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Abstract We report marine dissolved organic carbon (DOC) concentrations, and DOC Δ14C and δ13C
values in seawater collected from the central Pacific. Surface Δ14C values are low in equatorial and polar
regions where upwelling occurs and high in subtropical regions dominated by downwelling. A core feature
of these data is that 14C aging of DOC (682 ± 86 14C years) and dissolved inorganic carbon (643 ± 40 14C
years) in Antarctic Bottom Water between 54.0°S and 53.5°N are similar. These estimates of aging are
minimum values due to mixing with deep waters. We also observe minimum Δ14C values (−550‰ to
−570‰) between the depths of 2,000 and 3,500 m in the North Pacific, though the source of the low values
cannot be determined at this time.

Plain Language Summary Most of the organic carbon in ocean water is in the dissolved form,
like the broth in chicken soup. Even though it is believed that dissolved organic carbon (DOC) is formed
during photosynthesis in the surface ocean using modern carbon, its radiocarbon age is surprisingly
thousands of years old. We present the first transect of radiocarbon in DOC for the Pacific Ocean. We find
that the radiocarbon age of DOC in the bottom waters decreases similarly to that found in the more
abundant dissolved inorganic carbon. We conclude that DOC ages in the bottomwater as it flows northward
toward Alaska.

1. Introduction

Dissolved organic carbon (DOC) is the largest pool of organic carbon in the ocean, equal in size to carbon in
the atmosphere (Hansell et al., 2009). The DOC in the deep North Pacific (>1,500 m) was found to be 6,000
14C years old in 1985 and 1987 (Druffel et al., 1992; Williams & Druffel, 1987). This very old age was
surprising because DOC was thought to be produced in the surface ocean where 14C levels are near modern
(Δ14C =−50‰) and should be much younger. Instead, the old 14C age indicates that, at least a portion of the
DOC, survives multiple ocean mixing cycles. Our field has been intrigued by these results ever since.

It was proposed that the surface DOC is composed of a 1:1 mixture of old DOC, similar to the radiocarbon
(Δ14C) value of deep water and newly produced, postbomb Δ14C values (Williams & Druffel, 1987). There
were few profiles of DOC Δ14C in the open Pacific Ocean (Bauer et al., 1992; Bauer et al., 1998; Beaupré
& Druffel, 2009; Druffel & Bauer, 2000) until recent studies contributed more data (Druffel et al., 2018;
Druffel & Griffin, 2015; Griffith et al., 2012; Tanaka et al., 2010; Walker et al., 2016). The 1:1 mixture of
old and postbomb Δ14C values still holds in the recent data, but there are subtleties in the new profiles that
had not been noticed previously. For example, the presence of bomb 14C DOC was confirmed in parts of the
deep North Atlantic, which lowered the prebomb Δ14C estimate of deep DOC in this region from −390‰ to
−456‰ (Druffel et al., 2016). In addition, DOC Δ14C values in deep water from the central North Pacific
decreased from the 1980s to 2015, indicating that there is spatial inhomogeneity and/or temporal variability
of DOC isotopic compositions on decadal timescales (Druffel et al., 2018).

Here we show that deep DOCΔ14C values from the central Pacific are consistent with transport of Antarctic
Bottom Water (AABW) northward and that this aging is equivalent to that observed for DIC in this
water mass.
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2. Setting and Methods

Seawater DOC concentrations and isotopic values (Δ14C and δ13C) were
measured in samples collected from two cruises: (1) two legs of the
GO‐SHIP P16N cruise along 152°W from 14.5°S to 56.5°N aboard the
NOAA vessel Ronald H. Brown (April–July 2015) and (2) in two deep
samples from the Gulf of Alaska (GoA) collected in June 2013 aboard
the R/V Melville (Figure 1). Data from one of these stations (130) were
published by Druffel et al. (2018). DOC samples shallower than 400 m
were filtered using precombusted (540 °C, 2 hr), GFF (0.7 μm) filters.
All DOC samples were collected in precombusted, 1‐L Amber Boston
Round glass bottles with acid cleaned (10% HCl), Polytetrafluoroethylene
(PTFE)‐lined caps with additional PTFE sheet liners, and frozen at −20 °C
until analysis.

