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Hydrothermal-derived black carbon as a source of
recalcitrant dissolved organic carbon in the ocean
Youhei Yamashita1,2*, Yutaro Mori2, Hiroshi Ogawa3

Deep-sea hydrothermal vents are a possible source of thermogenic dissolved black carbon (DBC), which is a
component of recalcitrant dissolved organic carbon, but little is known about the distribution of hydrothermal
DBC in the deep ocean. Here, we show basin-scale distributions of DBC along two transects in the eastern Pacific
Ocean, which are located outside the jet-like hydrothermal plumes from the East Pacific Rise. The DBC concen-
tration in the deep waters did not show a strong linear relationship with apparent oxygen utilization (AOU), as
previously observed in the central and western Pacific Ocean. Deviations in DBC concentration from the DBC-
AOU relationship observed in the central and western Pacific Ocean were quantified. The deviation was linearly
correlated with excess 3He, a tracer for hydrothermal input, indicating that a fraction of the DBC in the deep
ocean is transported long distances from hydrothermal systems.
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INTRODUCTION
Dissolved organic carbon (DOC) in the ocean represents one of the
largest reduced carbon pools on Earth’s surface (1). The majority is
present in the deep ocean, with an average radiocarbon (Δ14C) age
of 4000 to 6000 years (2, 3). The stable carbon isotopic signature
(δ13C) and lignin phenol content of oceanic DOC imply that its
primary source is marine organisms (3, 4). However, our knowledge
of the actual origins/production mechanisms and fate of aged (14C-
depleted) DOC is still limited (5). This information is crucial for
understanding the functions of the oceanic DOC pool for carbon
sequestration in the global carbon cycle.
Seawater circulation through hydrothermal systems plays a

unique role in shaping the DOC concentration and composition
in the deep ocean, but its role in the oceanic DOC cycle has not
been well elucidated. The ridge-axis hot vents and ridge-flank
warm basement outcrops of mid-ocean ridge hydrothermal
systems have been considered to act as net sinks for DOC (6–9),
while ridge-axis diffuse flows are suggested to be a net source of
DOC (6). On the other hand, researchers have suggested that hot
hydrothermal vents are sources of thermogenic aromatic DOC in
the deep ocean (10), and ridge-flank hydrothermal systems have
also been shown to supply aromatic DOC (9) as well as 14C-depleted
DOC produced by chemosynthetic microbes (11). Recently, hydro-
thermal vents have been identified as sources of 14C-depleted DOC,
which is transported over long distances in the deep oceans (12)
based on the observed relationship between the Δ14C of DOC and
excess 3He (nonatmospheric 3He) in the deep ocean (13). However,
the flux, reactivity, isotopic signature, and chemical structure of
14C-depleted DOC that emanates from hydrothermal vents and is
transported long distances have not been identified yet (12).
The occurrence of thermogenic DOC in the open ocean has been

reported, with suggestions that hydrothermal vents are a major
source (14). Dissolved black carbon (DBC) is a mixture of con-
densed aromatic compounds and is determined at the molecular

level as it is readily oxidized by concentrated nitric acid to a
variety of simple benzenepolycarboxylic acids (BPCAs; mono-
through hexa-substituted benzene), which can be easily determined
by chromatography (15). DBC is characterized as biologically recal-
citrant DOC (RDOC) (16, 17) that has been reported to exist
throughout the open ocean (16, 18–23). Because seawater RDOC,
including DBC, has been reported to be removed with hydrother-
mal circulation (7, 24), researchers have suggested that the DBC
present in the ocean is produced through land-based biomass
burning and fossil fuel combustion and is transported to the
ocean by rivers and atmospheric deposition (25, 26). However, on
the basis of evidence of a large mismatch in the δ13C values between
riverine DBC and oceanic DBC, it has recently been indicated that
the DBC present in the open ocean does not predominantly origi-
nate from rivers (19). 14C measurements of oceanic DBC have clar-
ified the 14C-depleted signature of oceanic DBC (~23,000 ± 3000
years) (27). In addition, submicrometer-sized graphite particles
were found to be derived from high- and low-temperature hydro-
thermal vents at the East Pacific Rise (EPR) (28). These results imply
the need to reassess hydrothermal systems as a source of DBC from
a basin-scale distribution.
To evaluate whether hydrothermal vents are the sources of DBC

