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During wildfires and fossil fuel combustion, biomass is converted to black carbon (BC)
via incomplete combustion. BC enters the ocean by rivers and atmospheric deposition
contributing to the marine dissolved organic carbon (DOC) pool The fate of BC is
considered to reside i in the marine DOC pool, where the oldest BC **C ages have been
measured (20,000 '*C y), implying long-term storage. DOC is the largest exchange-
able pool of organic carbon in the Joceans, yet most DOC (>80%) remains molecularly
uncharacterized. Here, we report C measurements on size-fractionated dissolved BC
(DBC) obtained using benzene polycarboxylic acids as molecular tracers to constrain
the sources and cycling of DBC and its contributions to refractory DOC (RDOC) in
a site in the North Pacific Ocean. Our results reveal that the cycling of DBC is more
dynamic and heterogeneous than previously believed though it does not comprise a sin-
gle, uniformly “old” '*C age. Instead, both semilabile and refractory DBC components
are distributed among size fractions of DOC. We report that DBC cycles within DOC
as a component of RDOC, exhibiting turnover in the ocean on millennia timescales.
DBC within the low-molecular-weight DOC pool is large, environmentally persistent
and constitutes the size fraction that is responsible for long-term DBC storage. We spec-
ulate that sea surface processes, including bacterial remineralization (via the coupling
of photooxidation of surface DBC and bacterial co-metabolism), sorption onto sinking
particles and surface photochemical oxidation, modify DBC composition and turnover,
ultimately controlling the fate of DBC and RDOC in the ocean.

dissolved organic carbon | dissolved black carbon | ocean carbon cycle |
refractory and semilabile DOC | size-fractionated DOC

Wildfires and fossil fuel combustion produce large amounts of greenhouse gases and
charred residues, including black carbon (BC). BC is operationally defined as the carbo-
naceous, polycondensed aromatic products (>60% organic carbon) derived from the
incomplete combustion of biomass and fossil fuels (1, 2). It represents a continuum of
polycyclic aromatic structures with high molecular diversity, thus imparting resistance to
chemical and biological degradation in soils (3, 4) and persisting on timescales of centuries
to millennia in the env1ronment (1). The majority of BC is produced by wildfires (128 +
8410153 +18TgBCy” Y, of which most is left behind on the landscape, while a small
fraction (2 to 11 Tg BC per year) is emitted to the atmosphere as soot (5, 6). BC produc-
tion from wildfires is several orders of magnitude greater than that from fossil fuel burning
2t29Tgy ") (7, 8).

BC produced by fires represents a significant long-term sink of CO,, due to its envi-
ronmentally persistent properties when compared to the original biomass. Because wildfires
change labile blomass carbon to more environmentally refractory and slowly cycling BC
(6,000 to 23,000 *C y) (9, 10), they influence rates of turnover in the global carbon
cycle. Production of BC is particularly relevant in the context of carbon sequestration in
a warming climate given projected increases in fire severity, extent, and amplitude (11,
12). BC is considered the oldest and most abundant molecularly characterized component
of the modern carbon cycle (9, 10), with long-term apparent persistence in the environ-
ment (1, 5). Omitting BC production from assessments of fire impacts on the carbon
cycle leads to overestimation of the strength of positive feedbacks between climate change
and wildfire emissions (5, 13-15). Modeling studies suggest that BC cycling may likely
reduce the future increase in atmospheric CO, (4 to 8 Pg from 2000 to 2300) with an
increasing future wildfire regime (in Representative Concentration Pathways to 4.5 and
8.5) (13). However, significant uncertainties exist with respect to BC budgets, including
fluxes between and turnover within different carbon reservoirs. As an example, the large
inconsistencies currently exist between estimates of the turnover of dissolved BC (DBC)
in the ocean based on apparent e ages determined via geochemical methods and BC
turnover rates inferred by mass balance equations (1). Currently, isotopic measurements
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of DBC in the deep ocean remain too few (n = 8) (9, 10, 16) to
constrain the age, cycling and fate of marine BC and assess the
importance of BC as a negative feedback in the global carbon
cycle.