In the lab, DOC samples were diluted with low carbon (DOC = 0.6 ± 0.3
μM), 18.2 Milli‐Q water, acidified with 1‐mL 85% phosphoric acid (HPLC
grade), purged with ultrahigh purity helium gas, and ultraviolet oxidized
for 4 hr in a quartz reactor (Beaupré et al., 2007; Griffin et al., 2010). The
CO2 evolved from DOC was stripped with ultrahigh purity helium gas,
cryogenically purified, and quantified. Reported DOC concentrations
were corrected for CO2 loss due to breakthrough from the Horibe glass
trap cooled with liquid nitrogen during collection, whose mass was quan-
tified via integration using an infrared CO2 gas analyzer (LI‐COR Inc.,
model LI‐6252; Walker et al., 2019). The breakthrough does not affect
the Δ14C and δ13C measurements outside of the reported uncertainties.
One sample replicate is run for every 14 samples (i.e., one per
depth profile).

Samples were converted from CO2 to graphite, by reduction on an iron
catalyst using the closed‐tube, zinc method (Walker & Xu, 2019; Xu

et al., 2007). Δ14C measurements were performed by us at the Keck Carbon Cycle AMS Laboratory at
University of California, Irvine (Santos et al., 2010; Southon et al., 2004). Radiocarbon results are reported
as Δ14C values that are corrected for date of collection according to convention (Stuiver & Polach, 1977).
Total uncertainty of the Δ14C analyses are ±4‰ (Druffel et al., 2013; Walker et al., 2016).

The δ13C value of each sample was measured on a split of the CO2 that was produced from ultraviolet oxida-
tion of the DOC sample using a Gas Bench II and Thermo Electron Delta Plus isotope ratio mass spectro-
meter, with a total analytical uncertainty of ±0.2‰.

3. Results

The DOC concentrations and δ13C and Δ14C measurements are plotted in latitudinal sections using Ocean
Data View (Schlitzer, 2015; Figure 2), and depth profiles are presented in Figures S1–S3 in the supporting
information. Data from two stations at 32.5°S and 54.0°S occupied on previous cruises are also shown in
Figure 2.

3.1. DOC Concentrations

The DOC concentrations ([DOC]) were highest in the upper 100m of the water column (58.1–83.9 μM; Table
S2 and Figure S1 in the supporting information and Figure 2a). Concentrations decreased rapidly by 900 m
across the Pacific and ranged from 35.8–43.4 μM below 1,000 m. The average [DOC] values below 1,000 m
for most stations were within error, ranging from 38.4 ± 1.5 μM (stn 106) to 40.2 ± 1.9 μM (stn 155). The
average at the slope station off Alaska was the highest (41.7 ± 0.6 μM; stn 204). These values are within
statistical uncertainty to averages of [DOC] measurements reported for nearby stations on this P16N cruise
(Carlson, 2018).

Figure 1. Map of the locations occupied on two legs of the P16N cruise in
April–July 2015 (black circles) and the Gulf of Alaska cruise in 2013
(yellow crosses). Also shown are the locations for comparison data used in
this paper: Southern Ocean cruise (white circle) in 1995 and P06 cruise
(orange circle) in 2010.
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3.2. DOC δ13C Values

The DOC δ13C values ranged from −22.7‰ to −20.3‰ in the upper 950 m (Table S2 and Figure S2 in the
supporting information and Figure 2b). Values were less variable below 1,000 m, ranging from −22.1 to
−21.2‰, with the exception of three low values between 3,000 and 3,400 m (−22.6 to −22.3‰) at stations
106, 155, and GoA 10. Overall, the average δ13C value for each station below 1,000 m ranged from −22.0
± 0.1‰ (stns 5 and 204) to −21.6 ± 0.4‰ (stn 106).

