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Radiocarbon distributions in Southern Ocean dissolved and

particulate organic matter

Ellen R. M. Druffel

Department of Earth System Science, University of California at Irvine, Irvine, CA

James E. Bauer
School of Marine Sciences, College of William & Mary, Gloucester Pt, VA

Abstract. Dissolved organic carbon (DOC) is the largest
actively exchanging pool of organic carbon in the ocean, yet
its sources and sinks are not well constrained. The average "C
ages of DOC in the deep N. Atlantic and N. Pacific Oceans are
4,000 [Bauer et al., 1992, Druffel et al., 1992] and 6,000 years
[Williams and Druffel, 1987], respectively, and represent the
beginning and end of the deep ocean conveyor [Broecker,
1991]. Here we report that the deep Southern Ocean DOC has a
“C age (5,600 y) much closer to that of the deep N. Pacific,
but its concentration in seawater (41+2 uM) is nearly equal to
that of the deep N. Atanticc. The radiocarbon and
concentration data indicate that most, but not all, deep DOC is
transported conservatively with the ocean’s conveyor. A
younger (post-bomb) source of DOC to the N. Atlantic is the
most likely explanation for the large age difference we
observe between deep DOC in the Atlantic and Southern
Oceans. Other possibilities are a source of older DOC or a
smaller microbial sink in the S. Ocean, or perhaps a possible
slowdown of S. Ocean deep water formation during the past
century [Broecker et al., 1999].

Introduction

The “C ages of DOC are significantly older (by 3300-3800
C y) than those of dissolved inorganic carbon (DIC) in the
same waters of the deep (> 1500 m depth) N. Atlantic and N.
Pacific Oceans. This is due to recycling of DOC on century-to-
millennial timescales [Druffel et al., 1992; Williams and
Druffel, 1987]. Most deep DOC is believed to be utilized at
extremely low rates by free-living bacteria [Barber, 1968],
which likely accounts for the decrease in DOC in the deep sea
from about 48 pM in the Greenland Sea to 34 pM in the N.
Pacific (49°N) [Druffel et al., 1992; Hansell and Carlson,
1998]. Global riverine inputs alone could account for
observed “C residence times of DOC in the world oceans
[Hedges et al., 1997], however, lignin content [Meyers-
Schulte and Hedges, 1986; Opsahl and Benner, 1997],
molecular composition [Hedges et al., 1992] and &"C
signatures [Williams and Gordon, 1970] indicate that oceanic
DOC contains only small amounts of identifiable terrestrial
organic matter. Instead, autochthonous marine production in
surface waters is believed to be the primary source of the
standing DOC pool in the oceans [Williams and Druffel,
1987].  The ultimate sinks of DOC are even more poorly
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defined, but include bacterial utilization [Carlson and
Ducklow, 1996; Cherrier et al., 1996, Williams and Carlucci,
1976], photochemical degradation [Mopper et al., 1991] and
sorption to particles [Druffel and Williams, 1990; Santachi,
1991]. ’

The 2000-year “C age difference between deep N. Pacific
and deep N. Atlantic DOC is larger than the 1500 year "“C age
difference for DIC, possibly owing to excess ‘young’ DOC
from higher river inputs to the Atlantic [Opsahl and Benner,
1997] or higher fluxes of ‘young’ (post-bomb) organic matter
from the euphotic zone in the Atlantic [Deuser et al., 1988;
Druffel et al., 1992]. It has been hypothesized that most deep
DOC is transported conservatively between the N. Atlantic and
the N. Pacific via the deep conveyor belt [Druffel et al., 1992].
Measurements of the "“C age and concentration of deep DOC in
the S. Ocean, located between these two end members, are
essential to test this hypothesis.

Methods

Radiocarbon in DOC, DIC and suspended particulate organic
carbon (POC,,, > 1 um diameter) was measured in samples
collected from 22 - 24 depths between 3 and 5441 meters in
the S. Ocean in December 1995 - January 1996. This area is
dominated by westward flowing surface waters that have a weak
thermocline, even in summer. Deep waters include Pacific
Deep Water (1000-2500 m, low oxygen, high silica), the core
of the N. Atlantic Deep Water (2500-4500 m, high salinity,
low silica) and Antarctic Bottom Water found within a few
hundred meters of the bottom (cold and dense) [Reid, 1986].

