since the duration of carbon sequestration from the atmosphere
is set by remineralization length scales (12-14), the new frame-
work of the diagenetic clock identifies regions where high POC
flux and shorter diagenetic histories will likely deliver relatively
young (time since formation) and new (limited diagenetic history)
material to the interior ocean, supporting longer carbon seques-
tration timescales while enhancing nutrient availability for mes-
opelagic/benthic communities with this fresh POM. However,
since the diagenetic clock starts ticking before particles exit the
EZ, future research aimed at disentangling EZ-specific diagenetic
processes is warranted. Nevertheless, this emergent relationship
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between particle sinking speed and organic matter freshness fur-
ther explains why it has been difficult to establish robust relation-
ships between productivity and flux attenuation (1, 13): while
productive regions typically generate rapidly sinking particles,
oligotrophic regions export slower-sinking particles that are more
stable, driving a compensatory positive correlation between sink-
ing speed and remineralization rate. Ultimately, the interplay
between ecosystem dynamics and the strong flux—IOS relationship
reveals that the ocean’s BCP is far from uniform, even at depth,
and its capacity to sequester new carbon on the short timescales
of the diagenetic clock is variable and regionally distinct.

Methods

Sediment Trap Deployment and Collection of Sinking Particles. Sinking
POM in this study was collected using standard VERTEX-style, surface tethered
free-drifting particle-interceptor traps (PITs) (14, 33,72, 73) deployed during the
following cruises; CCE Cruises 2019 (P1908, during which samples were taken
from a coastal upwelling region) and 2021 (P2107, during which samples were
taken from an offshore site) (14), regarded as CCE Inshore and CCE Offshore,
respectively, BLOOFINZ-GoM (Bluefin Larvae in Oligotrophic Ocean Foodwebs:
Investigating Nutrients to Zooplankton in the GoM) 2018 (33), regarded as GoM,
and BLOOFINZ-10 (BLOOFINZ in the Indian Ocean) 2022 Cycle 3, regarded as
TroplO. The trap array included surface floats, a holey-sock drogue (3 x 1-m)
centered at 15 min the mixed layer to ensure Lagrangian movement while damp-
ening any wave-induced vertical displacement, and sediment trap crosspieces
(typically 8 to 12 particle interceptor tubes, 70-mm inner diameter, with baffle
on top) at 3 to 4 discrete depths ranging from approximately the base of the EZ
(0.1%surface irradiance) to 450 m depth for a duration of 3 to 4.5 d (S Appendix,
Table S1). For the purposes of this study, only sinking particulate samples col-
lected in traps in close proximity (within 25 m) to the base of the EZ and deeper
were included. CCE Inshore, CCE Offshore, and TroplO PITs were deployed in the
summer, whereas the GoM deployment occurred in the late spring. Nevertheless,
all deployments took place after the respective regional “spring blooms” and are
therefore representative of the mean growing season conditions, allowing for
meaningful comparisons across sites. Althou?h sediment traps can have hydro-
dynamic biases (74, 75), concurrent #*8U-?**Th disequilibrium measurements
suggested no substantial over- or undercollection bias with this specific array
design (76) and similar VERTEX-style traps (77). The particle interceptor tubes
were deployed with a formaldehyde brine (0.1-pum filtered surface seawater
amended with 50 g L' NaCl and 0.4% formaldehyde, final concentration) (14,
33,72,73),and upon recovery, the overlying water was removed by gentle suc-
tion. Metazoan "swimmers” were carefully removed from the brine, and then the
sample was filtered through precombusted 25 mm GF/F filters (450 °C for 8 h)
(14,33).Additional sampling blanks were collected including GF/F blanks for total
POC concentration calculations atall sites and “filtration blanks" (i.e., filtrate refil-
tered through precombusted GF/F filters) at a subset of sites (including inshore
upwelling and offshore oligotrophic) to quantify dissolved organic carbon (DOC)
adsorption to the filters. These filters were stored at —80 °C for further analysis
including POC concentration, the molecular-level characterization of the WEOM
component of the sinking POM and blank quantification.