3.3. DOC Δ14C values

The DOC Δ14C values for samples collected from seven stations on the P16N cruise ranged from −294‰ to
−213‰ in the surface ocean (20–26 m; Figure 2c and Table S2 in the supporting information). Lower values
(−294‰ to −258‰) were observed for samples at high latitudes and near the equator (stns 74, 155, 175, and
204). Values decreased quickly in the upper 1,000 m, which include Subantarctic Mode Water (SAMW),
Antarctic Intermediate Water (AAIW), and North Pacific Intermediate Water (NPIW; see section 4.1). The
DOCΔ14C values below 1,000m ranged from−570‰ to−513‰ (both at stn 106). The lowest values were found
in the Pacific DeepWater (PDW) between 2,000 and 3,500m (sigma3 41.32–41.47) and ranged from an average of
−538 ± 3‰ at 4.5°N (stn 74) to−560 ± 14‰ at 19°N (stn 106). The two deep samples from the GoA cruise (3,000

Figure 2. (a) Dissolved organic carbon (DOC) concentrations (μM), (b) DOC δ13C values (‰), and (c) DOC Δ14C values (‰) of water samples collected from seven
stations on two legs of the P16N cruise in 2015 (this work), one station on the P06 cruise (stn 130, 32.5°S 144.7°W) in 2010 (Druffel & Griffin, 2015) and one station
from the Southern Ocean (SOce; 54.0°S 176.0°W) in 1995 (Druffel & Bauer, 2000) using Ocean Data View (Schlitzer, 2015).
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and 3,005m) averaged−532 ± 2‰. Below 2,000m, the DOCΔ14C values at the southern stations (5, 74, and 106)
were generally higher by 10–20‰ than those at the northern stations (130, 155, 175, and 204; Figure 2c).

4. Discussion

The discussion is presented in five parts. First, we discuss the presence of bomb 14C in DOC of the upper
1,000 m of the Pacific water column, which includes both the SAMW and intermediate water masses.
Second, we present a comparison of theΔ14C values of DOC and dissolved inorganic carbon (DIC) through-
out the water column. Third, we discuss the 14C aging of DOC and DIC in the AABW of the Pacific. Here
implications are discussed regarding the primary control on DOC 14C aging in the deep Pacific Ocean.
Fourth, we discuss the unusually low DOC Δ14C and δ13C values at ~3,400‐m depth in the North Pacific
and possible explanations for these low isotopic values. Fifth, we place these results into the context of recent
work that revealed temporal variability in deep DOC Δ14C values (Druffel et al., 2018).

Along with our DOC Δ14C measurements from the central Pacific (P16N and GoA), we include previously
published DOC Δ14C profiles from the SOce (at 54.0°S 176.0°W) in 1995 (Druffel & Bauer, 2000) and the
South Pacific (P06 at 32.5°S 144.6°W) in 2010 (Druffel & Griffin, 2015) for comparison. The SOce samples
were collected in 1995, 20 years before the P16N cruise; however, the average of DOC Δ14C values (−490
± 10‰ n = 6) from samples deeper than 1,500 m collected at the same latitude, but south of the Indian
Ocean in 2016 (Bercovici et al., 2018), are within uncertainty of the average of those from the SOce cruise
(−500 ± 12‰ n = 14). Also of note, the uncertainty of δ13C values for the P06 station (±0.5‰) are higher
than those for the P16N and GoA cruises (±0.2‰).

4.1. DOC Isotopic Distributions in Water Masses of the Upper Ocean

DOC Δ14C values in the upper 900 m of the water column are higher than −522‰ (Table S2 in the support-
ing information) and may contain bomb 14C. This is similar to DIC Δ14C results in the central Pacific
(<1,000 m) during the 1970s (Ostlund & Stuiver, 1980) and the 1990s (Key et al., 2004) that were shown
to contain bomb 14C. The highest DOC Δ14C values (>−250‰) are found in the surface of the subtropical
Pacific (stns 5, 106, and 130), where downwelling is dominant. Lower surface values are found at higher
latitudes (−294‰ to −276‰), and to a lesser extent, near the equator (−258‰), where deeper isopycnals
intersect the sea surface, bringing lower Δ14C waters to the surface. This upwelling is especially intense in
the SOce where surface DOC Δ14C values lower than −400‰ are found (Bercovici et al., 2018; Druffel &
Bauer, 2000).

