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Processes in the Surface Ocean Regulate Dissolved Organic
Matter Distributions in the Deep
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Abstract Marine dissolved organic matter (DOM) is a major global carbon pool, consisting of thousands
of compounds with distinct lifetimes. While marine DOM persists for millennia, its molecular and isotopic
composition imply that it is dynamic on shorter timescales. To determine the extent to which DOM deviates
from conservative water mass mixing, we conducted a two-endmember mixing analysis on dissolved organic
carbon (DOC) concentration and DOM molecular composition in the Atlantic and Pacific. Endmembers

were the deep water masses near their formation sites. For DOM composition, we considered 6118 molecular
formulae (MF) identified via Fourier-transform ion cyclotron resonance mass spectrometry in solid-phase
extracts (SPE) of 837 samples. Bulk DOC and SPE-DOC concentrations behaved conservatively in both basins
and >70% of the MF (14-20 pM SPE-DOC) mixed conservatively. However, a small fraction (10%-20%) of
the MF (<3 pM SPE-DOC) were added or removed during mixing. These MF were more reduced and oxidized,
respectively, than the conservative fraction. There were also MF absent from the endmembers; these accounted
for <1 pM of SPE-DOC and positively correlated with DOM lability. Based on their distribution across the
two basins, we conclude that the conserved MF are formed in the surface subtropical ocean and modified in
overturning areas. In the deep ocean, however, these MF are solely controlled by mixing. This finding contrasts
with the current paradigm of slow, continuous degradation of recalcitrant DOM in the deep ocean. Our analysis
illustrates the importance of the surface ocean in controlling DOM cycling in the deep.

1. Introduction

At nearly 700 Pg C, the carbon reservoir of oceanic dissolved organic matter (DOM) rivals that of atmospheric
CO, (Hansell et al., 2009). Most (>95%) of this reservoir resides in the deep ocean. The chemical components
within DOM have distinct ages, reactivities and origins (Amon & Benner, 1996; Benner et al., 1997; Follett
et al., 2014; Walker et al., 2016). Most DOM is produced photosynthetically in the surface ocean and introduced
into the meso- and bathypelagic via physical processes such as deep convection (Carlson & Ducklow, 1996;
Hansell & Carlson, 1998; Romera-Castillo, Letscher, & Hansell, 2016) and biogeochemical processes such as
solubilization of sinking particles (Lopez & Hansell, 2021). Chemoautotrophy may constitute an in-situ source of
DOM in the deep ocean (Hansman et al., 2009).

Past studies on DOM have conflicted regarding the extent to which it follows the mixing of deep water masses.
Offsets in *C age between bulk dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC) are
consistent with the aging of water masses (i.e., conservative mixing) (Bercovici & Hansell, 2016; Bercovici,
McNichol, et al., 2018; Druffel et al., 2016, 2021). The DOM composition in the North Atlantic is also primarily
driven by mixing (Hansman, Dittmar, & Herndl, 2015). However, studies that separate DOM into specific frac-
tions based on polarity or size reveal more dynamics within the DOM pool. Size and polarity fractions and even
individual molecules within DOM have distinct radiocarbon ages, reactivities and origins (Broek et al., 2020;
Follett et al., 2014; Lechtenfeld et al., 2014; Walker et al., 2016; Zigah et al., 2017). Ultrahigh-resolution mass
spectrometry reveals that DOM contains hundreds of thousands of individual compounds (Zark, Christoffers,
& Dittmar 2017), with structures that vary between deep ocean basins (Seidel et al., 2022). There are changes
in DOC concentrations (Bercovici & Hansell, 2016; Hansell & Carlson, 1998) and DOM composition (Seidel
et al., 2022) in water masses in the deep Atlantic to Pacific ocean basins, yet there is limited information as to
what is driving these changes. In this study, we assessed the extent to which the molecular formulae within DOM
follow mixing in the Atlantic, Southern and Pacific oceans. Our goal was to distinguish the fraction of molecular
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. A. Atlantic

formulae within DOM that follow mixing from those molecular formulae that are added and removed relative to
mixing.

We hypothesized that there is one fraction of DOM that behaves conservatively in the deep ocean on time
scales of deep overturning and another fraction that slowly degrades and becomes molecularly modified. As
DOM becomes more degraded, the proportion of CRAM (Hertkorn et al., 2006), the degradation index (Flerus
et al., 2012) and the aromaticity index (AL ,; (Koch & Dittmar 2006)) presumably increase, while the DOC
concentration continuously declines over time. A previous study that assessed the molecular composition of
DOM in crustal rocks west of the mid-Atlantic Ridge provided an in-situ representation of deep seawater left
undisturbed for over 2000 years (Walter et al., 2018). That study found that not only did the DOC concentra-
tion decline over time, but the molecular composition of the DOM became more degraded. If there is indeed
slow decay of DOM over time, we should be able to observe both its decrease in concentration and its chemical
degradation along the ~1000-year transit from the North Atlantic to the far North Pacific.

1.1. Largescale Ocean Mixing

In the deep Atlantic Ocean, the two densest water masses are North Atlantic Deep Water (NADW) and Antarctic
Bottom Water (AABW) (Schmitz, 1995; Talley, 2013). NADW is formed in the high latitude North Atlantic and
is a mixture of subtropical surface waters and waters from the Arctic. NADW is distinguishable by its warmer
temperatures (>2—10°C) and higher salinities (>34.7-34.9) compared to AABW (Figure 1). Upon NADW
formation, DOM is downwelled to the deeper layers, elevating the DOC concentrations within NADW near its
formation site (Fontela et al., 2016; Hansell & Orellana, 2021; Hansell et al., 2009).

Near the equator and into the Southern Ocean, NADW DOC concentrations are the same as in the other deep
waters (Bercovici & Hansell, 2016), suggesting a loss of DOC in NADW during the decades between its forma-
tion to its transit to the northern subtropics (Fontela et al., 2020). Likewise, a recent modeling study (Matsumoto,
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Figure 1. Latitudinal transects of (a)) the Atlantic, ANT28-4 and ANT 28-5 (sections outlined in Figure 2) and (b)) the Pacific oceans (SO248 and SO254; Figure 2),
with salinity (in the Atlantic) or apparent oxygen utilization (AOU; in the Pacific) in color, with potential temperature () in contours. AOU is depicted in color in

the Pacific transect (b) because it clearly distinguishes NPIW and PDW from CDW. Subpanel C combines panels (a and b) for a global view at the fraction of CDW
(AABW in the Atlantic), calculated using salinity and potential temperature. White boxes cover the areas that are not controlled by the deep-water mass mixing
considered in this analysis. Surface data are present in the Atlantic Sector of the Southern Ocean because there CDW (AABW) reaches up to 200 m depth. Sections
were plotted using Ocean Data View (Schlitzer, 2023).
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Tanioka, & Gilchrist, 2022) reported that the steepest DOC concentration gradient in the deep global ocean
occurs in the Atlantic basin.