in the deep ocean, we determined the basin-scale distribution of
DBC in the subtropical North Pacific Ocean and eastern South
Pacific Ocean (Fig. 1). Relationships of DBC concentration and
composition with 3He, a conservative tracer of hydrothermal
input (29–31), and apparent oxygen utilization (AOU) demonstrate
that a fraction of DBC likely originates from hydrothermal systems.

RESULTS AND DISCUSSION
Distribution of DBC in the subtropical North Pacific Ocean
and eastern South Pacific Ocean
The DBC concentrations were generally highest in the surface
waters (defined as <26.6 σθ; approximately <200 m, except for the
three southernmost sites) at each site and decreased with depth
(Fig. 2). In the surface waters, the (B5CA + B6CA)/total BPCAs,
which is an index for the degree of condensation (15, 16), was gen-
erally lowest at each site (Fig. 2), implying that the DBC in the
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surface waters could be characterized as less condensed DBC rela-
tive to that in the intermediate (defined as 26.6 to 27.5 σθ; approx-
imately 200 to 1500 m, depending on the oceanic region) and deep
(defined as >27.5 σθ; approximately >1500 m) waters. The low
degree of condensation in the surface water was likely due to the
photodegradation of DBC (32, 33) and/or DBC derived from depos-
ited soot (34). The DBC concentration in the surface waters gradu-
ally increased from west to east in the subtropical North Pacific
Ocean and increased from south to north in the eastern South
Pacific Ocean. These spatial gradients for the DBC concentration
in the surface waters were similar to those of the annual mean dis-
tribution of the surface mass concentration of black carbon (BC) in
the atmosphere (35), suggesting that deposition of soot from the at-
mosphere was likely to be the primary source of DBC in the
surface waters.
The DBC concentrations in the intermediate and deep waters

also showed zonal and meridional gradients in the subtropical
North Pacific Ocean and eastern South Pacific Ocean, respectively
(Fig. 2). Although a decrease in DBC concentration in the deep
waters with an increase in AOU along the deep-ocean meridional
circulation routes has recently been observed in the central and
western Pacific Ocean (16), the DBC concentration in the deep
waters did not change with AOU in the present study regions
(Fig. 2). The δ3He values in the deep waters were highest at the east-
ernmost site and the northernmost site in the subtropical North
Pacific Ocean and the eastern South Pacific Ocean, respectively
(Fig. 2). The high DBC concentrations in the deep waters tended
to be coupled with high values of δ3He (Fig. 2). The spatial distri-
butions of (B5CA + B6CA)/total BPCAs in the deep waters also
seemed to be weakly related to those of δ3He.

Hydrothermal systems as a source of DBC for the
deep ocean
A significant negative linear relationship was observed between the
DBC concentration and AOU in the deep waters of the central and