Another surface feature is the correlation between DOC δ13C values (from 20‐ to 26‐mdepth) and sea surface
temperatures (SSTs; Figure S4a in the supporting information). Rau et al. (1989) reported that the correlation
between plankton δ13C values and SST was actually attributed to a first‐order, inverse relationship between
plankton δ13C and dissolved CO2 concentration [CO2 aq], presumably due to intracellular carbon fixation.
To our knowledge, these are the first data that show a correlation between surface DOC δ13C and SST.
There was no significant correlation between our DOC δ13C values and [CO2 aq] (Figure S4b in the support-
ing information; Wanninkhof, 2019a, 2019b; Dickson, 2019a, 2019b; Millero, 2015). This relationship is con-
sistent with surface primary producers imparting their carbon isotopic signature, as the main source of DOC
in the surface ocean.

Produced in the subantarctic region of the southwest Pacific is SAMW (sigma0 25.4–26.9, ~200–500 m),
which flows north toward the equator and eastward in the Equatorial Undercurrent (Rodgers et al., 2003;
Toggweiler et al., 1991). Our samples in SAMW lie between 32.5°S (P06 stn 130) and 4.5°N (stn 74), and have
DOC Δ14C values ranging from −460‰ to −350‰ (Figure 2c and Table S2 in the supporting information).
AAIW is formed in the Antarctic convergence zone (50°–60°S) and has moderately low salinity (34.3–34.5)
and density (sigma0 26.82–27.43). Our samples in AAIW extend from 54.0°S (SOce) to 4.5°N (stn 74) and
have DOC Δ14C values ranging from −530‰ to −410‰ (Figure 2c and Table S2 in the supporting informa-
tion). In both water masses, there is no discernable trend in DOC Δ14C with latitude, suggesting that the
water masses are too young for demonstrable DOC 14C aging to be observed.

NPIW is produced in the northwestern subtropical gyre and has aminimum salinity (33.9–34.1, Talley, 1993;
density sigma0 26.6–26.9). Our samples from the NPIW are from ~300‐ to 750‐m depth between 19.5°N (stn

10.1029/2019GL083149Geophysical Research Letters

DRUFFEL ET AL. 5399



106) and 43.5°N (stn 155) and have DOC Δ14C values ranging from −455‰ to −395‰ (Figure 2c and Table
S2 in the supporting information).

4.2. Comparison Between Δ14C of DOC and DIC in the Pacific

There is a significant correlation (r2 = 0.903) between DOC Δ14C (this work) and DIC Δ14C (McNichol &
Key, 2019a, 2019b) values obtained from water from the same Niskin bottles at the seven stations of the
P16N cruise (Figure S5 in the supporting information). This correlation indicates that DOC and DIC Δ14C
values are coupled throughout the water column, as was shown previously using data from four locations
in the Atlantic, Pacific, and Southern Oceans (Beaupré & Aluwihare, 2010). The presence of bomb 14C
was reported in DIC down to ~1,000‐m depth in the Pacific Ocean (Key et al., 2004), using the method to
separate the natural and bomb‐produced 14C based on the strong correlation between natural 14C and poten-
tial alkalinity (Rubin & Key, 2002). Given the significant correlation between DOC and DIC Δ14C values in
2015, it would follow that bomb 14C is also present in DOC no deeper than 1,000‐m depth as well in 2015. If
this is the case, then it appears that dissolution and/or enzymatic hydrolysis of surface‐derived particles over
the past several decades has not been sufficient to change the average DOC Δ14C value significantly (>2
sigma or 8‰) in the deep Pacific. DOC Δ14C measurements in the deep North Pacific (31°N) decreased
between the 1980s and 2015, the opposite of what one would expect had bomb 14C been admitted to the deep
sea (Druffel et al., 2018; see section 4.5).