BC is produced on land, mobilized from soils by erosion, and
delivered to the oceans by fluvial and atmospheric transport. After
a wildfire, the majority of BC remains on the landscape as charcoal,
and a small fraction is emitted and airborne as soot BC (8, 17). The
biomass burning acerosol soot BC A™C endmembers are generally
modern (>0%o) but can contain a background mixture of soot BC
from fossil fuels during low fire activity (-354 + 6%o) (18). The flux
of soot BC deposited by aerosols to the surface ocean has been
estimated at 1.8 Tg C y~ ' (7) with A™C values ranging from
-1000%o to -600%o (19). After a wildfire, only <14% of BC
remains in soils (20). BC on land is transferred into aquatic systems
via erosion and weathering processes (via chemical and photo-
oxidation and biotic degradation) (21, 22) that produce particulate
and water-soluble DBC components, which can ultimately be trans-
ported to the coastal and open ocean (23). River DOC (dissolved
organic carbon) contains about 12 + 5% (DBC/DOC%) of DBC
(at a global flux of 18 + 4 Tg y') (24-26), irrespective of fire fre-
quency (25, 27, 28). Charcoal is eroded from the hillslope following
a fire, as the primary driver of Particulate BC (PBC) export (28,
29). We focus on marine DBC because there is a discrepancy
between the modern age and ﬂux of DBC exported by rivers and
the pool size and radiocarbon o) age of marine DBC (14 to 36
Pg, 945 + 6%o, 23,000 + 3, 000 e y) (9, 30). Also, the stable
carbon isotopic composition (8"°C values) of DBC in river and
marine waters reveals a significant discrepancy, suggesting large
DBC losses at the river—ocean interfaces and/or a nonterrestrial
source (31). This discrepancy, combined with poor constraints on
stocks and sinks, highlights the poor current constraints on DBC
sources and cycling (1).

Upon entering the oceans, DBC becomes a component of the
marine carbon cycle (32). Marine DOC (passing through a 0.2 to
1 um filter) represents the largest reservoir of organic matter in the
ocean (662 Pg C) (33) and constitutes among the most complex
mixture of compounds on Earth (33, 34). DOC also comprlses a
continuum of molecular sizes that exhibit a range of C ages (35).
Most DOC released by phytoplankton is consumed by hetero-
trophic microbes within hours to days. For currently unknown
reasons, a residual fraction of DOC resists biological decomposi-
tion and enters the refractory DOC (RDOC) pool, where it can
persist in the ocean for millennia (10, 36). The total DOC pool is
roughly 3,000 '“C y older than expected from the global transport
time associated deep ocean thermohaline circulation (37, 38).
Within the DOC pool, a clear relationship exists between molec-
ular size and reactivity such that the high-molecular-weight
(HMW, >1,000 Da) fraction of DOC is composed of predomi-
nantly semilabile compounds. In contrast, the low-molecular-weight
(LMW, <1,000 Da) DOC is considered to comprise mainly refrac-
tory compounds (39, 40). DOC also follows a size—age—compo-
smon continuum with younger *C ages in HMW DOC and older

e ages in LMW DOC (41). DBC has been inferred to contribute
to the RDOC pool given that DBC is the oldest and most abun-
dant reported DOC compound class in the ocean (2 to 6% of
marine DOC, 12 to 14 Pg DBC) (9, 42). The average e age of
DBC in surface waters is 4,800 + 600 y (n = 6, -450%0 + 42%o)
and 23,100 + 300 y (n = 2, -918%o + 21%o) (10, 43) in the deep
ocean, the latter being approximately four times older than bulk
DOC, implying that DBC influences bulk DOC "C age distri-
butions. Thus, marine DBC, despite larger variations in age and
likely reactivity, is inert on the timescales of ocean mixing and
therefore is a key component of RDOC (44). Prior measurements
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of surface and deep ocean DBC concentrations and '*C ages sug-
gest the presence of two components: a modern, fluvially derived
DBC pool and a well-mixed background aged DBC pool, much
like has been inferred for DOC (9, 26).