AABW is the densest water mass in the open ocean and is formed in the Southern Ocean. It is a mixture of
NADW, deep waters from the Pacific and Indian oceans, and exported Antarctic shelf waters that all mix in the
Antarctic circumpolar current (Talley, 2013). AABW is characterized by its cold temperatures (0°C) and flows
northward from the Southern Ocean, filling all major ocean basins (in the Pacific, the deep waters from the
Southern Ocean are referred to as the lower Circumpolar Deep Water fraction; CDW; Figure 1).

In the Pacific, CDW flows northward. When CDW reaches high northern latitudes (>40 N), it upwells and
entrains North Pacific Intermediate Water (NPIW). This overturning forms the moderately dense Pacific Deep
Water (PDW), which then migrates southward. PDW is most clearly distinguished by its relatively higher appar-
ent oxygen utilization (AOU > 200 pM; Figure 1b). In this study, we apply a simple deep water mixing model
for each ocean basin to the molecular formulae (and their relative FT-ICR-MS signal intensities) identified in
our largescale DOM dataset to identify the extent to which the individual formulae follow deep mixing. We use
this mixing approach with molecular formulae measured in the linear range of the FT-ICR-MS, in which signal
intensities correlate linearly with respect to mixing (Seidel et al., 2015).

2. Methods
2.1. Sample Collection

Samples for DOM composition in the Atlantic Ocean and Atlantic sector of the Southern Ocean were collected
on three cruises aboard the R.V. Polarstern: ANT-XXVIII/2, ANT-XXVIII/4, and ANT-XXVIII/S5, and from the
Bermuda Atlantic Time Series (BATS) station aboard the R.V. Atlantic Explorer (Figure 2). Samples for DOM
composition in the Pacific Ocean and Pacific sector of the Southern Ocean were collected on three cruises aboard
the R.V. Sonne: SO245, SO248, and SO254, and from the Hawaii Ocean Time-series (HOTS) station aboard
the R.V. Kilo Moana (Figure 2). Full water column profiles were collected from a rosette of Niskin samplers

equipped with conductivity, temperature and depth sensors. This analysis includes 364 samples from the Atlantic
and 473 samples from the Pacific (Figure 2). All data reported here is published and open access at PANGAEA®
Data Publisher (Bercovici et al., 2023). The bulk DOC concentration data considered in the analysis are from a
publicly available compilation (Hansell et al., 2021).

Figure 2. Global map of stations (plotted with Ocean Data View; Schlitzer, 2023). The black frames on ANT28-4 and ANT28-5 and SO248 and SO254 represent the
data visualized in the U-shaped plots in Figures Ic and 5.
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2.2. Solid Phase Extraction and DOC Quantification

Samples for DOM composition analysis were extracted via the solid-phase extraction (SPE) method (Dittmar
et al., 2008). In short, 4 L of seawater were filtered through a pre-combusted (400°C, 4 hr) 0.7 pm glass fiber
filter (GF/F, Whatman, United Kingdom) and acidified to a final pH of 2 (HCI, 25%, p.a., Carl Roth, Germany).
We collected 4 L of seawater for SPE to ensure that we extracted enough DOM (in terms of carbon), even when
considering the low DOC concentrations in the deep ocean (35-40 pM). Samples were extracted on commercially
pre-packed cartridges (1 g PPL, Agilent, USA) via gravity flow. After extraction, the cartridges were rinsed with
two volumes of ultrapure water (pH 2) and subsequently dried with nitrogen gas. The DOM was then eluted
from the cartridges with 6 ml of methanol (HPLC-grade, Sigma-Aldrich, USA) into pre-combusted amber glass
vials. These DOM extracts were stored in the dark at —20°C until FT-ICR-MS (Fourier-transform ion cyclotron
resonance mass spectrometry) analysis.

For the determination of SPE-DOC concentrations small aliquots (100 pL) of the solid-phase extracts were dried
in a stove at 50°C overnight, redissolved in 10 mL ultrapure water and analyzed on a Shimadzu TOC-VPCH total
organic carbon analyzer. Under consideration of extraction and elution volumes, measured concentrations were
converted to concentrations in seawater. Bulk DOC was determined directly on the same analytical instrument.
The solid-phase extraction efficiency is the ratio between SPE-DOC and bulk DOC concentrations. The DOC
analyses were quality controlled using the consensus reference material for DOC concentration provided to the
community by the Hansell Biogeochemistry Laboratory (University of Miami, Miami, FL, USA; CV = 5%).
The mean extraction efficiency of all Atlantic samples was 58 + 6%, similar to the extraction efficiency of
the reference DOM material from the deep North Pacific (61 + 3%; (Green et al., 2014)). Unfortunately, DOC
samples from our Pacific transects were partially contaminated with volatile organics, so we were unable to use
them to calculate extraction efficiencies. SPE-DOC samples were unaffected by any contamination. This study
focusses on SPE-DOC because it is the analytically attainable fraction for molecular DOM characterization via
FT-ICR-MS.

2.3. Molecular Composition of DOM

All DOM extracts were analyzed on a SolariX XR FT-ICR-MS (Bruker Daltonik GmbH, Bremen, Germany)
equipped with a 15 T superconducting magnet and an electrospray ionization source (ESI; Bruker Apollo II
ion source). For analysis, all DOM extracts were mixed with ultrapure water and methanol (MS grade, 1:1
v/v) to a final carbon concentration of 2.5 ppm. For analysis validation, an in-house DOM reference sample,
collected at the Natural Energy Laboratory of Hawaii Authority in 2009 (Green et al., 2014), was measured
twice a day.