Samples were treated and oxidized according to previously
described techniques (see Figure 1a,b caption) and the resultant
CO, extracted and purified. The CO, from these samples was
split ~ 1:10, with the small fraction for 8°C analysis and the
large fraction converted to a graphite target [Vogel et al.,
1987] on cobalt catalyst for "C analysis using accelerator
mass spectrometry (AMS) at the Center for AMS Res. at the
Lawrence Livermore National Laboratory. Statistical
uncertainties (1 o) for individual AMS AYC measurements
ranged from +5 to + 7%s; the total uncertainty for DIC A'*C
values was + 6%o, and for DOC and POC A"C was + 13%o.

Results

The DOC A™C values from the S. Ocean samples (Fig. 1a)
ranged from -366%0 at 3 m depth to -517%o at 2876 m depth.
These A“C values are the lowest yet observed for surface
waters. The weak thermocline at high latitudes [Gille, 1999]
allows "“C-poor, deep DOC to mix vertically along surfaces of
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Figure 1. a) A"C of DOC and DIC in samples collected from Station FLUSH (54°S, 176°W) in the S. Ocean
from December 1995 - January 1996 (filled and open circles, respectively), from the N. Central Pacific site
(31°N, 159°W) from June - July 1987 (open and filled triangles, respectively)[Druffel et al., 1992] and from the
Sargasso Sea site (33°50’N 63°30°W) in May - June 1989 (open and filled diamonds, respectively)[Bauer et al.,
1992; Druffel et al., 1992]. The dashed line shows the A"“C values for seawater DIC collected during the
GEOSECS expedition, Stn 290 (near the FLUSH site) at 58°S, 174°W on 25 February 1974 [Ostlund and
Stuiver, 1980]. The DOC samples (0.65 liters seawater) were from seawater that was acidified to remove DIC
and oxidized using high energy, UV-oxidation [Bauer er al., 1992; Williams and Druffel, 1987]. The recovery
of DOC using high-energy UV oxidation has been compared to other methods (e.g., high-temperature catalytic
oxidation, HTCO), and the two methods have been found to yield identical DOC concentrations for deep Pacific
waters [Peltzer and Hayward, 1996; Sharp et al., 1995]. In addition, recent results from a global survey of deep
ocean DOC using HTCO [Hansell and Carlson, 1998] show that concentrations obtained by this method are
within 1uM of our values obtained by UV oxidation for latitudes matching those of our three sites. The
analytical precision of the UV method is £1 pM DOC, and independent replicate sample analyses typically
agree to within 2 pM [Bauer et al., 1998; Bauer et al., 1992]. The DIC samples (0.5 liters seawater) were
acidified and stripped of CO, by recirculated nitrogen gas [Masiello et al., 1998; McNichol et al., 1994].

b) A“C of POC,,,, in samples collected from the S. Ocean (filled circles), the N. Central Pacific site (open
triangles)[Druffel et al., 1992] and the Sargasso Sea (open triangles)[Bauer et al., 1992; Druffel et al., 1992].
Suspended POC was collected using in situ pumps which pumped seawater for 2-8 hours through 4 quartz fiber
filters (0.8 ym pore diameter) mounted in PVC holders [Williams et al., 1980]. The filters with POC,,, were
acidified, dried and combusted in double quartz tubes at 850°C [Druffel et al., 1992].  The concentrations of
POC (ug/) at each depth were determined from the manometric measurement of CO, gas obtained after
combustion of each filter and the liters of water filtered. Radiocarbon measurements for all samples are
reported as A™C in per mil [Stuiver and Polach, 1977]. A™C values are corrected for blank CO, added duging
combustion of POC,,, and production of graphite [Druffel et al., 1996]. Stable carbon isotope results N9
for all samples in this study were performed on splits of CO_. The 8§ C measurements of all CO, samples were
made by C. E. Franks on the VG Micromass 602E isotope ratio mass spectrometer in the laboratory of L.
Keigwin at WHOL.

constant density into the surface waters. This range in DOC
A"C values from surface to deep in the S. Ocean (151%o) is
similar to that observed for the DIC A™C values (201%o)(Fig.
la), though the DOC A™C values are 340-390%c lower. The
similarities in the shapes of the DOC and DIC A"C profiles
show that bomb 'C, produced in the stratosphere in the late

1950s and early 1960s, has penetrated both dissolved carbon
pools to a depth of > 1000 m (pre-bomb, DIC A™C values in
surface and deep waters was ~ -160%o [Linick, 1980]).