The origin of RDOC (630 Pg) has puzzled marine biogeochem-
ists for decades. It is not known how or why RDOC persists for
millennia, when the majority of DOC is believed to be produced
by marine phytoplankton at the sea surface (45). After production
by phytoplankton, most DOC is consumed by marine hetero-
trophs. One proposed concept is the microbial carbon pump that
actributes RDOC formation to successive microbial processing of
organic matter, leading to an intrinsic recalcitrant nature of DOC
(44, 46, 47). A second concept proposes emergent recalcitrance,
where DOC is continuously reworked by marine heterotrophs on
all scales, and recalcitrance emerges on an ecosystem level through
extreme chemical diversity and dilution of individual compound
concentrations (48). A third hypothesis is the input of C-free
DOC into the marine pool by either hydrothermal vents (49),
natural asphalt, methane, and oil seeps (50-52) or refractory
DBC, explored here (10, 49).

Here, to further understand the old '“C- age of DOC and the
cycling of DBC, we use benzene polycarboxylic acids (BPCAs) as
molecular markers of fire-derived BC determining their abun-
dance and radiocarbon signatures (A™C values) in size-fractionated
oceanic DOC. These BPCA measurements on HMW and LMW
DOC samples taken from the North Pacific Subtropic Gyre are
used to assess size—age distributions of DBC in the ocean. This
work used a combination of field and lab-based studies. Briefly,
seawater was collected using Niskin bottles from the surface mixed
layer (7 m) and at depth (2,500 m) at the Hawaii Ocean Time
Series (HOT) Station ALOHA (A Long-Term Oligotrophic
Habitat Assessment 22°25'N, 158°00"W). We explore DBC char-
acteristics based on the molecular size, using an in-line combina-
tion of ultrafiltration (HMW UDOC) and solid-phase extraction
(LMW SPE-DOC) (41, 53) to investigate whether DBC also
follows size—age relationships akin to DOC (35). We used a wet
chemical oxidative hydrolysis method to separate and quantify
aromatic moieties as BPCAs that originate from the condensed
aromatic structures comprising BC. The number of corresponding
BPCAs (B2-B6CAs) from the overall BC structure has different
numbers of carboxylic acids present, based on adjacent aromatic
groups from which it derived (54). The ratio of different BPCA
markers (e.g., B6CA/total BPCAs) can provide information on
the degree of aromatic condensation from complimentary studies
with "C NMR spectroscopy (55, 56). Thus, the ratio of BPCA
molecular markers (B6CA/total BPCAs) can be used to infer the
degree of aromatic condensation (55). The degree of aromatic
condensation (56, 57) determines the stability of BC against deg-
radation in the environment (58-60). Specifically, higher degrees
of aromatic condensation indicates an overall more polycondensed
aromatic structural network (61, 62). DBC characteristics based
on size (molecular weight), degree of aromatic condensation, and
radiocarbon content provide insights into the composition and
turnover of the enigmatic pool of RDOC that is assumed to evade
microbial degradation and surface photochemical oxidation for
multiple ocean mixing cycles.

1. Results and Discussion

1.1. DBC Concentrations, Distributions, and Isotopic Charac-
teristics. Measured total DOC concentrations at the time of
sampling at Station ALOHA in the central Pacific were 75.9 uM
and 38.6 uM in the surface (7 m) and deep (2,500 m) ocean,
respectively (41) (SI Appendix, Table S1A4) (Fig. 1). The DOC
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concentrations in LMW SPE-DOC are 15.5 uM and 11.7 pM, in
the surface and deep samples, respectively. DOC concentrations in
HMW UDOC are 12.4 uM in surface waters and 2.5 uM at depth
(SI Appendix, Table S14). The A™C values for total DOC are -235

+ 2%o0 and -552 + 2%o in surface and deep waters, respectively.
LMW SPE-DOC pools have lower AYC values (-343 + 2%o and
-578 + 2%o0) than those of HMW UDOC (-50 + 3%o0 and -366
+ 2%o) in both the surface and ocean deep, respectively. These
data follow a previously reported molecular 51ze—age relationship
for DOC where HMW DOC has higher AY™C values and LMW
DOC has lower A™C values (35, 53).