western Pacific Ocean, and this was suggested to be a result of the
removal of DBC from the water column (16). To better illustrate dif-
ferences in the relationship among oceanic regions, relationships
between DBC concentration and AOU in the deep waters in the
subtropical North Pacific Ocean and eastern South Pacific Ocean
were compared with those observed in the central and western
Pacific Ocean (Fig. 3) (16). The DBC concentrations were not line-
arly correlated with AOU in each region of the present study. The
DBC concentrations in the eastern part of the subtropical North
Pacific Ocean and the northern part of the eastern South Pacific
Ocean were higher than that predicted by a linear DBC-AOU rela-
tionship, suggesting that point sources of DBC are present in the
deep oceans. The point sources are relatively close to the EPR axis
(Figs. 1 and 2). The core of the mid-depth 3He plume has been ob-
served to spread >4000 km westward from the EPR axis at 15°S, but
the plume extends only a short distance (<350 km) eastward of the
EPR axis at 15°S (36–38). The jet-like 3He plume structure has also
been observed to extend from the EPR axis to the west at 10°N (37).
The study sites in the subtropical North Pacific Ocean and in the
eastern South Pacific Ocean were located far northwest of and
east of the EPR axis, respectively. Thus, the study sites were not af-
fected by the jet-like structure of the 3He plume (Fig. 1). However,
3He was also reported to spread symmetrically 1000 km east to west
from the EPR axis at 25°S due to a northward flow along the EPR
axis at 25°S and due to the presence of stagnant deep water across
the EPR at 25°S (39). Therefore, the relatively high and variable
δ3He values obtained at the sites in the present study relative to
those in the central and western Pacific Ocean (Fig. 1) (37) indicate
that the background levels of hydrothermal input were high and
variable at the sites due to influences from hydrothermal fluids at
the EPR and/or from other hydrothermal vents.
The DBC concentrations in the deep waters at sites that were

characterized by relatively high values of δ3He tended to be
higher than those at other sites (Fig. 2), suggesting that the DBC
is likely derived from hydrothermal systems. However, the hydro-
thermal signals for DBC in the transects (Fig. 2) were most likely
obscured because of other processes that control DBC in the deep
oceans, namely, transport of surface DBC through deep water for-
mations and subsequent removal along with deep-oceanmeridional
circulation, which shapes the negative DBC-AOU relationship ob-
served in the central and western North Pacific Ocean (16). Assum-
ing that the negative DBC-AOU relationship observed in the central
and western Pacific Ocean is conservative throughout the Pacific
Ocean, the observed deviations from the linear relationship can
be considered to be attributed to local sources in the eastern
Pacific Ocean. We quantified the deviation and defined it as
DBC* (see Materials and Methods for details). Linear relationships
were observed between DBC* and excess 3He in the subtropical
North Pacific Ocean and eastern South Pacific Ocean (Fig. 4).
Notably, the linearity of the relationships between DBC* and
excess 3He was much better than those between the bulk DBC con-
centration and excess 3He (R2 = 0.248, P = 0.070, n = 14 for the sub-
tropical North Pacific Ocean and R2 = 0.375, P = 0.015, n = 15 for
the eastern South Pacific Ocean; fig. S1) because the effect of the
transport of surface DBC through deep water formations and its
removal was eliminated for DBC*. The linear relationships indicat-
ed that hydrothermal vents were the most likely source of DBC* in
the deep waters, and this hydrothermal DBC was transported over
long distances in the deep ocean. The higher DBC* is, the higher the

Fig. 1. Spatial distribution of δ3He values at a depth of approximately 2500m
and the sampling sites. The δ3He data were derived from Jenkins et al. (30). The
open circles are sampling sites with site numbers in the present study along a
zonal transect in the subtropical North Pacific Ocean and a meridional transect
in the eastern South Pacific Ocean. The closed circles are sampling sites from Ya-
mashita et al. (16), which determined the linear relationship between the DBC con-
centration and AOU in the central and western Pacific Ocean. The black dashed line
shows the position of the EPR axis (37). Two major helium jets extend westward
from the EPR axis at 10°N and at 15°S (37).
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Fig. 2. Basin-scale distributions of DBC. (A to F) Distributions in the subtropical North Pacific Ocean, salinity with σθ (A), DBC concentration (B), (B5CA + B6CA)/
total BPCAs (C), AOU (D), δ3He (E), and sampling sites (F). (G to L) Distributions in the eastern South Pacific Ocean, salinity with σθ (G), DBC concentration (H),
(B5CA + B6CA)/total BPCAs (I), AOU (J), δ3He (K), and sampling sites (L). The color scale of the DBC concentration in (B) and (H) is nonlinear. The δ3He data in (E) and
(K) were derived from Jenkins et al. (30). The red and black circles in (F) and (L) are sampling sites for salinity, DBC, and AOU in the present study and those for δ3He from
Jenkins et al. (30), respectively.
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(B5CA + B6CA)/total BPCAs (Fig. 5), suggesting that the hydro-
thermal vents supply highly condensed DBC.
Negative values were observed for DBC*, mainly in the southern