FT-ICR-MS was performed in ESI negative ion mode, with a voltage of 4.5 kV, flow rate of 360 pL/hr, temper-
ature of 200°C and hexapole accumulation time of 0.65 ms. Samples were injected using an autosampler (CTC
Analytics AG, Zwingen, Switzerland) and 200 scans were accumulated per sample in a mass window ranging
from 92 to 1000 Da. All spectra were calibrated internally using Bruker Daltonik Data Analysis software and
processed using ICBM-OCEAN (Merder et al., 2020) that includes a series of validation steps for further mass
calibration, peak matching between samples and molecular formula assignment (see supplement for detailed
settings). Only the most abundant isotopologues (>C, “N, 'O etc.) were considered for our largescale data inter-
pretation in an oceanographic context. The weighted means and standard deviations of the O/C and H/C ratios
were calculated using the “stat” and “radiant” packages in R. The Shannon and functional diversity indices were
calculated following the methodology described in Mentges et al. (2017). The Molecular Lability Boundary
(MLB) was defined in D'Andrilli et al. (2015). The MLB divides the molecular constituents of DOM into more
and less labile groups based on H/C ratios (where H/C > 1.5 for more labile DOM), providing a simple method
to estimate the lability of DOM across a variety of different environments.
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2.4. Mixing Model Setup

Two end-member mixing of deep water masses was assessed with salinity and potential temperature. First, we
binned data from the endmembers using their physicochemical characteristics (Figure 1; Table S1 in Supporting
Information S1). Newly produced NADW was characterized as those data in the high latitude North Atlantic with
potential density values >27.7 kg m~>, potential temperatures between 2 and 4°C, and salinities >34.6 (Figure 1;
(Schmitz, 1995)). Newly produced AABW and CDW were characterized as those data south of the polar front
(>50°S), where potential density values were also >27.7 kg m~3, salinities were >34.6 and <34.75, and potential
temperatures were <0°C. NPIW was characterized in the far North Pacific, where potential temperature was
<4°C and AOU was >300 pM (Figure 1).

Then, we generated the mixing model equations, in which every datapoint in the deep ocean was simply a compo-
nent of the two endmembers. Since salinity and 6 are conserved variables in the deep ocean, the salinity and 6 for
a given sample would be as follows:

Sal = Saly * fa + Salp * fp (1)
9=9A*fA+eB*fB (2)

where f, and f, are the fractions of each water mass of interest (either NADW and AABW, or NPIW and CDW),
and Sal,, Sal,, 0,, and 6, are the salinities and potential temperatures of each water mass endmember. Sal and 6
are the salinity and potential temperature data in each sample where we are applying the model. To solve for each
fraction f, and f}, the two equations can then be re-arranged as follows:

fA = [(Saly *0) — (Sal « 99”/[(0A * Saly) — (Saly = 0y)] (3)
fe=1-fa “

The modeled, conserved DOM composition was then calculated, assuming it behaves like a conservative variable
(like salinity or 6):

DOMc = f4 #* DOMy + f5 * DOMjp 5)

where DOM_. is a conserved DOM composition and DOM, and DOM,, are the DOM compositions for each
endmember. We isolated the water masses based on the purest possible endmembers in our dataset, based on
proximity to water mass formation site and physical characteristics (Figure 1). The endmembers were averaged
from 3 pure NADW samples, 12 pure AABW samples, 22 pure CDW samples and 6 pure NPIW samples to
determine DOM, and DOM,. Any molecular formulae whose peak intensity fell below the method detection
limit after averaging was removed. It should be noted that the NADW endmember here is NADW in the subtrop-
ics that has already existed for several decades. Both the data analysis and the model setup were conducted in R
Programming Language (2022).

A conserved dataset was calculated as the fraction of each water mass for each sample multiplied by the relative
peak intensity of each molecular formula within each water mass endmember. We then correlated the modeled
dataset of every sample in with the observed counterpart, isolated at potential density (c,) values > 27.7 kg m~>
to only consider the abyssal water masses that are primarily controlled by simple mixing.

We then separated the molecular formulae into groups based on whether they followed the mixing model or
were added or removed relative to mixing. We estimated the DOC concentration of each group by multiplying
the proportion of total peak intensity of all molecular formulae in each group of each sample by their respective
SPE-DOC concentrations (Figure S1 in Supporting Information S1). Because the DOM fractions are defined as
specific groups of molecular formulae captured in SPE-DOC, estimated concentrations give the DOC contributed
by the identified groups.
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3. Results
3.1. Physical Characteristics, DOC Concentration, and DOM Composition of the Endmembers

Salinity and potential temperature (6) values of each water mass endmember are reported in Table S1 in Support-
ing Information S1. NADW was the most saline (salinity of ~35) and warmest water mass (2.8 + 0.1°C), while
AABW and CDW were fresher (salinities of ~34.65) and colder (<0°C). NPIW had 6 values of ~2.7°C and was
fresher (salinity of ~34.3) than the other endmembers. The SPE-DOC concentrations of the endmembers in each
mixing model were similar, although the Atlantic endmembers had slightly higher SPE-DOC concentrations
than those in the Pacific (Table S1 in Supporting Information S1). In total, there were 6118 detected molecular
formulae in our dataset, with >50% of them present in the water mass endmembers of our mixing models. All
water masses in this mixing analysis shared 2731 molecular formulae (Figure S2a in Supporting Information S1)
that comprised 79% of the total number of molecular formulae in all endmembers and >90% of the total peak
intensity in each sample. There were 741 molecular formulae that were not present in every endmember, with
452 molecular formulae shared by at least two water masses, and 289 unique to one water mass (Figure S2a in
Supporting Information S1). All water masses had similar richness (number of molecular formulae), O/C and
H/C ratios, as well as abundance-based (Shannon) and functional (Mentges et al., 2017) diversity applied to the
H/C ratios (Table S1 in Supporting Information S1). The functional diversity provides information on the range
of H/C ratios and how that differs between samples. It therefore provides an estimate of how diverse the chemical
properties are within a given sample. All these chemical and diversity parameters indicate that the abundance and
distribution of molecular formulae were similar between all water masses.