Contemporaneous POC Concentration and NPP Measurements. POC
concentration, [POC], was analyzed by an elemental analyzer interfaced with
an isotope ratio mass spectrometer (EA-IRMS). Briefly, samples (typically 2 to
4 1) were collected from 6 to 8 depths spanning the EZ and filtered through
precombusted (450 °C for 8 h) GF/F filters with additional GF/Fs collected for
blank quantification. All GF/Fs were stored at —80 °C then thawed and placed
in a desiccator with fuming HCl to remove inorganic carbon and then dried at
40 °C. After each GF/F was completely dry, it was trimmed to remove excess GF/F
and then packaged in tin capsules and analyzed at University of California Davis
Stable Isotope Facility.

NPP was measured by either the H'*CO; or H'*CO,-uptake method (33, 58,
78). Briefly, samples from 6 to 8 depths across the EZ collected from Niskin bottles
from the associated CTD cast were spiked with "C- or '*C- labeled HCO, and
incubated in situ for 24 h on a drifting array. Subsequently, the samples were
filtered and the incorporation of "*Ciinto phytoplankton biomass was determined
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by EA-IRMS for the GoM samples (33, 78) or "“C activity was determined using a
liquid scintillation counter for the CCE (14) and TroplO samples.

POC Flux Calculations. The POC sinking flux at each PIT along the trap array
was calculated by the following: POC sinking flux (mg Cm™ d™") = (total POC
on filter — POC on blank filter)/PIT tube area/fraction of tube filtered/duration
of deployment.

To estimate POC flux at the base of the EZ and EZ+100 m, a simple power law
relationship was fitted to fluxes calculated at sediment traps situated just above
and below the EZ or EZ+100 m (1, 10, 33). Since sediment traps were deployed
within ~20 m of the base of the EZ and largely within ~45 m of the EZ+100 m, the
results of this calculation were generally insensitive to the interpolation method
utilized (33). In the case of CCE Inshore where all sediment traps were deployed
below the base of the EZ (closest trap at 5.7 m below base of EZ), we extrapolated
the POC flux above the shallowest trap by extending the power law relationship
between the shallowest two traps. Further, for the GoM where all traps deployed
were above the EZ+100 m, we extrapolated deeper (deepest trap is 34 m above
the base of the EZ+100 m).

WEOM Leachate from Sinking POM. We leached the WEOM component of the
sinking POM and the filtration blanks in accordance with previously described
aerosol protocols (79-81). It is important that these rigorous extraction meth-
ods are utilized to overcome any potential organic matter physical protection
(i.e., bound in fecal pellets, aggregates, or biomineral tests). Further, while
microbial solubilization mediates a significant portion of sinking POM trans-
formations, physical/mechanical processes such as zooplankton consumption
(including sloppy feeding) and particle fragmentation additionally drive POM
transformations. Briefly, each GF/F sample and filtration blank was placed in an
acid-washed (10% HCl for 48 h) and precombusted (550 °C for 4 h) borosilicate
vial and 6 mL of ultrapure (Milli-Q) water was added. The volume of ultrapure
water added compared to the filter area (Milli-Q:filter area ratio, 1.2 mL m™?)
was larger (1.8 to 3.2 times) than previously described (79, 80), however, since
there was significantly higher biomass on the GF/Fs compared to aerosol filters,
the larger volumes of ultrapure water are required to create the concentration
gradient necessary to leach the WEOM fraction from the POM. The vials were
then sonicated for 30 min in an ice bath to allow for lysing of cell walls and/or
membranes and for WEOM desorption (79). After sonication, the borosilicate vials
were transferred to cool, dark conditions (in a 4 °C fridge) for 5.5 h to allow for
continued desorption and solubilization of the WEOM fraction of the POM. The
vials were agitated every 30 min to ensure sufficient turbulence of the WEOM
and suspended POM to allow for increased leaching and solubilization. In total,
we applied a 6-h leaching time to ensure sufficient time for the larger biomass
to desorb. This aligns well with the duration of previous desorption tests (0 to 8
h) and with the plateau of rapidly and slowly desorbing WEOM organic carbon
pools (81). Our methodological tests showed that >90% of WEOM was desorbed
from POM within 6 h (S/Appendix) and is in line with previous findings (80, 81).
It is important that the entire WEOM pool, including both rapidly and slowly
desorbing pools, is leached to ensure molecular-level analysis of a more complete
pool of sinking POM available for consumption and transformation within the
water column. A mean carbon yield of 51 + 26% was observed from the WEOM
leachate, which is comparable to previous aerosol leachate studies (20 to 70%)
(79, 82-85) and within expected water extractable components of the marine
POM pool (3). After the leaching process, the WEOM leachate was acidified (with
10 M HCI, final pH 2) (86).