In contrast, POC,,,, A"C values (Fig. 1b) ranged from 32%o
at 16 m (= surface DIC A"C values) to -111%o at 5391 m (50 m
above bottom), indicating that even the deepest POC

susp
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samples contained some post-bomb carbon. Concentrations
of POC,, in surface (3-85 m) waters (2.6 - 10 uM) were the
highest we have observed in the open ocean and were non-
trivial compared to the surface DOC pool (51 pM). Deep
values, however, averaged 0.08uM which are similar to other
open ocean sites [Druffel et al., 1992].

Analysis

The decrease in A™C of POC,,,, with depth may be due to
incorporation of ‘old’ DOC onto POC,,, by heterotrophic
uptake or sorption {Druffel and Williams, 1990] (Figure 1b).
This scenario requires ~14% of POC,, in the mid-water
column (2800 m, A¥C = -38%0) to consist of old DOC (with a
AYC = -500%0). Other combinations of phases and A"“C
values can produce the observed reduction in A"“C of POC,,,.
The quantitative importance of DOC sorption onto POC,,,.
while unknown, has been speculated to have a significant
impact on the A"C of the POC pool [Druffel et al., 1996;
Druffel and Williams, 1990].

Vertical mixing between the local surface and deep
reservoirs adequately describes mass and isotope balances of
DOC in the three oceans. For example, if surface DOC in the
S. Ocean is comprised of a mixture of deep DOC (41 uM with
average A"C of -500%¢ > 1500 m depth) and modern, surface-
produced DOC (51 pM minus 41 pM = 10 puM, with an average
AYC value ~ surface POC ~ surface DIC = +20%o), then the
total surface DOC (51 pM) would have a AYC value of -398%o
(41/51+(-500) + 10/51+(20)). This agrees with the average of
three observed DOC A“C values in the upper 30 m of the
mixed layer, -372 = 5 (sd) %o. Similar calculations reported
previously for the N. Atlantic and N. Pacific revealed A"C
values for surface DOC of -214%. and -206%o, compared to
measured surface values of -210%o0 and -179%o, respectively
[Druffel et al., 1992] (Fig. 1a).

When deep DOC A"C values are plotted as a function of
DOC concentrations for our three sites (Fig. 2), it appears that
either the S. Ocean values depart from the curve (shown) that
links the deep N. Atlantic and N. Pacific values, or that the N.
Atlantic values depart from a curve (not shown) that links the
deep N. Pacific and the deep S. Ocean. Either DOC
concentrations in the S. Ocean are high, or those in the N.
Atlantic are low.

On one hand, if remineralization and aging alone of deep
DOC had occurred during its transport via the deep conveyor,
we would have expected the DOC concentrations in the deep S.
Ocean to have been lower (and perhaps the A"C values to have
been higher) than those observed, i.e., closer to the curve
shown in Fig. 2. Bacterial consumption lags phytoplankton
production of organic matter in the S. Ocean water column
[Karl, 1993], which argues for DOC concentrations that are
too high in the S. Ocean.

On the other hand, deep N. Atlantic DOC A“C values may
be high because of riverine inputs of DOC to the Atlantic that
are 4- and 6-fold greater per unit volume than to the Pacific or
S. Oceans [Sverdrup et al., 1942], respectively. Aging of DOC
during its transit from the N. Atlantic to the S. Ocean (1600
“C yrs) appears too large compared to the water transit time
determined from DIC “C age differences (700 “C yrs) [Stuiver
et al., 1983]. Selective replacement of younger DOC, removed
by remineralization, photo-oxidation or some other
process(es), with older DOC could account for the large age
decrease, but would require a nearly 1:1 exchange of DOC in
order to maintain similar concentrations.
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Figure 2. A"C of deep (>1500m) DOC versus concentration
of DOC in the Sargasso Sea (open diamonds), N. Central
Pacific (open triangles) [Druffel et al., 1992] and the S. Ocean
(filled circles, this work). The curve is the calculated
relationship between DOC concentration and A™C, assuming
that DOC “C ages at a constant rate from the average N.
Atlantic value (-390%., 4000 '“C years) to the average N.
Pacific value (-525%o, 6000 '“C years). The line is slightly
curved due to the natural log relationship between A™C and "C
age. The low DOC concentration for the S. Ocean point
obtained from the water sample at 1700m shows a value of
35.5 uM and a A™C = -483%c, and probably represents less
than 100% yield.