Compound-specific measurements of BPCAs reveal that DBC
concentrations in LMW SPE-DOC (670 + 87 nM and 540 + 88
nM in surface deep waters, respectively) are an order of magnitude
higher than those in HMW UDOC (64 + 23 nM and 32 + 12
nM, respectively) (Fig. 1B and ST Appendix, Table S1B). The pro-
portion of DBC in relation to DOC concentrations (DBC/DOC
%) ranged from 0.5 + 0.3% to 4.6 = 0.8% (8] Appendix,
Table S1B), with DBC strongly enriched in the LMW-SPE-DOC
fraction of DOC. However, the degree of aromatic condensation
is variable in each size class and with depth, ranging from the most
polycondensed DBC structure observed in surface HMW UDOC
to the least condensed in surface LMW SPE-DOC (65 + 2%
B6CA/sum of BPCAs to 15 + 2% BG6CA/sum BPCAs)
(SI Appendix, Table S1B). The degree of aromatic condensation is
not linked to molecular size, as previous mass spectrometry work
found that there was no relationship between number of aromatic
rings (molecular weight) and BPCA concentration (62). Thus, the
proportion of BPCAs that are liberated from more polycondensed
DBC structures provides qualitative distinctions between different
types of DBC (62), with more polycondensed structures (given
by B6CA and B5CAs) with higher aromaticity compared to less
polycondensed structures (B3CA and B4CAs) with more func-
tionational groups.

The DBC A'C values were measured for two binned groups
of BPCA markers, representing more (B6CA+B5CAs) or less poly-
condensed (B3CA+B4CAs) DBC structures (Methods). More

lgfcondensed DBC (B5CA+B6CAs) in LMW SPE-DOC have

C values of -602 + 230%o0 and -417 + 88%o in the surface
and deep water samples More polycondensed DBC in HMW
UDOC has A'C values in surface and deep waters of ~272 +
70%o and -525 + 14%o, respectively (SI Appendix, Table S10).
Less polycondensed DBC in LMW SPE-DOC has AY™C values
of -582 + 54%0 and 734 + 24%o (SI Appendix, Table S1D) and
in HMW UDOC has A™C values of -822 + 7%o and -453 +
17%o in the surface and deep samples, respectively (S7 Appendix,
Table S1D). These data indicate that in general, DBC components
che on longer timescales than those of marine DOC, with the
C age of DBC size fractions ranging from 2,500 + 780 to 13,800
+300 "“C y in surface and deep waters, respectlvely, compared to
"C ages of total DOC that are 2,085 + 25 "/Cy, and 6,380 + 40

ic y for corresponding surface and deep water samples (41).

1.2. DBCIs Unevenly Distributed among Size Fractions of RDOC.
DOC concentrations decrease by more than half from surface to
deep waters, primarily due to biological processes that remove
HMW DOC (SI Appendix, Table S14). For DBC, we find that
although DBC concentrations in HMW UDOC quantitively
decrease, measured values are not statistically different between the
surface (64 + 23 nM) and deep samples (32 + 12 nM) (Fig. 1 and
SI Appendix, Table S1B). LMW SPE-DBC concentrations were
also not significantly different between surface and deep waters
(670 + 87 nM and 540 + 88 nM, respectively). We find that the
majority (>90 %) of DBC resides in the LMW SPE-DOC pool
in these size-fractionated samples.