part of the eastern South Pacific Ocean; however, the errors associ-
ated with the estimation of DBC* concentration were relatively large
(Fig. 4). The δ3He value in the deep water at the southernmost site
in the central South Pacific Ocean was higher than that at the

southernmost site in the eastern South Pacific Ocean (Fig. 1).
Therefore, the negative DBC* observed in the eastern South
Pacific Ocean suggests that the DBC concentrations in the linear re-
lationship observed in the central and western Pacific Ocean likely
included the DBC derived from hydrothermal vents, and thus, the
DBC* was likely underestimated due to an overestimation of the in-
tercept of the linear relationship.

Fig. 3. Relationships between the DBC concentration and AOU in deep waters. (A) Relationship in the subtropical North Pacific Ocean (R2 = 0.081, P = 0.303, n = 15).
(B) Relationship in the eastern South Pacific Ocean (R2 = 0.134, P = 0.180, n = 15). The overlaid gray circles and black lines show the data and regression lines
([DBC] = −0.0187 [AOU] + 9.09), respectively, obtained from previous research in the central and western Pacific Ocean (16).

Fig. 4. Relationships betweenDBC* and excess 3He in deepwaters. (A) Relationship in the subtropical North Pacific Ocean. (B) Relationship in the eastern South Pacific
Ocean. The 3He datawere derived from Jenkins et al. (30). The error bars of the plots indicate errors associated with the estimation of DBC* (see Materials andMethods for
details). A standard major axis regression was applied to determine the linear relationships between the DBC* and excess 3He, and the relationships are shown as black
lines. The 95% confidence intervals (CIs) determined for the slope and the intercept are also described in the figures. The results of the ordinary least squares regression
were as follows: [DBC*] = 7.51 [ex3He] − 3.66 (R2 = 0.590, P = 0.0013, n = 14) for the subtropical North Pacific Ocean (A) and [DBC*] = 3.16 [ex3He] − 1.73 (R2 = 0.713,
P < 0.001, n = 15) for the eastern South Pacific Ocean (B).
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Formation pathways for hydrothermal DBC
Dissolved oxygen (DO) in seawater is removed during hydrother-
mal circulation; however, this signal becomes less detectable
because of the dilution of hot hydrothermal fluids with oxygen-
rich deep water (Fig. 2). Therefore, mixing of deep seawater with
hot hydrothermal fluids, which contain DBC at much higher con-
centrations, perhaps contributes to DBC*. The formation of DBC
may involve the reduction of CO or CO2 in hydrothermal fluids,
as suggested for the formation mechanism of graphite (28, 40).
DBC is also likely formed via pyrolysis of DOC and particulate
organic carbon in seawater (10, 41, 42) and/or in deeper deposits
(28, 41). Because the apparent radiocarbon age of DBC in the
deep ocean is very old (23,000 ± 3000 years) (27), the probable for-
mation mechanism for DBC with hydrothermal circulation is the
reduction of inorganic carbon or the pyrolysis of organic carbon
in deeper deposits.
Previous observations of hydrothermal vent fluids have indicat-

ed that aromatic compounds in solid-phase extracted (SPE)–DOC,
including DBC, are consumed with hydrothermal circulation (7, 10,
24), although the degree of condensation increases with the thermal
alteration of SPE-DOC (10, 24). However, the basin-scale distribu-
tions of DBC and 3He suggest that the highly condensed DBC that is
derived from hydrothermal vents, which should have higher con-
centrations than the deep waters, is transported over long distances
(Figs. 2, 4, and 5). The condensed aromatics or aromatic petroleum-
like products formed in the hot hydrothermal fluids are suggested to
become insoluble (42) or be adsorbed/condensed onto inorganic
substrates (41) during cooling by mixing with seawater, and such
particulate BC is outside of the analytical window of SPE-DOC
and DBC (42). In addition, colloidal aromatics have been shown
to dissipate into the water column mainly by dispersion, dissolu-
tion, and biodegradation (41). Hydrothermal graphite has been sug-
gested to disperse thousands of kilometers from vent sites (28).
Furthermore, pyrite nanoparticles composed of iron and sulfur
that are <200 nm in size (43) and nanoparticulate and particulate
iron oxyhydroxides (44) have been reported to be transported