An important clue is the small but significant lowering of
the mean deep DOC A™C between the S. Ocean and N. Pacific
(25%o or 400 “C yrs), which is close to the shift observed in
the DIC "“C age for S. Ocean-Pacific deep water transit
[Fiadeiro, 1982; Stuiver et al., 1983]. Thus, constant
remineralization or sorptive losses in this sector, with aging
and non-fractionation of “C during remineralization, would be
consistent with our observations.

The lower 8"C values in N. Atlantic DOC (-21 to -22%o)
compared to starting plankton organic matter (-18 to -
20%o)(unlike the N. Pacific or S. Ocean) remain enigmatic, but
may reflect a relatively larger contribution of terrigenous C,
plant material (8"°C = -28 to -30%c) to the Atlantic. This
material carries with it a significantly elevated A'C signature
[Hedges et al., 1986; Raymond and Bauer, 1998].

Alternatively, the A"C of S. Ocean DOC could be too low,
and explained either by a 3 uM (~8 %) addition of ‘dead’ DOC
(A"C =-1000%0) to S. Ocean deep water (originally -460%o,
39 uM) or a >8-17% addition of a very ‘old’ fraction of the
DOC (>-1000 to -700%o) (Fig. 2). Sources of low A™C carbon
to the S. Ocean could include black (elemental) carbon whose
A"C values (-500 to -900%0) are significantly lower than the
bulk organic carbon (-200 to -700%¢) in the same sediment
horizons (0-50 cm) from our S. Ocean site [Masiello and
Druffel, 1998]. Some black carbon is submicron in size, thus
it could contribute to the low DOC A™C values in the S. Ocean
[Masiello and Druffel, 1998]. Inputs from the Antarctic
continental margin may also significantly influence the A'C
of DOC and POC in the S. Ocean, because low A"C values were
found in organic carbon from surface sediments of the
continental slope in the Ross Sea (-500 to -700%o)[DeMaster
and Ragueneau, 1996]. Recent A"C measurements and mass
balance calculations off the east and west coasts of the U.S.
suggest that ‘old’ DOC and POC,,,, inputs from ocean margins
to the open ocean interior may be greater than inputs of



recently produced organic carbon derived from the surface
ocean {Bauer and Druffel, 1998]. Another possibility may be
related to the recent report involving the possible slowdown
of S. Ocean deep water formation during the 20th-century
suggesting that ventilation of this deep water mass is episodic
rather than in steady state [Broecker et al., 1999]. That DOC
in this region could be aged longer at depth over the past few
hundred years may be the reason for the old DOC (Druffel and
Bauer, in prep).

Further studies, including compound specific “C analysis
[Eglinton er al., 1997], will help to determine the relative
importance of selective replacement of young DOC by old
DOC between the N. Atlantic and S. Ocean, inputs of old DOC
in the S. Ocean and net remineralization losses between the S.
Ocean and N. Pacific in the deep ocean.

Acknowledgments. We thank Sheila Griffin and Dave Wolgast for
field, analytical and laboratory support. Mark Schrope, Carrie
Masiello, Ai Ning Loh, Bob Wilson, Michael Wolgast, Michelle
Taranto and the officers and the crew of the R/V Melville helped
with sampling, Mousamy Khan and Eben Franks with analytical
support and Carrie Masiello, Cindy Lee, Rick Jahnke and two
anonymous reviewers provided helpful comments on earlier versions
of the manuscript. This work was supported by the Chemical
Oceanography program of the U.S. National Science Foundation.

References

Barber, R.T., Dissolved organic carbon from deep waters resists
microbial oxidation, Nature, 220, 274-275, 1968.

Bauer, J. and E. Druffel, Ocean margins as a significant source of
organic  matter to the deep open ocean, Nature, 392, 482-485,
1998.