'The DBC concentrations across size fractions may be controlled
by different abiotic and biotic processes (e.g., UV oxidation and
microbial degradation) that may preferentially impact DBC

Surface (7m)

Deep (2500m)

OTotal DOC
"HMW DOC

LMW DOC
= HMW DBC (B6CA+B5CA)
=MW DBC (B6CA+B5CA)
=HMW DBC (B4CA+B3CA)
° LMW DBC (B3CA+B4CA)

-1000 1

0 -200 -400 -600 -800

AYC (%o)

10 100 1000 10000 100000 1000000

Concentration (nM)

Fig. 1. DOC and DBC (A) A"C values and (B) concentrations in surface and deep marine DOC of LMW and HMW size fractions. DBC is present in both HMW and
LMW fractions of total DOC, with concentrations of all fractions show on a log scale. LMW and HMW DOC are shown by light and dark blue bars, respectively.
Within these size fractions, the DBC A'*C values are shown in shades of black as more (B6CA+B5CAs) or less polycondensed (B4CA+B3CAs) structures. We show
that marine DBC is not one homogenous pool with a uniform ancient age. DOC A'C error bars are +2%o and listed in S/ Appendix, Table S1.
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Fig. 2. (A)Overall cycling schematic of DBC in the Central Pacific, showing DBC
concentrations based on the relative size of black squares. The production
of BC occurs on land through incomplete combustion of biomass and fossil
fuels. Rivers transport either recently mobilized DBC from forest fires, DBC
that has been stored in intermediate reservoirs on land before transport to
the ocean, and fossil fuel derived soot. The majority of DBC is LMW DBC
which contributes to the RDOC pool. HMW is lost abiotically (UV oxidation and
sorption) or biotically (microbial degradation) in the surface ocean and can
contribute to LMW DBC. Fossil fuel-derived DBC from aerosol soot may also
be restricted to the surface ocean HMW DBC. (B) Measured DBC structures
identified using atomic force microscopy in surface and deep LMW DBC from
this sample set as in ref. 67.

concentrations in the HMW pool (Fig. 2). Most riverine DBC is
associated with the HMW DOC pool (63). One likely mechanism
for DBC removal is remineralization by direct UV oxidation (60).
HMW DBC is more photolabile than LMW DBC (63), and
photodecomposition of HMW DBC generates less polycondensed
DBC products that may become associated with the LMW DOC
size fractions (63). UV oxidation in turn makes this pool more
bioavailable for marine heterotrophs (4, 64). DBC with larger
aromatic clusters, or with higher degrees of aromatic condensation
is also preferentially lost by UV oxidization (21, 60), potentially
explaining the lower concentrations of DBC in HMW DOC than
that in LMW SPE-DOC. Given that DBC concentrations in
HMW-UDOC are lower than in LMW SPE-DOC, UV oxidi-
zation may primarily impact the HMW DBC pool, with lesser
impacts on LMW DBC. However, variations in DBC concentra-
tions within HMW and LMW fractions may also be driven by
bioavailability, as HMW DBC is more prone to microbial degra-
dation (64). Recent findings from incubation experiments suggest
that soo-HMW DBC, biomass-derived BC and photo-oxidized
char BC are all bioavailable (4, 64—66), with consumption of soot
HMW DBC (64) implying that marine microbes use extracellular
enzymes to produce radical oxygen species capable of degrading
large molecules into smaller molecules (66).

1.3. DBC Reveals Discrete Cycling with Depth and Aromatic
Condensation. Although concentrations of DBC are relatively
homogenous with depth for size classes, their respective DBC

40f7 https://doi.org/10.1073/pnas.2305030121

structures vary (ST Appendix, Table S1B). We find heterogeneity in the
degree of aromatic condensation among samples. The relationships
of DBC structure (expressed as the degree of aromatic condensation
from measured BPCA %) are linked to complementary Infrared
and "C solid-state NMR spectroscopy data (55-57, 68). The
degree of aromatic condensation in surface HMW-UDOC (65 +
2% B6CA/sum BPCAs) is higher than that in LMW SPE-DOC
(15 # 2% B6CA/sum BPCAs). In contrast, DBC in HMW SPE-
DOC (26 + 2% B6CA/sum BPCAs) has a lower degree of aromatic
condensation than that in LMW SPE-DOC (36 + 2% B6CA/sum
BPCAs) at depth (87 Appendix, Table S1B). The proportion of
more polycondensed (B6CA + B5Cas/total BPCAs %) compared
to less polycondensed (B3CA + B4CAs/total BPCAs %) structures
shows that this also varies with molecular size and depth, ranging
from 62 to 44% (SI Appendix, Table S1B). Alternatively, differences
in diversity could indicate that HMW components of DBC are
subjected to a more diverse range of environmental processes (such
as aggregation, microbial degradation, and/or photochemical
oxidation) than their LMW DBC counterparts. Irrespective of the
specific mechanisms influencing the structure of these DBC pools,
these differences imply that DBC is composed of a heterogenous
pool of components both in terms of molecular size and structure
and that this pool is modified dynamically.