long distances from hydrothermal vents. Thus, the long-distance
transport of hydrothermal DBC observed in this study suggests
that DBC is likely formed in hot hydrothermal fluids, transformed
into colloidal/particle fractions [i.e., insoluble colloidal condensed
aromatics and/or condensed aromatics sorbed onto hydrothermal
iron (nano)particles] during mixing with seawater and then dis-
solves or redissociates through oxidation from the colloidal/partic-
ulate fractions in the hydrothermal plumes.

Implications of hydrothermal DBC for themarine DOC cycle
The linear regressions between DBC* and excess 3He indicate that
hydrothermal DBC is likely transported in the core of the jet-like
mid-depth hydrothermal plume and is distributed outside the
plume in the eastern Pacific Ocean due to long-distance transport.
Hydrothermal DBC can explain the extremely old apparent 14C age
of DBC in the deep ocean (23,000 ± 3000 years) (27) and is probably
amissing DBC source in ocean, which is suggested by the imbalance
in the DBC budget in the ocean (16, 45). Furthermore, hydrother-
mal DBC might be a factor contributing to the linkage between the
Δ14C signature of DOC and the excess 3He observed in the eastern
Pacific Ocean (12, 13). Because DBC is considered to be biologically
recalcitrant (16, 17), it is an important component of hydrothermal
RDOC, which can be transported long distances in the deep ocean.
Riverine DOC, including DBC, is a well-known source of allochth-
onous RDOC; however, riverine RDOC and DBC are easily photo-
degraded by sunlight (33, 46). Therefore, the DBC of deep-sea
hydrothermal origin is likely an important source of 14C-depleted
allochthonous DOC in the deep oceans that maintains the RDOC
pool in the ocean.
Here, we tentatively estimated low and high hydrothermal DBC

fluxes from mid-ocean ridges. The slopes with 95% confidence in-
tervals ranging from 2.73 × 109 to 14.5 × 109 gC DBC per mole
excess 3He (Fig. 4) were assumed to be the representative range of
DBC input from steady-state mid-ocean ridge hydrothermal
systems, and the global integrated hydrothermal 3He flux of 585
to 672 mol year−1 (47) yielded a range of hydrothermal DBC flux

Fig. 5. Relationships between DBC* and the degree of DBC condensation in deep waters. (A) Relationship in the subtropical North Pacific Ocean. (B) Relationship in
the eastern South Pacific Ocean. (B5CA + B6CA)/total BPCAs represents the degree of DBC condensation. A high ratio indicates highly condensed DBC.
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of 1.6 × 1012 to 9.7 × 1012 gC year−1. It should be noted that the
lower limit of our tentative estimate is similar to the hydrothermal
DBC flux (1.2 × 1012 gC year−1) that was recently used in a box
model to evaluate the contribution of hydrothermal DBC to the
concentration and apparent 14C age of DBC in the deep ocean
(45). The model reconstructed the age of DBC well but overestimat-
ed the concentration of DBC, suggesting that hydrothermal DBC is
a possible source that might explain the 14C age of DBC in the deep
ocean, but in addition to DBC removal through sorption to sinking
particles (16), other DBC sinks might be present in the deep ocean.
The global hydrothermal DBC flux that was tentatively estimated

in this study corresponded to 8.9 to 53.9% and 0.6 to 3.9% of the
riverine DBC and DOC fluxes to the ocean, respectively (48, 49).
However, it should be noted that this estimate likely includes a
large bias because the relationships between DBC* and excess 3He
are likely nonlinear between the hydrothermal plume and locations
outside the plume. Observations of DBC and particulate BC distri-
butions in the EPR hydrothermal plume are necessary to clarify the
mechanism of hydrothermal DBC formation and to constrain the
DBC flux from hydrothermal vents.