3.2. Mixing Model Results

We first conducted the mixing model on bulk DOC concentrations (Hansell et al., 2021) tracking the same
geographic extent as our dataset to determine if bulk DOC behaves the same as the SPE-DOC in our dataset.
When conducting the mixing model (Equation 1) on bulk DOC concentrations (Hansell et al., 2021) with the
same latitudinal range as our data, the observed and modeled bulk DOC values in the deep Atlantic (2500 samples
considered) were 40 + 1 pM and 40.3 + 0.3 pM, respectively. Mean observed and modeled bulk DOC values in
the deep Pacific (11,046 samples considered) were 39 + 2 pM and 39 + 1 pM, respectively. The anomalies were
0 + 1 pM in the Atlantic and O + 2 pM in the Pacific.

In this study, we analyzed 110 samples in the deep Atlantic and 162 samples in the deep Pacific water masses,
respectively (here deep is defined as o, > 27.7, and would thus only include NADW, AABW, CDW, and PDW).
The observed and modeled SPE-DOC values in the deep Atlantic were 25 + 4 and 24 + 1 puM, respectively
(1 + 4 pM anomaly, calculated as the difference between observed and modeled values, where the error is propa-
gated from the standard error in SPE-DOC concentrations of each water mass). In the deep Pacific, observed and
modeled values were 22 + 5 pM and 22 + 2 pM, respectively (1 + 5 pM anomaly, where the error is propagated
from the standard error in SPE-DOC concentrations of each water mass).

The observed DOM molecular composition generally fit well with the modeled counterpart, with R? values rang-
ing from 0.729 to 0.998 (0.96 + 0.05) (example in Figures S2b and S2¢ in Supporting Information S1). As the R?
values between observed and modeled DOM composition indicate how well one sample follows mixing, those
samples with a lower R? value are indicative of non-conserved processes in the deep-water column. The goodness
of fit of the model was inversely related to the Molecular Lability Boundary (MLB: (D'Andrilli et al., 2015)),
which is defined as those molecular formulae with H/C ratios >1.5 and is used to estimate the lability of DOM
(in other words: the higher the proportion of molecular formulae with H/C > 1.5, the more labile the DOM). The
MLB and the R? values of the model had an inverse correlation (Figures 3a and 3b; R? = 0.84, p < 0.0001 for the
Atlantic, R? = 0.80, p < 0.0001 for the Pacific).

We next separated out the group of molecular formulae whose FT-ICR-MS signal intensities fell on a 1:1 line
with the mixing curve from those that deviated from the 1:1 line with >99% confidence (based on a z score of
3. The standard deviation was 3 x 10~ for the Atlantic and Pacific mixing curves, respectively; Figure S2¢ in
Supporting Information S1). We defined these groups (definitions described in Figure S2¢ in Supporting Infor-
mation S1) as:
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Figure 3. (a and b) R? values of the mixing model and (c and d) percent signal intensity of the new source molecular
formulae versus the MLB (defined as H/C > 1.5) for the Atlantic (lefthand plots) and Pacific (righthand plots). Each dot
represents a seawater sample.

e Core: molecular formulae that follow mixing with 99% confidence.

e Sink: molecular formulae present in the endmembers that either decreased in abundance relative to the mixing
curve or were removed entirely.

e Existing Source: molecular formulae present in the endmembers that increased in peak intensity relative to
mixing.

e New Source: molecular formulae not detected in the two endmembers but present in the mixed sample.

The core, sources, and sink groups have distinct compositions regarding the presence and signal intensities of

molecular formulae (Figures 4 and 5; Table 1).

3.2.1. The Core Group: Molecular Formulae That Follow Mixing

The core group made up 72%-81% of the total peak intensity of every sample in each ocean basin (Table 1)
and followed simple mixing in the deep ocean with >99% confidence. It mostly consists of highly unsaturated,
oxygen-poor compounds (60% of the peak intensity of molecular formulae in the Atlantic and Pacific; Figure 5).
The core also contains a substantial proportion of unsaturated, oxygen-rich molecules (approximately 30% the
relative peak intensity of the Atlantic, and Pacific, respectively). The mean O/C and H/C ratios of the core
(Table 1) match those of carboxylic-rich alicyclic molecules (CRAM, (Hertkorn et al., 2006)) and the “Island of
Stability” (H/C = 1.3 + 0.2 and O/C = 0.5 + 0.1; Lechtenfeld et al., 2014).

3.2.2. The Sink: Molecular Formulae Removed Relative to Mixing

While the sink comprised only 46—-69 molecular formulae, it made up ~6-18% of the total peak intensity in all
samples. The sink chemical composition includes highly unsaturated, oxygen-rich compounds (90% in the Atlan-
tic and 72% in the Pacific) and highly unsaturated, oxygen-poor compounds (10% in the Atlantic and 28% in the
Pacific; Figure 5). The sink group was more oxidized in comparison to the existing source and exhibited higher
O/C and O/H ratios than the other groups (Figures 4c and 4d, Table 1).
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Figure 4. Van Krevelen plots for (a and b) the core and (c and d) the sources and sink groups in the Atlantic (lefthand plots)
and Pacific (righthand plots).

3.2.3. Existing Source: Molecular Formulae Added Relative to Mixing

The existing source group consisted of only 23-60 molecular formulae but made up ~3-15% of the total peak
intensity in the deep DOM samples (Table 1). This group is dominated by highly unsaturated, oxygen-poor
compounds in the Atlantic and Pacific oceans (97% and 100%, respectively; Figure 4). In the Atlantic, the existing
source also contains a small proportion (3%) of unsaturated oxygen-poor components.

3.2.4. New Source Molecular Formulae

The new source group of molecular formulae had the most diverse chemical assembly of all groups (Figure 5)
yet made up only ~2-13% of the total peak intensity (Table 1). The relative proportion of the new source group
had a positive correlation with MLB in both oceans (R? = 0.91 and 0.65 in the Atlantic and Pacific, respectively;
Figures 3c and 3d). Samples contained between 244 and 1294 molecular formulae identified in the new source
group (median of 590 molecular formulae). Moreover, only 9%-20% (293 in the Atlantic and 749 in the Pacific)
of all new source molecular formulae (3331 in the Atlantic and 3294 in the Pacific) were present in more than
half of the samples, implying high variability between samples. The chemical composition of the new source
group was similar in each ocean basin: it consists of ~10% aromatics, ~40% highly unsaturated oxygen poor,
25% highly unsaturated oxygen rich, ~18% unsaturated; 7% of the unsaturated compounds contained nitrogen.
Most aromatic molecular formulae present in the sample set were identified in the new source group (Table 1).