1.4. DBC Does Not Comprise a Single, Uniformly Aged Compo-
nent of RDOC. Although DBC concentrations in HMW UDOC
remain similar with depth in the Central Pacific, DBC ' “C contents
of HMW UDOC decrease, with lowest values at depth for more
polycondensed DBC structures, with A'*C values of ~272 + 70%o
(2,540 + 780 '“C y) and 525 + 14%o (5,970 + 240 '“C y) in the
surface and deep ocean, respectively (Fig. 1). Furthermore, A'*C
values of surface DBC in LMW SPE-DOC are lower than those
in HMW UDOC, whereas A'“C values of LMW SPE-DBC at
depth (-602 + 203%o, 7,400 + 4,000 “C y) are similar to those
at the surface (-417 + 88%o, 4,330 + 1,220 '*C y), given the
relatively large measurement uncertainties due to small sample sizes
despite processing of relatively large volumes (>2,000 L) of water.
Although changes in the degree of aromatic condensation and
DBC A"C values at depth indicate UV oxidation, blodegradatlon,
sorption, and aggregation processes may be occurring (69), the
concentrations of DBC in HMW UDOC are not different between
surface and deep due to large error bars. Overall, the DBC AYC
values imply that dynamic cyclmg is occurring; concentrations
remain stable while DBC A'C values differ, which indicates
cycling. Examination of the 1nﬂuence of specific processes, such
as sorption and photooxidation on A'C signatures, is needed in
order to elucidate underlying factors and their impact on DBC
concentration and i 1sot01p1c gradients in the ocean.

We also measured A™C values of all BPCAs to identify DBC
precursor molecules that give rise to the less polycondensed BPCA
moieties, which has not yet been measured individually before.
We find that the less polycondensed DBC structures (i.e., B3CA
and B4CA) are among the most "*C-depleted components of
DOC. These products derive from aromatic rings at the periphery
of DBC macromolecule(s), whereas BSCA and B6CAs stem from
more condensed polyaromatlc ring structures. B3CA and B4CAs
in HMW UDOC have AC values of - 822 +7%o (13,800 + 300
e y) and -453 + 17%o (4,800 + 240 YC y) in the surface and
deep ocean, respectively (SI Appendix, Table S1D), whereas AYC
values of corresponding DBC co mponents from LMW SPE-DOC
are =582  54%o (7,000 = 1,000 “Cy) and -734 + 24%o (10,600

+ 720 "C y) in the surface and deep waters, respectively
(S[ Appendix, Table S1D). The lower AYC values of the B3CA
and B4CAs than bulk DOC and in most depths and in nearly all
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size fractions (HMW UDOC and LMW SPE-DOC) suggests
that less polycondensed DBC (precursors to these B4CA and
B3CAs) may be highly recalcitrant and can survive both photoox-
idation and biodegradation.