MATERIALS AND METHODS
Sampling and solid phase extraction
Observations along a transect in the subtropical North Pacific
Ocean were carried out in August–September 2017 by R/V
Hakuho Maru (KH-17-4). One site observed by R/V Hakuho
Maru (KH-14-3) in July 2014 was added to the transect. Observa-
tions along a transect in the eastern South Pacific Ocean were con-
ducted in November–December 2019 by R/V Hakuho Maru (KH-
19-6). Salinity and temperature were measured using a conductivi-
ty-temperature-depth (CTD) sensor. DO concentrations were de-
termined using an oxygen sensor that was calibrated using DO
concentrations determined by the Winkler titration method.
Oxygen solubility was calculated according to Weiss (50), and
AOU was calculated as the difference between the saturated and
measured DO concentrations. The temperature, salinity, DO, and
DBC results at site St11 from the KH-17-4 survey and site ST05
from the KH-14-3 survey have been reported in another publication
(16).
Seawater samples were collected at depths ranging from the

surface layer to the deep layer with 12-L acid-cleaned, Teflon-
coated Niskin-X bottles that were mounted on the CTD sensor
with a carousel multisampling system. The seawater was filtered
using a precombusted (450°C, 3 to 5 hours) glass fiber filter of a
0.7-μm nominal pore size (GF/F, Whatman). Immediately after
sampling, the pH of the filtratewas adjusted to 2 with a concentrated
HCl. The dissolved organic matter in the acidified filtrate was ex-
tracted by a solid-phase extraction (SPE) method using a cartridge
(Bond Elut PPL, Agilent Technologies) according to a method by
Dittmar et al. (51). The SPE cartridge was stored at −20°C in the
dark (20).

DBC analysis
The organic matter adsorbed in the SPE cartridge was eluted using
two cartridge volumes of MeOH according to the method described
in Dittmar et al. (51). The extraction efficiency was reported to be
approximately 40% for DOC in the open ocean (51). The eluate was

poured into a glass vial with a Teflon-lined cap and then stored in
the dark in a freezer (−20°C).
DBC analysis was performed with the BPCA method using the

procedures detailed by Dittmar (15) with some modifications (21).
Briefly, the MeOH eluate was transferred into a glass ampoule and
completely dried, and then concentrated HNO3 was added. The
ampoule was flame-sealed and kept in an oven at 170°C for 6
hours according to the method by Nakane et al. (20). After 9
hours at an oxidation temperature of 170°C, the losses of BPCAs
were reported to be insignificant (15). Then, the HNO3 was evapo-
rated to dryness. The samples in the ampoules were redissolved in
mobile phase A (as described below) for BPCA analysis with a high-
performance liquid chromatography (HPLC) equipped with a pho-
todiode array detector (1260 Infinity, Agilent).
The DBC analytical method carried out by HPLC was based on

Nakane et al. (20). Two mobile phases, namely, mobile phase A (4
mM tetrabutylammonium bromide, 50 mM sodium acetate, and
10%MeOH) andmobile phase B (MeOH), were used for separation
of the BPCAs with a C18 column (3.5 μm, 2.1 × 150 mm, Sunfire,
Waters) and a guard column (3.5 μm, 2.1 × 10 mm, Sunfire,
Waters). Each BPCAwas identified by retention time and its absor-
bance spectrum and quantified with the absorbance at 235 nm. The
column oven and autosampler were set to 16° and 4°C, respectively.
The DBC concentration was calculated from the BPCA concen-

trations using Eq. 1 proposed by Dittmar (15)

½DBC� ¼ 12:01� 33:4 ð½B6CA� þ ½B5CA� þ 0:5½B4CA�

þ 0:5½B3CA�Þ ð1Þ

The units of [DBC] and [BPCAs] weremicrograms of carbon per
liter and micromoles per liter, respectively. The analytical error of
the method using triplicate seawater samples was <4% (20). The
ratio of B5CA and B6CA to the total BPCAs [(B5CA + B6CA)/
total BPCAs)] was calculated as an index for the degree of DBC
condensation.