4. Discussion
4.1. DOC Concentrations Follow Mixing in the Deep Atlantic and Pacific

In the North Atlantic, there is a loss of bulk DOC from the high latitude formation of NADW to the north-
ern subtropics, bringing the DOC concentrations from ~48 to ~40 pM (Bercovici & Hansell, 2016; Fontela
et al., 2016; Matsumoto, Tanioka, & Gilchrist, 2022). From that point, DOC concentrations remain ~40 pM
until deep waters well up in the Southern Ocean, mix with other waters, and are influenced by surface and
Antarctic shelf biogeochemistry. In the Pacific, DOC concentrations are several uM lower (~37 pM; (Hansell
et al., 2009)). The mixing model (Equation 4) on bulk DOC concentrations (Hansell et al., 2021) with the same
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Figure 5. Bar plots depicting the chemical categories of (a) the Atlantic and (b) Pacific data. Categories are based on
molecular formulae and were obtained with ICBM-OCEAN (Merder et al., 2020). The numbers above the bar plots represent
the number of molecular formulae belonging to each group.

latitudinal range as our data, suggests that DOC behaves conservatively in both the Atlantic and Pacific deep
ocean basins.

This study is based on SPE-DOC, which is analytically accessible for molecular DOM characterization via
FT-ICR-MS and is well defined and highly reproducible (Dittmar et al., 2008; Green et al., 2014). There is not
a substantial '“C age difference at depth between bulk and SPE-DOC (Broek et al., 2017), implying that general
DOM characteristics in the deep ocean basins are well represented by PPL-extracted DOM. To determine if
SPE-DOC behaved the same way as bulk DOC, or whether there is a fraction not captured by SPE-DOC that
behaves non-conservatively in the deep ocean, we conducted the mixing model on SPE-DOC and on the total
DOC concentrations. While we never directly compare the bulk DOC concentrations with our DOM composition
dataset, we find that with two endmember mixing, deep SPE-DOC and deep DOC both behave conservatively.

Our mixing analysis with SPE-DOC concentrations showed that while they behave conservatively in their
respective deep ocean basins, there is a loss of SPE-DOC from the Atlantic to the Pacific (Figure 6a). This loss
in concentration is consistent with respective trends in bulk DOC concentrations and apparent “C ages from

Table 1

Number of Identified Molecular Formulae (N), Their Total Peak Intensity (%), Average (£SD) for m/z, O/C, H/C and O/H
Ratios, and the Peak Intensity (%) of Aromatic Compounds for Those Molecular Formulae in the Core, Existing Source,
New Source and Sink Groups in the Deep Atlantic and Pacific Oceans

N Total peak intensity (%) m/z o/C H/C O/H Aromatics (%)

ATLANTIC (5521)
Core 2,681 701 445+ 114  05+0.1 1.3+02 0.4+0.1 1.2
Ex. Source 60 11+1 386 +4 038 £0.04 1.35+0.08 0.28 +0.03 0
New Source 2,803 4+2 478 +141 05+0.1 1.3+0.2 0.4+0.1 8.3
Sink 69 13+3 439 +45 057+0.05 1.19+0.08 0.48+0.06 0
PACIFIC (5693)
Core 2,762 76 £2 444 + 113  05+0.1 1.3+0.2 0.4+0.1 1.4
Ex. Source 23 3.1+04 450+95 0.41+0.05 1.32+0.07 0.31+0.04 0
New Source 2,798 5+3 475+ 142 04 +0.1 1.3+02 0.4 +0.1 8.5
Sink 67 14 +3 415+38 055+006 12+0.1 0.45+0.07 0

Note. The total number of molecular formulae for each deep ocean basin is listed next to the ocean label.
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Figure 6. Latitudinal cross-section plots of the Atlantic (lefthand section plots), the Southern Ocean and the Pacific (righthand section plots; sections outlined in
Figure 2) of (a) the total SPE-DOC concentration and (b) the conserved DOC concentration. The conserved DOC concentration is calculated from multiplying the
percent total peak intensity of the core molecular formulae by the SPE-DOC concentration. Note that the definition of the core was derived from deep water masses
only. The classification into core molecular formulae was done here also for surface samples. Sections were plotted using Ocean Data View (Schlitzer, 2023).

the South Atlantic to the South Pacific. The bottom waters exported from the Southern Ocean into the Pacific
notably have lower DOC concentrations and older apparent “C ages (34-37 pM, ~6000 '“C years; (Druffel &
Griffin, 2015) than the deep waters entering the Southern Ocean from the Atlantic sector (40 pM, ~5,000 “C
years; (Druffel et al., 2016)).

Like DOC and SPE-DOC concentrations, most (73 + 4%) of the DOM constituents followed conservative,
2-endmember mixing and were therefore classified in the core group. However, there were sources and sink
molecular formulae in every DOM sample that behaved dynamically on the considered timescales of ocean circu-
lation and are distinguishable by their composition (Figures 4 and 5).

4.2. Occurrence of the Core, Source and Sink Groups Is Linked to Chemical Composition

The core group of molecular formulae has a chemical makeup similar to published DOM compositions from the
deep Atlantic and Pacific oceans (Hansman, Dittmar, & Herndl, 2015; Medeiros et al., 2015; Osterholz et al., 2021).
It has a high proportion of highly unsaturated compounds (Figures 4 and 5), which are most likely microbially
degraded photosynthetic products that make up a large portion of all marine DOM (Medeiros et al., 2015). It is
remarkable that deep water masses originating from distinct regions share such similar DOM chemical composi-
tion. This result is likewise observed in Hansman et al. (Hansman, Dittmar, & Herndl, 2015), who found no water
mass-specific DOM composition and that all samples from the investigated area in the northeast Atlantic Ocean,
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regardless of depth and latitude, shared 96% similarity. Moreover, Lechtenfeld et al. (2014) identified the “Island
of Stability,” a group of molecular formulae within CRAM (Hertkorn et al., 2006) that hold a high residence time
and are abundant and ubiquitous in both the deep Atlantic and Pacific oceans (Bercovici, Koch, et al., 2018). Past
reports suggest that the similarity in composition is also true on a structural level (Zark & Dittmar 2018). However,
recent work using nuclear magnetic resonance spectroscopy reports structural differences in DOM between differ-
ent water masses (Seidel et al., 2022). These studies imply both universal and variable fractions in deep-sea DOM
in all major ocean basins.