Bauer, I, E. Druffel, D. Wolgast, S Griffin, and C. Masiello, Dissolved
organic carbon and radiocarbon in a transect off the California
coast, Deep-Sea Research, 45 (4-5), 689-714, 1998.

Bauer, J.E., P.M. Williams, and E.R. M. Druffel, C activity of dissolved
organic carbon fractions in the N. central Pacific and Sargasso Sea,
Nature, 357, 667-670, 1992.

Broecker, W.S., The great ocean conveyor, Oceanography, 4 (2), 719-
89, 1991.

Broecker, W.S., S. Sutherland, and T.-H. Peng, A possible 20th-century
slowdown of S. Ocean deep water, Science, 286, 1132-1135, 1999.
Carlson, C., and H. Ducklow, Growth of bacterioplankton and
consumption of dissolved organic carbon in the oligotrophic Sargasso

Sea, Aquatic Microbial Ecology, 10, 69-85, 1996.

Cherrier, J., J. Bauer, and E. Druffel, Utilization and turnover of labile
dissolved organic matter by bacterial heterotrophs in eastern N.
Pacific surface waters, Marine Ecology Progress Series, 139, 267-
272, 1996.

DeMaster, D. and O. Ragueneau, Preservation efficiencies and
accumulation rates for biogenic silica and organic C, N, and P in
high-latitude sediments: The Ross Sea, J. of Geophysical Research,
101, 18501-18518, 1996.

Deuser, W.G., F Muller-Karger, and C. Hemleben, Temporal
variations of particle fluxes in the deep subtropical and tropical N.
Atlantic: Aolarian and Lagrangian effects, J. Geophys. Res., 93,
6857-6862, 1988.

Druffel, E.R.M.,, J.E. Bauer, P.M. Williams, S. Griffin, and D. Wolgast,
Seasonal variabulity of particulate organic radiocarbon in the
Northeast Pacific Ocean, J. Geophys. Res., 101, 20543-20552, 1996.

Druffel, ERM., and PM. Williams, Identification of a deep marine
source of particulate organic carbon using bomb “C, Nature, 347,
172-174, 1990.

Druffel, ERM., PM. Wilhams, J.E. Bauver, and J. Ertel, Cycling of
dissolved and particulate organic matter in the open ocean, J.
Geophys. Research, 97, 15639-15659, 1992.

Eglinton, T., B.C. Benitez-Nelson, A.P. McNichol, JE. Bauer, and
E.R.M. Druffel, Radiocarbon signatures of individual hydrocarbons
from surficial marine sediments., Science, 277, 796-799, 1997.

Fiadeiro, M., Three-dimensional modeling of tracers in the deep Pacific
Ocean 1I. Radiocarbon and the circulation, J. Marine Res., 40, 537-
550, 1982.

Gille, S.T., Mass, heat, nd salt transport in the southeastern Pacific: A
Circumpolar Current inverse model, J. Geophys. Research, 104
(C3), 5191-5209, 1999

Hansell, D.A. and C.A. Carlson, Deep ocean gradients in the
concentration of dissolved organic carbon, Nature, 395, 263-266,
1998.

Hedges, J., J. Ertel, P. Quay, P. Grootes, J. Richey, A. Devol, G.
Farwell, F. Schmidt, and E. Salati, Organic carbon-14 in the Amazon
River system, Science, 231, 1129-1131, 1986.

Hedges, 1., R. Keil, and R. Benner, What happens to terrestrial organic
matter in the ocean?, Organic Geochemistry, 27, 195, 1997.

Hedges, J.I, P.G. Hatcher, J.R. Ertel, and K.J. Meyers-Schulte, A
comparison of dissolved humic substances from seawater with
Amazon River counterparts by 13c.NMR spectrometry, Geochimica
et Cosmochemica Acta, 56, 1753-1757, 1992.

Karl, D., Microbial Processes in the S. Oceans, in Antarctic
Microbiology, editor E. Friedmann, pp. 1-63, Willey-Liss, New
York, 1993.

Linick, T.W., Bomb-produced 'C in the surface water of the Pacific
Ocean, Radiocarbon, 22 (3), 599-606, 1980.