Helium data
All of the helium concentrations and δ3He values used in this study
were obtained from a comprehensive dataset (30). The helium data
for the sampling sites and depths closest to those in the present
study were collected manually and are listed in data file S1.
Excess 3He (femtomoles per kilogram) was calculated as an ap-

proximate measure of the nonatmospheric 3He over saturation ac-
cording to Resing et al. (31).

½Excess 3He� ¼ ðδ3He � δ�3HeÞ=100� ½He� � 1:384� 10� 6 ð2Þ

where δ*3He is the helium isotope ratio anomaly in solubility equi-
librium with the atmosphere that is a weak function of temperature
(52). The potential temperature calculated from the δ3He dataset
was used to estimate δ*3He. [He] is the helium concentration (nano-
moles per kilogram), and 1.384 × 10−6 is the 3He/4He ratio of the air.
The 3He samples that were obtained from locations closest to our

observation sites were collected over 1974–1991 in the North Pacific
Ocean and over 1993–1994 in the South Pacific Ocean. Observa-
tions showed that the 3He values around the EPR in the South
Pacific Ocean remained unchanged over three decades (1987–
2013), except in some sites near the EPR axis (37). Because our sam-
pling sites were relatively far from the EPR axis, the 3He values at
our study sites in 2017 and 2019 might be largely consistent with
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those reported during previous time periods. Furthermore, using
the 3He dataset (30), we evaluated the space/time variations in
excess 3He at sites close to the sampling sites Stn1 (relatively close
to the EPR axis) and Stn6 (far from the EPR axis) in the Southern
Pacific Ocean (fig. S2) in this study. The differences in excess 3He
between the sites and observational periods were relatively small
compared with the large error in DBC* (Fig. 4). These results
suggest that space/time differences between 3He and DBC observa-
tions disrupted the relationship between DBC* and excess 3He, but
the effect is probably negligible.

Calculations of the hydrothermal DBC concentration (DBC*)
A negative linear regression has been found between the DBC con-
centration and AOU in deep waters ([DBC] = −0.0187
[AOU] + 9.09) in the central and western Pacific Ocean (16).
Here, samples from the deep waters did not follow the linear regres-
sion and exhibited deviations from the linear regression (Fig. 3).
The deviation from linear regression was likely due to the contribu-
tion of DBC from hydrothermal systems, and the value is defined as
DBC*. DBC* was estimated from the DBC concentration, AOU, and
the linear regression determined in the central and western Pacific
Ocean (16) as follows

½DBC�� ¼ ½DBC� � ð� 0:0187� ½AOU� þ 9:09Þ

Errors associated with the estimation of DBC* were estimated
using the 95% confidence intervals for the slope (−0.0235 to
−0.0149) and intercept (8.33 to 10.0) of the linear regression (16).
Thus, all DBC* values have relatively large but proportional errors
derived from the 95% confidence intervals, indicating that the inter-
pretation of the linear regression between DBC* and excess 3He is
valid. However, it should be noted that the slope and intercept of the
regression between DBC* and excess 3He may contain large
uncertainties.

Statistical analysis and mapping
Standard major axis regression was carried out using the lmodel2
package (version 1.7-3) (53) in R (version 4.0.4). The P value of
the two-tailed test was reported. Ocean Data View (version 5.1.5)
(54) was used to produce the map and basin-scale distributions of
each parameter in Figs. 1 and 2 and fig. S2.

Supplementary Materials
This PDF file includes:
Figs. S1 and S2
Legends for data S1 and S2

Other Supplementary Material for this
manuscript includes the following:
Data S1 and S2
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