Recent in vitro biodegradation data have shown that soluble
fractions of soot DBC, when added to natural seawater, are bio-
available in marine environments (64). The soluble fractions of
fossil fuel-derived DBC were added to a marine bacterial incuba-
tion experiment and found significant decreases (up to 38%) of
DBC over the course of a 3 mo period. Adding different soluble
soot DBC treatments to marine environments can significantly
modify the chemical environment to which heterotrophic prokar-
yotes are receptive/sensitive (by causing a shift in bacterial metab-
olism either favoring anabolism or catabolism) by behaving as a
more or less labile source of new DOC and as a source of nutrients
and metals. Less condensed DBC molecules were preferentially
consumed, which was observed even when measuring polycyclic
aromatic hydrocarbon fractions. The coupling of photo-oxidation
at the surface with bacterial catabolism revealed the greatest losses
of soluble, soot—derived DBC. Here, we find that soot BC, as
manifested in B5CA and B6CA (70), in HMW DBC is consumed
at depth, implying that it does not contribute a refractory com-
ponent of DOC, associated with long-term C storage. Thus,
LMW DBC is apparently characterized by slower cycling relative
to DBC components, found in HMW UDOC. In contrast, the
uniformly depleted *C content of LMW DBC suggests that it
contributes to the RDOC pool at all depths and cycles similarly
throughout the oceans on millennia timescales (71). Given that
DBC s the largest and among most persistent components of the
LMW DOC pool, it is responsible for most long-term DBC stor-
age in the ocean.

In addition to dlfferences in oceanic turnover, DBC may also
exhibit different “C ages due to different source inputs, ranging
from BC from vegetation fires (that may be modern or preaged
during intermediate storage on land), or fossil fuel-derived BC.
Although atmospheric deposition of fossil fuel-derived DBC to
the surface ocean is an order of magnitude smaller (1.8 Tg y_l)
(7) than river export of DBC from biomass burning (18 + 4 Tg
y™) (25), the former in fact may dominate the less condensed
DBC in the surface HMW UDOC pool as a consequence of
photo-alteration during transit (63, 72).

In the North Central Pacific, we find that HMW UDOC in
the surface likely contains soot BC due to the exceptionally low
AYC value of the less polycondensed B3CA and B4CAs (-822 +
7%o, 13,800 + 300 "“C y; ST Appendix, Table $1D). The soot from
primary fossil fuel burning creates BC rich in B6CAs (62, 70).
However, a dominance of B3CA and B4CAs was reported for DBC
resulting from the aqueous solution from the d1ssolut10n and leach-
ing of soot (73). This may help explain the low A'C value we find
in HMW UDOC as depleted in B3CAs and B4CAs (-822 + 7%o).
Atmospheric deposition of water-soluble BC on the surface ocean
is highly variable, depending on season, transport pathways, and
sources (7). Simple isotopic mass balance calculations suggest that
about 16% of soot BC may derive from biomass burning (assum-
ing modern end-member A¥C values rangmg from 199 to 112%o)
(18), given non-fossil-measured AYC values of DBC in ocean
waters (i.e., >-1000%0). BC AYC values of background aerosols
(in the absence of forest fires) have been as low as =354 + 60%o
(18, 19), suggesting a mix of fossil fuel— derlved soot and biomass
aerosols (7, 19, 26). Given that a low AXC signal is not present
in HMW DBC at depth, soot-DBC appears to be removed rela-
tively rapidly, presumably as a consequence of biodegradation by
marine heterotrophic prokaryotes (16, 64), photochemical degra-
dation and/or sorption and vertical export on sinking particles. In
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contrast, DBC in LMW SPE-DOC exhibits less-polycondensed
characteristics (reflected by the degree of aromatic condensation;
SI Appendix, Table S1B) and is recalcitrant. Sources of hydrother-
mal DBC could be investigated as additional inputs.

2. Implications and Future Work

We find that DBC is a large fraction of RDOGC, the largest fraction
that has been measured by combining two DOC collection meth-
ods. Since A"C measurements of individual BPCAs in size-
fractionated DOC samples require processing of very large
volumes of water (1,000s of L), the number of samples reported
here is necessarily limited. However, to date, no other studies have
captured half of marine DBC. Ultlmately, while SPE retentate
may not represent all RDOC, its very old "*C ages indicate that
it is a good proxy for the most long-lived RDOC in the ocean.
We note that our A'*C value of central Pacific DBC in the ocean
(surface DBC value in HMW UDOM -822 + 7%, SI Appendix,
Table S1D) is similar to a previous measurement of DBC in
HMW UDOM in the central Pacific (-880 + 38%o) (10).
Determining how DBC is distributed across these size and chem-
ical fractions is of importance when comparing river and marine
samples given the contrasting techniques that are usually applied
to freshwater and marine matrices.