Every sample contained molecular formulae in the new source group. The higher proportion of unsaturated and
N-containing compounds is consistent with increased contributions of molecular formulae related to more labile
compounds such as peptides and amino sugars (Figure 5; Schmidt et al., 2009). Moreover, the positive correlation
of these molecular formulae with the MLB (D'Andrilli et al., 2015), implies that the new source group is more
bioavailable than the other groups (Figure 3). As the new source fraction is not controlled by simple mixing, it is
likely introduced into the deep ocean by export or advection of fresh material from the surface or by in situ micro-
bial processing or chemoautotrophy (Hansman et al., 2009). While the new source group was present everywhere
in the ocean at low concentrations, its high variability between samples suggests a fast turnover and renewal on
timescales much smaller than mixing.

The group of existing source molecular formulae also had a distinct chemical composition (Figures 4 and 5). Both
the large contribution of highly unsaturated oxygen-poor compounds to this group, and its similar O/C and H/C
ratios compared to CRAM (Figures 4c and 4d), suggest that this group is more refractory than the new source
group. The existing source group could be a product of continuous microbial reworking and degradation of more
labile DOM (Dittmar et al., 2021), as suggested by the microbial carbon pump concept, in which labile DOM is
microbially reworked thereby becoming more refractory (Jiao et al., 2011). These more recalcitrant molecular
formulae are not efficiently degraded by the deep microbial communities, they therefore are both added to the
system relative to mixing and are in the mixing endmembers. However, as the existing source molecular formu-
lae do not accumulate along deep-water mass transit, they appear to be at a steady state and therefore are likely
degraded when their concentration reaches above a certain threshold.

The molecular formulae removed relative to mixing were distinctly different compared to those of the other
groups. This group was dominated by highly unsaturated oxygen-rich compounds. Highly oxidized components
of DOM are more susceptible to removal via abiotic processes such as sorption or gel formation (Avneri-Katz
et al., 2017; Verdugo, 2004). Moreover, gels coagulate via carboxyl group interactions, which are directly corre-
lated with the O/H ratio in a sample (Zark, Christoffers, & Dittmar 2017). The sink group has a higher O/H ratio
than the other groups (Table 1), suggesting that this group would be more susceptible to aggregation and subse-
quent removal from the water column.

4.3. Conserved DOM Behavior in the Global Ocean

The global distributions of the SPE-DOC concentrations (Figure 6a) followed the same pattern as the total DOC
concentrations in the Atlantic and Pacific Oceans (Hansell et al., 2009), where surface DOC concentrations are
higher in the subtropical gyres and equator and lower at high latitudes. We multiplied the relative peak intensity
of core molecular formulae with the SPE-DOC concentrations in each sample to estimate the concentration of
conserved DOC present in the global ocean (Figure 6b).

While molecular formulae from each group were present both in the surface and at depth, the estimated concen-
tration of the core group was ~6—9 pM higher in warm surface waters (defined as those waters in subtropical
and equatorial regions above 50 m depth, based on temperature; Figure 7a; Table 2) than the deep waters for
each respective ocean basin (Table 2; Figures 6b and 7a). Moreover, the core SPE-DOC concentration in surface
waters in the subpolar regions or Southern Ocean was not enhanced (Table 2; Figures 6b and 7). In fact, the
concentration of the core in surface waters (Figure 7) correlated with temperature (Figures S3 and S4 in Support-
ing Information S1; R? = 0.6, p < 0.0001), implying that warmer surface waters contain more of the conservative
fraction of DOM than colder surface waters.

The accumulation of the core group of molecular formulae in warm subtropical and equatorial surface waters
highlights the importance of the low-latitude, warm regions in forming DOM that persists in the deep ocean.
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Figure 7. (a) Global map of the concentration of conserved DOC (calculated from the proportion of core molecular
formulae) in warm surface waters (defined as depths shallower than 50 m). Definitions of the surface water masses (separated
based on latitude and outlined in color) are as follows: SASW is Subarctic Surface Water, SSW is Subtropical Surface

Water, EqSW is Equatorial Surface Water, SAnSW is Subantarctic Surface Water, and AASW is Antarctic Surface Water.
SASW is defined as surface waters with latitude >40°N, respectively, SSW is between 20 and 40°N and S, respectively,
EqSW is between 20°N and 20°S, and SAnSW is between 40°S and 50°S, and AASW is >50°S (beyond the Polar Front).
These surface water distinctions are defined based on Talley (2011). (b) Classic two-component model (Hansell, 2013). (c)
Modified two-component model in the low latitude ocean, when considering that the “core” is formed in the surface ocean.
DOC concentration profile here is from CLIVAR cruise A16 at 10°N (Hansell et al., 2021).

Antarctic surface waters, on the other hand, had similar concentrations of conserved DOC (concentration of the
core; Table 2; Figure 7) as deep waters (Figure 6b). Carlson et al. (1998) reported a similar result when comparing
DOM from a phytoplankton bloom in the subtropical North Atlantic versus a bloom in the Ross Sea (Antarctica)
and found that the DOM from the Ross Sea was more labile than that of the Atlantic. Temperature therefore
likely plays an important role in regulating the formation of recalcitrant DOM, likely due to its effect on micro-
bial activity. Temperature is a controlling factor in a microbial population (Ratkowsky et al., 1982), and warmer
temperatures stimulate bacterial growth ((Barillier & Garnier, 1993; Kirchman & Rich, 1997)). Moreover, bacte-
ria respond more slowly to a given substrate at colder temperatures (Kirchman & Rich, 1997). Warmer temper-
atures would therefore cause faster processing of fresh, recently produced organic matter and accumulation of
more recalcitrant DOM. Nutrient depletion in warm, subtropical gyres also limits heterotrophic consumption of
organic material (Thingstad et al., 1998) and thus more DOM may accumulate (Romera-Castillo et al., 2016).
Interestingly, the core SPE-DOC concentration was elevated in our study in the oligotrophic gyres and equatorial
upwelling regions alike, indicating that the observed elevated DOC concentration in the gyres is not solely related
to the accumulation of recalcitrant DOM.