Masiello, C., E. Druffel, and J. Bauer, Physical influences on dissolved
inorganic radiocarbon variability in the California Currént, Deep-
Sea Res. 11, 45 (4/5), 617-642, 1998

Masiello, C.A., and ERM. Druffel, Black carbon
sediments, Science, 280, 1911-1913, 1998.

McNichol, A.P., G. Jones, D. Hutton, and A. Gagnon, The rapid
preparation of seawater TCO, for radiocarbon analysis at the

National Ocean Sciences AMS Facility, Radiocarbon, 36 (2), 237-
246, 1994.

Meyers-Schulte, K.J. and J.I. Hedges, Evidence for a terrestrial
component of organic matter dissolved in ocean water, Nature, 321,
61-63, 1986.

Mopper, K., X. Zhou, RJ. Kieber, D.J. Kieber, RJ. Sikovski, and R.D.
Jones, Photochemical degradation of dissolved organic carbon and
its impact on the oceanic carbon cycle, Nature, 353, 60-62, 1991.

Opsahl, S., and R. Benner, Distribution and cycling of terrigenous
dissolved organic matter in the ocean, Nature, 386, 480-482, 1997.

Ostlund, H., and M. Stuiver, Geosecs Pacific Radiocarbon,
Radiocarbon, 22 (1), 25-53, 1980.

Peltzer, ET., and N.A. Hayward, Spatial and temporal variability of
total organic carbon along 140¢W in the Equatorial Pacific Ocean in
1992, Deep-Sea Res. I, 43, 1155-1180, 1996.

Raymond, P., and J. Bauer, Stable and radiocarbon isotopic composition
of DOC in the York River Estuary, Virginia, EOS, 79 (1), 53, 1998.
Reid, J., On the total geostrophic circulation of the South Pacific Ocean:
flow patterns, tracers and transports, Progress in Oceanography, 16,

1-61, 1986.

Santachi, P.H., Are thorium scavenging and particle fluxes in the ocean
regulated by coagulation?, in Radionuclides in the Study of Marine
Processes, editor P. Kershaw, and D. Woodhead, pp. 107-115,
Elsevier Applied Science, New York, 1991.

Sharp, J.H., R. Benner, R.L. Bennett, C.A. Carlson, S.E. Fitzwater, E.T
Peltzer, and L.M. Tupas, Analyses of dissolved organic carbon in
seawater. The JGOFS comparison, Mar. Chem., 48, 91-108, 1995.

Stuiver, M., and H.A. Polach, Discussion: Reporting of “C data,
Radiocarbon, 19 (3), 355-363, 1977.

Stuiver, M., P.D. Quay, and H.G. Ostlund, Abyssal water '*C distribution
and the age of the world oceans, Science, 219, 849-851, 1983.

Sverdrup, H.V., M.W. Johnson, and R.H. Fleming, The Oceans,
Prentice-Hall, Inc., Englewood Cliffs, N.J., 1942.

Vogel, J., D.E. Nelson, and J.R. Southon, "*C background levels in an
AMS system, Radrocarbon, 29, 323-333, 1987.

Williams, P., and A. Carlucci, Bacterial utilization of organic matter in
the deep sea, Nature, 262, 810-811, 1976.

Williams, PM., AF. Carlucci, and R. Olson, A deep profile of some
biologically important properties in the central NCP gyre,
Oceanologica Acta, 3 (4), 471-476, 1980.

Williams, P.M., and E.RR.M. Druffel, '*C in dissolved organic carbon in
the central N. Pacific Ocean, Nature, 330, 246-248, 1987

Williams, P.M., and L.I. Gordon, "*C/'2C ratios in dissolved and
particulate organic matter in the sea, Deep Sea Res., 17, 19-27,
1970.

in deep-sea

J. Bauer, School of Marine Sciences, College of William and Mary,
Gloucester Point, VA 23062. (bauer@vims.edu)

E. Druffel, Department of Earth System Science, U. C. Irvine,
Irvine, CA 92697-3100. (edruffel @uci.cdu)

(Received September 16, 1999; revised February 24, 2000;;
accepted March 24, 2000.)



	Radiocarbon distributions in Southern Ocean dissolved and particulate organic matter
	Recommended Citation

	Radiocarbon distributions in Southern Ocean dissolved and particulate organic matter