Possible exchange between the dissolved and PBC pools, in
particular HMW pools, is a mechanism that may also be impor-
tant (30) in the data we report. Particles and particle reminerali-
zation at depth may act as a source of DBC to the subsurface (69),
while aggregation of DBC in HMW UDOC and export onto
sinking particles (74) may lead to removal from the surface ocean
and transfer to underlying sediments (75). We speculate that this
latter mechanism may be important for transporting fossil fuel—
derived DBC in HMW UDOC to POC and subsequently to
sediments (74), while smaller, hydrophilic DBC structures
(reflected by B3CAs-B4CAs) preferentially accumulate in oceanic
DOC as previous work found that the oldest BPCAs had DBC
with lower degrees of aromatic condensation (10, 76, 77). This
idea is supported by a sorption-enhanced phototransformation
documented with hydrophobic organic contaminants (75).

3. Conclusions

Our results indicate that DBC is distributed unevenly across DOC
size classes and does not comprise a single, uniformly aged refrac-
tory component of RDOC. Instead, DBC consists of a range of
constituents that differ in molecular size and degree of aromatic
condensation. While DBC concentrations are relatively invariant
with depth, differences in DBC AYC values in the surface and
deep waters suggest the existence of separate DBC pools (HMW
separate from LMW) or different DBC sources (soot, biomass)
that are more susceptible to specific removal mechanisms. Overall,
our results suggest that the less aromatic DBC structures in marine
DOC may have undergone chemical modification (for example,
photo-oxidation) and derive from soot in HMW size fractions
(B3CA and B4CA as the soluble soot by-products) (70), thereby
1ncreasmg their bioavailability for bacterial remineralization (64).
The A'C values of DBC in size-fractionated HMW UDOC and
LMW SPE-DOC, as well as specific BPCA markers, provide evi-
dence for variable cycling and storage of different pools of DBC
in the ocean. The variability of the DBC structures (given by the
degree of aromatic condensation) and ages (A™C values) among
molecular size classes in surface and deep ocean DOC samples
implies that DBC may reflect different inputs and experience
diverse environmental fates and cycling dynamics.
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4, Methods

The collection of North Central Pacific seawater samples and DOC size fractions
has been described previously (41, 53) (S Appendix, section 1.1). Briefly, sea-
waterwas collected using Niskin bottles in the surface (7 m) and deep (2,500 m)
locations of the HOT Series Station ALOHA (22°25’N, 158°00"W). Seawater was
filtered through a 0.2 um cartridge filter to remove particulate organic matter
and then ultrafiltered (UF) with 2.5 kD tangential flow ultrafiltration membranes
to isolate HMW UDOC and dried. The permeate of the UF system (<2.5 kD) was
acidified to pH 2 and concentrated by sorption onto a SPE resin. The sorbed, LMW
SPE-DOM was then desalted with Milli-Q water, eluted with methanol, and dried.

DBC was extracted from HMW UDOC and LMW SPE-DOM samples using the
BPCA chemical oxidation method that oxidizes condensed aromatic structures
to produce a mixture of benzenetricarboxylic acids (B3CA: 1,2,3-B3CA and
1,2,4- B3CA), benzenetetracarboxylic acid (B4CAs: 1,2,4,5-B4CA), benzene-
pentacarboxylic acid (B5CA), and benzenehexacarboxylic acids (B6CA) (78).
DBC concentrations were calculated by applying a conversion to BPCA yields
(79), while the relative abundance of BPCA markers was used to determine DBC
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polycondensed structure. The relative abundance of BPCA marker compounds
produced via laboratory chemical oxidation provides estimates of the degree of
aromatic condensation (56, 57). BPCA ratios ([B6]/[sum of all BPCAs]) indicate
the degree of aromatic condensation of the DBC pool based on complimentary
method comparisons with B3C solid state-NMR studies (56, 57). Specifically,
higher ratios indicate an overall high aromatic condensation network. Finally, we
applied compound-specific radiocarbon (A '*C) analysis of BPCAs to determine
DBC A™C values for the same samples.
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