DOC Concentrations of Leachates and Sampling Blanks. DOC concentra-
tions [DOC] were measured for all WEOM leachates and formaldehyde brine
(pre-and postdeployment) blanks using a Shimadzu TOC-Lcpy, high-temperature
catalytic oxidation total organic carbon analyzer (Shimadzu Corp., Kyoto, Japan).
To conserve volume, 1 to 2 mL of the leachate was diluted in ultrapure water
(total volume 25 mL) and pH corrected (with 10 M HCI, final pH 2). Due to the
high carbon content of the formaldehyde brine solution, higher dilution factors
were used. Samples were sparged with air to remove dissolved inorganic carbon.
The dilution-corrected [DOC] were calculated using a six-point standard curve
and on the average of 3 to 7 injections, with a coefficient of variance <2% (87).

Results from the “filtration blank” analyses indicated a negligible DOC GF/F
adsorption mean of 5.2% of the WEOM signal (S Appendix).

https://doi.org/10.1073/pnas.2504769122

SPE of the Sinking Particulate WEOM. The WEOM fraction of POM needed to
be concentrated and desalinated before further analyses (88). Due to its large
selective retention of highly polar to nonpolar compounds, we utilized PPL
(styrene divinyl benzene polymer, Agilent Technologies Inc., Santa Clara, CA)
SPE cartridges to extract the WEOM in accordance with previous marine DOM
extraction protocols (88). This extraction protocol is standard in SPE FT-ICR MS
coupled analyses (16, 21, 89-92). Importantly, consistent use of this PPL extrac-
tion procedure ensures applicability of bulk scale comparisons across the various
other analytical methods (93).

The PPLcolumns were cleaned by soaking with high-performance liquid chro-
matography (HPLC) grade methanol for >4 h, followed by a secondary HPLC
methanol rinse, and twice rinsed with pH 2 ultrapure water to ensure complete
elution of impurities and priming of the sorbent before sample addition. To
ensure WEOM extractions were within the PPL column bedload threshold, sam-
ple volumes were adjusted and carbon normalized to achieve a target eluent
concentration of 40 ug C mL™". Each sample was isolated onto the 100 mgC
bedload 3 mL PPL columns, then rinsed twice with pH 2 ultrapure water, dried
with ultrahigh purity N, gas, and eluted with 1 mLHPLC methanol into precom-
busted (550 °C for 4 h) 1.5 mL amber glass vials. The vials with WEOM extract,
now regarded as SPE-WEOM, were stored in the dark at =20 °C until analysis.
Triplicate recovery tests show high SPE-WEOM extraction efficiencies of 63 =
1%, that are on the higher end of previous extraction efficiencies (43 to 62%)
(86, 88-90) (SI Appendix).

Molecular Characterization of SPE-WEOM by FT-ICR Ms. Molecular com-
position of the acidic species in SPE-WEOM was characterized by negative-ion
electrospray ionization 21-Tesla FT-ICR MS at the National High Magnetic Field
Laboratory (Tallahassee, FL). Typical conditions for negative-ion formation: emitter
voltage, —2.5t0 3.2 kV; S-lens RF level: 45%; and heated metal capillary tempera-
ture 350 °C, flow rate 500 to 550 nL/min (94, 95). For each sample, 100 individual
time-domain transients of 3.1 s that each contain one million charges per scan
(Automatic gain control, AGC ion target of 2 x 10 charges per scan) (96) were
conditionally coadded, phased corrected (97), and internally calibrated based on
the "walking” calibration equation (98). For all mass spectra presented herein,
elemental compositions were assigned to peaks between 170 and 1,000 Da with
a signal greater than the Rms baseline noise plus 6c (99) and an assignment
mass accuracy of +0.3 ppm using PetroOrg (100).