4.3. 14C Aging of DOC in AABW From the Southern Ocean to the Central North Pacific

The deepest part of the global overturning circulation is AABW, which is formed in the Southern Ocean and
flows northward (below ~4,000‐mdepth, sigma4 > 45.85; Lavergne et al., 2017; Roussenov, 2004). In order to
understand the primary control on DOC cycling in the deep Pacific, we present 14C ages for DOC in samples
with sigma4 > 45.85 versus latitude (Figure 3a). A significant linear trend is apparent using a Model II
geometric mean regression of all points (r2 = 0.80). Using this relationship, the difference between the
DOC 14C age at 54.0°S (5,619 ± 43 years) and 53.5°N (6,301 ± 43) is 682 ± 86 14C years. We also plot the
DIC 14C ages for samples with sigma4 > 45.85 (Druffel & Bauer, 2000; McNichol & Key, 2015; McNichol
& Key, 2019a, 2019b) versus latitude from the same cruises as those portrayed in Figure 3b. The Model II
geometric mean regression also displays a significant relationship (Figure 3b, r2 = 0.87). The difference
between the DIC 14C age at 54.0°S (1,485 ± 20 years) and 53.5°N (2,128 ± 20 years) is 643 ± 40 14C years.
This difference is equivalent to that obtained for DOC. In addition, the Model II regression slopes for both
DOC (6.34 ± 0.80) and DIC (5.98 ± 0.38) versus latitude are within statistical uncertainty.

This aging is a minimum estimate, because of mixing that the bottom water experiences with the water
above (Lavergne et al., 2017; Roussenov, 2004). This mixing‐driven buoyancy flux causes the density of
AABW to decrease as it travels northward in the Pacific (Lavergne et al., 2017). Mixing is “forced” to happen
as the various isopycnals run into the bottom and is compounded by the fact that the Pacific shoals as one
moves northward. Thus, we conclude that both DOC and DIC undergo similar 14C aging as AABW travels
northward. This interpretation is consistent with the aging of DIC in the deep Pacific estimated to represent
the transit time of deep water in the major oceans (Stuiver et al., 1983).

4.4. Low DOC Δ14C and δ13C Values in PDW

Because there is no dense water formed in the North Pacific, the only source of water to the PDW is from
upwelled AABW (Talley, 2013). PDW flows southward from the North Pacific between ~3,500 and 2,000
m (sigma3 41.25–41.47). There is a minimum in DOC Δ14C values in PDW in the North Pacific that ranges
from −550‰ to −570‰. DOC Δ14C values in PDW increase with latitude south (Figure 2c). There is also a
minimum in DICΔ14C values in PDW in the North Pacific that ranges from−250‰ to−210‰ (McNichol &
Key, 2019a, 2019b; Figure S6 in the supporting information). Like DOC Δ14C values, the DIC Δ14C values
increase with latitude south. The reverse aging is likely due to mixing of water from above and below the
PDW, which acts to increase the Δ14C values of the DOC and DIC in the PDW water mass as it
travels southward.

Additionally, there are minima in DOC δ13C values (<−21.9‰) at three stations (106, 155, and GoA 10) at
~3,400 m in the North Pacific (Figure S2 in the supporting information). Two of these low δ13C values
(−22.3‰ at stn 106 and −22.4‰ at stn 155) coincide with minimum DOC Δ14C values (−570‰ and
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−565‰, respectively; Figure S3b in the supporting information). In addition, the [DOC] values for these two
samples (41.2 ± 1.0 μM at stn 106 and 43.4 ± 1.0 μM at stn 155) are significantly higher than the averages of
values (excluding the 3,400‐m values) below 1,000 m (37.9 ± 1.5 and 39.6 ± 1.3 μM, respectively; Figure S1 in
the supporting information).