The classic two-component model, which is based on bulk A'“C values and DOC concentration profiles (Beaupre
& Aluwihare, 2010; Williams & Druffel, 1987), describes a uniform refractory layer of DOM superimposed by a
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Table 2 labile portion at the ocean's surface (Figure 7b). However, our molecular data

Mean (+Propagated Uncertainty) of Estimated DOC Concentrations (in
uM) of the Core, New Source, Existing Source, and Sink Groups in the

Major Deep Water Masses and Surface Waters

indicate the refractory portion of DOM is not uniform but instead elevated
at the surface compared to the deep (Figure 7¢). Furthermore, there is clear
latitudinal variability in the concentration of refractory SPE-DOC at the sea

Core Existing source ~ New source Sink surface (Figure 7a). Similarly, Beaupre, Walker, & Druffel (2020) point out
Atlantic that the two-component model does not fully account for the complex bioge-
ochemical processes that vary throughout the water column. Lewis, Walker,
NADW (13) s e st AP & Druffel (2021) likewise find that while refractory DOC concentrations are
Sl (e 17+3 Sl ool 24520 uniform in the deep ocean, they vary as a function of total DOC concentration

SASW (1) 23 4 0.9 3.3} in the surface ocean.
S (B 263 5£06 LO£L0 38210 1y bOC concentration of the core group in NADW is 18 + 3 uM (Table 2).
LR () Zog=s 2zl ldog=thy  edieg ol This concentration does not change until the deep waters reach the surface
SANSW (10)  20+3 3+£05 15+£0.6 33+09  in the Southern Ocean and Antarctic Shelf Systems (Figure 6b). Once it
AASW (59) 18 +2 3+03 08+02 3.6+04 reaches the Southern Ocean, NADW is introduced into the lower CDW frac-
Pacific tion, which reaches depths as shallow as ~1,000 m in the open Southern
NPIW (29) 1643 07 +0.1 08+05 32408 Ocean (Orsi, Johnson, & Bullister, 1999) and wells up to the surface (depths
CDW (50) —_— 0T e 0] Inr <50 m) in Antarctic Shelf systems (Orsi & Wiederwohl, 2009; Orsi, Johnson,
N B N - & Bullister, 1999). The concentration of the core group is slightly lower in
(1) e o7 2=l el 2daclls AABW and CDW in the Atlantic and Pacific sectors of the Southern Ocean
SASW (22) 203 0.8+0.1 13£05 38+0.7 (Table 2). PDW, the result of CDW overturning in the far North Pacific, has
SSW (49) 27+9 1.1+04 3+4 4+2 the lowest SPE-DOC concentration of the core (Table 2). The upwelling of
EqSW (40) 245 09+02 14+05 38+09 CDW in the far North Pacific encounters NPIW, which reaches up to 200 m
SANSW (8) 2+5 09 +02 16408 4141 and is influenced by a minor contribution of terrigenous DOM (Nakatsuka
et al.,, 2004; Whitney, Crawford, & Harrison, 2005) and high respiration

AASW (8) 19+4 0.7+0.1 12+038 36+1

Note. The number of samples for each water mass is given in parentheses.

Water mass definitions are given in Figure 7 caption.

(evidenced by the high AOU; Figure 1b). Similar to the DOC deficit in PDW
near its formation site reported by Hansell and Carlson (2013) here, we

observe a deficit in the core SPE-DOC concentrations.

Our findings are different from the current paradigm of slow, continuous

degradation of recalcitrant DOM in the deep ocean (Hansell, 2013). We
found instead that regions of overturning, where water masses are exposed to the subsurface, act as a sink for
conserved DOM. Consequently, the core SPE-DOC concentration remains constant in the deep ocean. Our find-
ings are consistent with a modeling study, where the amount of preformed DOC in the ocean's interior could be
explained without any major input or removal to the pool (Matsumoto, Tanioka, & Gilchrist, 2022). That study
suggested that water mass formation sites are important in determining preformed DOC distributions. Likewise,
here the DOC concentration of the core group changes only when exposed to the surface at areas of overturning
(Figure 6b). On much longer time scales, processes in the continental crust may contribute to the turnover of
recalcitrant DOM (Hawkes et al., 2015; Walter et al., 2018).

Different chemical and physical environments likely play a role in the removal of the core at the subsurface and
surface ocean. Changes in environmental conditions in the mesopelagic and surface ocean with respect to sunlight,
nutrient availability, temperature, pressure, and microbial community composition and activity all play a role in
whether there is a measurable microbial uptake of DOM (Amano et al., 2022; Bercovici et al., 2021). Moreover,
DOM that escapes remineralization in one environment can be removed in short timescales when exposed to
light and differing microbial communities, or mixed with more bioavailable DOM (Shen and Benner, 2018). The
productive surface ocean has different microbial communities (Acinas et al., 2021) that are an order of magni-
tude higher in abundance than in the deep ocean (De Corte et al., 2012). Priming, or mixing recalcitrant DOM
with a more labile substrate (Bianchi, 2012) when the deep waters reach surface depths, could also enhance the
uptake and consumption of the core DOM. Microbes below the mixed layer in the Sargasso Sea consumed DOM
that was recalcitrant to those microbes from the surface layer (Carlson, Ducklow, & Michaels, 1994). Likewise,
microbes in the mesopelagic South Pacific gyre consumed DOM that accumulated in the upper mixed layer
(Letscher et al., 2015). Enhanced DOM that remained for years in deep Antarctic shelf waters was remineralized
upon export into AABW (Bercovici et al., 2017). Moreover, distinct turnover times of DOM can be explained by
concentration-driven uptake and microbial interactions (Dittmar et al., 2021; Mentges et al., 2020). Furthermore,
inputs of DOM from the surface may increase the concentration of individual compounds in the core group
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above a threshold, thus rendering them available for microbial utilization (Arrieta et al., 2015a, 2015b; Bercovici
et al., 2021). Our results support this previous work, in that while the core fraction of DOM remains untouched
in the deep ocean for mixing timescales (~300 years in the Atlantic, ~500 years in the Pacific (Stuiver, Quay, &
Ostlund, 1983); it can undergo modifications once it reaches the surface.