Operational compound classes were assigned based on molecular formu-
lae from elemental stoichiometry (calculated from elemental combinations of
Cr_100Ha—20001-30 No_sSo_) and modified aromaticity index (Al ,,4) (67, 101) that
assesses the degree of saturation. The compound classes include; polyphenolics
(Al 04 0.5t0 0.67), condensed aromatic structures (Al .4 > 0.67), HUPs (Al 4 <
0.5, H/C < 1.5), aliphatics (H/C = 1.5-2.0,0/C < 0.9, N = 0), N-aliphatics (H/C
>1.5-2.0,0/C<0.9,N>0)(92,102).The 10S, comprised of 361 prescribed
molecular formulae (formulae list found in ref. 21), is a compound class with a
criterion of elevated carboxyl content, cyclic structures, and few olefinic double
bonds falling in a distinct, narrow H/C and 0/C (1.17 = 0.13 and 0.52 + 0.10,
respectively), and molecular mass (360 + 28 and 497 + 51 Da) window (21).
Since compound classes are largely assigned based on stoichiometric similarity
and since FT-ICR MS alone cannotinfer structure, each compound may represent
numerous structural isomers (32).

Formulae %RA was calculated by normalizing individual peak intensities by
the sum of all assigned peaks for each sample. The percent contribution of com-
pound classes was defined as the %RA of each compound class relative to the
summed abundances of all assigned formulae in each sample. Further, the %RA
of compounds containing only CHO, CHON, CHONS, and CHOS (i.e., heteroatoms)
were calculated.

105 Extrapolation to Base of EZ (10S;). Using similar methods outlined in POC
flux calculations, we estimated the 10Sg; using a simple power law relationship
fitted to 10S %RA calculated at sediment traps situated just above and below the
EZ. Since sediment traps were deployed within ~20 m of the base of the EZ, the
10S; %RA results of this calculation were insensitive to the interpolation method
utilized; SD between power law regression and linear regression estimates was
~0.02%RA.

In the case of CCE Inshore where all sediment traps were deployed below the
base of the EZ (closest trap at 5.7 m below base of EZ), we extrapolated the 10S
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%RA above the shallowest trap by extending the power law relationship between
the shallowest two traps.

Statistical Methods. All statistical analysis was conducted using the Spyder
environment hosted in Python (103). A PCA was conducted using the decom-
position.PCA module from the Sklearn (SciKit-Learn) (104) package to under-
stand, atthe molecular level, the variability in composition of sinking particulate
WEOM formed in productive versus oligotrophic regions and how this subse-
quently changes with depth. The WEOM variables are presented in either %RA or
weighted-average (WA) in PCA space and include weighted-average molecular
mass (Da), H/C, O/C, N/C, NOSC (nominal oxidation state of carbon), Al,,, ali-
phatics, N-aliphatics, condensed aromatics, polyphenolics, HUPS, CHO, CHON,
CHONS, and CHOS. BCDI (66) based on the Ward method was performed using
the hierarchy module from the SciPy (Scientific library for python) (105) v1.5.0
package. This statistical analysis compared the composition (%RA and WA) of
molecularformulae between all samples and reported the degree of dissimilarity
inthe range of 0 to T where 1 is the most dissimilar.

Data, Materials, and Software Availability. The datasets presented in this study
can be found in online repositories. Raw FT-ICR MS spectra files and associated ele-
mental composition assignments are publicly available through the Open Science
Framework (OSF) and can be accessed using the following https://osf.io/dedyx/
(106). Further, the molecular-level assignments including compound classes are
tabulated in S/ Appendix, Table S2. All sampling site ancillary data are tabulated in
SIAppendix, Table S1.All particulate ancillary data for CCE sites are publicly available
through the DataZoo CCE LTER platform and can be accessed using the following
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