The low isotopic values at ~3,400 m were not caused by preferential utilization of young DOC, because the
[DOC] values were higher in these samples. There could have been recycling of bulk DOC via heterotrophy
in these oldest DOC waters, contributing to the 1‰ shift in δ13C values. However, if DOC was being con-
sumed and produced with the bulk Δ14C signature, there would have been no change in DOC Δ14C or
[DOC] values. It is possible, though unlikely, that the low δ13C and Δ14C values at ~3,400‐m depth in the
North Pacific could have come from a source of old, 13C depleted carbon, for example, off‐axis, hydrothermal
systems that contain chemoautotrophically produced DOC (Lang et al., 2006) with low Δ14C and low δ13C
(McCarthy et al., 2011). However, there are no active vent sites or ridges along this transect north of the
equator, making this explanation unlikely. More data are needed to attribute the anomalously low DOC
Δ14C and δ13C values to any one source or process.

4.5. Temporal and Spatial Variability in Deep DOC Δ14C

Temporal variability of DOC Δ14C values was observed in the deep central North Pacific, where reoccupa-
tion of the same area in 1985, 1987, and 2015 revealed average DOC Δ14C values (from depths >1,500 m)
of−530 ± 6‰,−522 ± 5‰, and−544 ± 5‰, respectively (Druffel et al., 2018). Additionally, seasonal studies
of a timeseries site in the northeast Pacific (Station M, 34.83°N 123.00°W) from 1991–2004 revealed variabil-
ity throughout the water column in DOCΔ14C values (20–60‰; Bauer et al., 1998; Beaupré & Druffel, 2009)
that exceeded methodological uncertainty (±4–6‰). The results from Station M and the central North
Pacific are consistent in indicating that temporal and spatial variability is present in the DOCΔ14C signature
in the deep Pacific. Therefore, it is likely that the DOC Δ14C data we report here are also subject to variabil-
ity. Notwithstanding, the presence of a significant gradient (682 ± 86 14C years) in the DOC 14C ages with
latitude in AABW that match that in the DIC (643 ± 40 14C years) suggests that the temporal and/or spatial
variability is smaller than the aging of DOC in the waters transported northward in this water mass.

5. Implications for the Marine DOC Cycle

We show that the main trend of 14C aging in AABW is similar for DOC and DIC, suggesting that the main
control on the transport of both forms of carbon in the deep Pacific is decay during northward transport. As
the oceans warm, changes in deep ocean circulation are likely to take place and perhaps cause changes in the
residence time of organic matter in the deep sea. Moore et al. (2018) reported that by the year 2300, intense
nutrient trapping in the Southern Ocean will cause redistribution of nutrients to the deep ocean, leaving the
upper ocean depleted in nutrients and fisheries decreased. The questions of how the marine DOC cycle has
changed in the past and may change in the future is open.

Figure 3. (a) Dissolved organic carbon (DOC) 14C age versus latitude and (b) dissolved inorganic carbon (DIC) 14C age versus latitude for samples with sigma4 >
45.85 (Antarctic BottomWater). Data are from the P16N cruise in the central Pacific (this work; McNichol & Key, 2019a, 2019b; black circles), SOce (in 1995, white
circles; Druffel & Bauer, 2000), and the South Pacific (P06 stn 130 in 2010; Druffel & Griffin, 2015; McNichol & Key, 2015; orange circles). The lines are Model II
geometricmean regressions of all points. The equation for (a) is 6.34·x+ 5,961.5 (slope of 6.34 ± 0.80 and y intercept of 5,961.5 ± 33.6, r2 = 0.80). The equation for (b)
is y = 5.98·x + 1,808.3 (slope of 5.98 ± 0.38 and y intercept of 1,808.3 ± 15.1, r2 = 0.87).
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Letscher et al. (2016) confirm the importance of lateral transport of nutrients across the subtropical gyre
margins for maintaining the level of observed ocean productivity. If DOC is also transported across gyre
margins, and if upper ocean circulation changes centennially, then the DOC concentration and/or Δ14C
signature may change as well. Shen and Benner (2018) report that the size of the refractory DOC pool in
the ocean could increase as circulation slows. Assessment of the variability of the residence time of DOC
in the surface and deep ocean would be important for understanding how the global carbon cycle will
change as the Earth's climate shifts.
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