4.4. Dynamic Behavior of DOM in the Global Ocean

As with the core DOM, we calculated the apparent SPE-DOC concentrations of the sources and sink groups using
their relative FT-ICR-MS signal proportions and bulk SPE-DOC concentrations (Table 2). There were <1-5 uM
of the new and existing source groups and 3—5 pM of the sink group, regardless of ocean basin, depth, or water
mass. The concentration of the existing source group (4 pM) was higher in the subtropical surface waters in the
Atlantic compared to other oceanographic regions, suggesting that this group is also produced in the subtropical
surface ocean. Oxidized components of DOM predominant in the sink group are preferentially removed by sorp-
tion, even at low concentrations (Avneri-Katz et al., 2017). Moreover, marine microgels in the open ocean spon-
taneously assemble via carboxyl group interactions, and the sink group has a higher O/H ratio (Table 1). The sink
group could therefore be important for microgel formation in the open ocean. Once adsorbed onto a particle or
assembled into a microgel, recalcitrant DOM may be more accessible to marine microbes and thus more suscep-
tible to remineralization, or it may sink to the sediments. While the overall apparent radiocarbon age of DOC in
pore waters is young (Bauer et al., 1995), 3%-8% of the total benthic DOC flux is recalcitrant and depleted in '“C
(Komada et al., 2013), suggesting that a portion of the particle flux contains recalcitrant DOM that has aged in
the water column (Burdige & Komada, 2015).

The new source group showed an unexpected pattern in the deep Atlantic Ocean. SPE-DOC concentrations of
this group were almost 4-fold higher from surface to depth at ~10 to 20°S in the Atlantic compared to any other
site. At the same location, increased microbial activity at the surface was reported for the same cruise ((Dlugosch
et al., 2022); Figure 8). Particle export events cause an increase in mesopelagic bacterial abundance and produc-
tivity (Hansell & Ducklow, 2003; Nagata et al., 2000; Yokokawa et al., 2013). The Brazil-Malvinas Confluence
zone in this region is a hot spot for primary production (Goncalves-Araujo et al., 2012) and a major atmospheric
carbon sink (Chiessi et al., 2007). Particles produced from primary production sink and release DOM. Lopez
et al. (Lopez & Hansell, 2021) likewise found fresh, particle-derived DOC introduced into the ocean's interior
at transition zones between fronts. The increased concentrations of the new source group therefore could be the
residue of solubilized particles from a transient particle export event.

However, the concentrations of the new source group apart from this one region were comparably constant and
low (<1 pM; Figure 8). In a back-of-the-envelope calculation, the concentration of individual molecular formulae
in that group was estimated by dividing the apparent SPE-DOC concentration of this group (<1 pM; Table 2;
Figure S3 in Supporting Information S1) by the number of new source molecular formulae (~2800; Table 1).
This estimate results in a concentration of ~300 pM (102 M) of individual molecular formulae. As each molec-
ular formulae in DOM contains many isomers, the concentration of individual compounds is far smaller (Seidel
et al., 2022; Zark, Christoffers, & Dittmar 2017). The picomolar concentrations of individual molecular formulae

0(°C) — [New Source DOC] (uM)

Depth (m)

20N EQ 20S 40S 60S

Figure 8. Concentration of new source SPE-DOC concentrations across the Atlantic (section outlined in Figure 2), with
surface temperature in contours. Section was plotted using Ocean Data View (Schlitzer, 2023).
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within this group are much smaller than the estimated concentrations (nanomolar) of the individual molecular
formulae in the existing source and sink groups. Low concentrations may therefore limit the immediate complete
removal of the new source group from the water column (Dittmar et al., 2021).

Moreover, while the DOM compositions of the existing source and sink groups were uniform across ocean basins,
the composition of the new source group was variable and dynamic on the timescale of ocean mixing. The
composition of the new source varied in neighboring samples of the same deep water mass that differ in age only
by decades. Furthermore, we neither observed accumulation of the new source group nor traces of it downstream
from areas where it was elevated (Figure 8). This pool of DOM is therefore transient and likely acts as a bioavail-
able substrate to microbial communities at depth. This explanation is supported by its relatively labile molecular
composition (Figures 3¢ and 3d; Figure 5).

5. Conclusions

The two-endmember mixing analysis of bulk DOC and SPE-DOC concentrations revealed that both behave
conservatively in the deep Atlantic and Pacific oceans. This finding contrasts with the current paradigm of slow,
continuous degradation of recalcitrant DOM in the deep ocean (Hansell, 2013). We found instead that regions of
overturning, where water masses are exposed to the subsurface, act as a sink for conserved DOM.

Likewise, the same mixing analysis with the thousands of identified constituents in marine DOM revealed that
~70% of its molecular composition follows the model with >99% confidence. As the core of conservatively
mixing compounds comprises 14-20 pM of the SPE-DOC concentration in all deep samples, simple mixing
is a major control on the molecular composition and distribution of DOM in the deep ocean. We conclude that
changes in the molecular composition of DOM associated with the aging of deep water masses are a result of
mixing of differential compositions of the endmembers and not a result of continuous degradation in the deep
ocean.

Even though the largest part of DOM behaved conservatively in the deep ocean, 30% of its composition showed
more dynamic behavior. These DOM constituents were added and removed relative to deep mixing and had distinct
chemical properties. While the source and sink groups are present everywhere in the deep ocean, the new source
is present at 4-fold higher concentrations in the south equatorial Atlantic, localized near the Brazil-Malvinas
confluence zone. We infer solubilization of sinking particles as a likely reason behind this pattern, as evidenced
by the high surface temperatures and elevated microbial activity in that region (Dlugosch et al., 2022), and the
enhanced activity and solubilization of exported particles in a frontal convergence zone (Lopez & Hansell, 2021).
Everywhere else, the new source group is at concentrations of <1 pM, indicating that the observed elevated
concentrations of the new source are transient. The identification and characterization of dynamic fractions in
deep ocean DOM, which on a bulk level follows conservative mixing, is consistent with scenarios of deep ocean
microbial activity, solubilization from and adsorption to sinking particles.

Finally, our molecular data indicate that recalcitrant DOM (the core) is formed and accumulates in the surface
ocean. Factors such as temperature, nutrient availability, differing microbial community composition and activity,
and priming in the surface ocean play an important role in regulating the core distribution in the deep ocean. This
work therefore illustrates the importance of the surface ocean in regulating DOM cycling and long-term organic
carbon sequestration in the deep ocean.

Data Availability Statement

All data from this work is open access at PANGAEA Data Publisher at the following link: https://doi.org/10.1594/
PANGAEA.962747.
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