
Terrestrial Plants 
900 GT C 

Atmospheric CO2 
750 GT C 

Soils 
2000 GT C 

Dissolved Organic 
Carbon   660 GT C 

Particulate Organic 
Carbon 10-20 GT C 

Microbial Biomass 
2 GT C 

Carbonate rocks 60 x 106 GT C 

Kerogen  20 x 106 GT C 
Sediments 150 GT C 

Terrestrial Primary  
Production 50-100 GT C yr-1 

Marine Primary  
Production 50-100 GT C yr-1 

Burial 0.1-0.2 
GT C yr-1 

Uplift, exposure 
and erosion 

River flux 
0.5 GT C yr-1 
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Natural abundance radiocarbon and DOC 
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McNichol and Aluwihare 2007 
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DOC cycling via DO14C 

UV photooxidation


Williams, Oeschger, and Kinney; Nature v224 (1969) 

1880m       ‐351 ‰         ‐3470+330 ybp 

1920m        ‐341 ‰        ‐3350+300  ybp 

Depth    Δ14C(‰)               Age        
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Radiocarbon in the Atlantic and Pacific Oceans 
Peter M. Williams and Ellen Druffel; Nature 1987, JGR 1992


Sargasso suspended POC 

Pacific suspended POC 

Pacific sinking POC 
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Radiocarbon in the Atlantic and Pacific Oceans 

DIC 14C in surface waters 
of the Atlantic and Pacific 
have similar isotopic values. 

Sargasso suspended POC 

Pacific suspended POC 

Pacific sinking POC 
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Radiocarbon in the Atlantic and Pacific Oceans 

DIC 14C in surface waters 
of the Atlantic and Pacific 
have similar isotopic values. 

DOC is always older than DIC 
(by 2-3 kyrs in surface water) 

DIC-> POC -> DOC 

Sargasso suspended POC 

Pacific suspended POC 

Pacific sinking POC 
Sargasso suspended POC 

Pacific suspended POC 

Pacific sinking POC 
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Radiocarbon in the Atlantic and Pacific Oceans 

DIC 14C in surface waters 
of the Atlantic and Pacific 
have similar isotopic values. 

DOC is always older than DIC 
(by 2-3 kyrs in surface water) 

ΔΔ14C of DIC and DOC 
is about the same in the 
deep Atlantic and Pacific 

Sargasso suspended POC 

Pacific suspended POC 

Pacific sinking POC 
Sargasso suspended POC 

Pacific suspended POC 

Pacific sinking POC 
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Radiocarbon in the Atlantic and Pacific Oceans 

DIC 14C in surface waters 
of the Atlantic and Pacific 
have similar isotopic values. 

DOC is always older than DIC 
(by 2-3 kyrs in surface water) 

ΔΔ14C of DIC and DOC 
is about the same in the 
deep Atlantic and Pacific 

Deep ocean values of DOC 
are equal to a radiocarbon 
age of 4-6 kyrs 

Either there is a source of 
“old” DOC, or DOC persists 
for several ocean mixing 
cycles 
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Radiocarbon based models of DOC cycling in the water column 

Beaupre and Druffel 2009 
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Radiocarbon based models of DOC cycling in the water column 

“New” DOC 
Δ14C = Δ DI14C 

Δ DI14C = 70‐150 o/oo 

Williams and Druffel, 1987; Beaupre and Druffel 2009 
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Δ14Csur [DOC]sur = Δ14Cdeep [DOC]deep + Δ14Cxs [DOC]xs 

Williams and Druffel proposed a two component model to explain DOC cycling in the  
Water column. 

In their model the old radiocarbon age of deep DOC implies a nonreac`ve reservoir of 
Carbon with a stable concentra`on and fixed radiocarbon value 

Surface water DOC is a mixture of old, deep DOC and new DOC that has a  
radiocarbon value of equal to DIC.  The new DOC is considered to be excess carbon 

that accumulates in the upper ocean over `mescales of upper ocean mixing. 

They assume that the origin of the new DOC in the ocean is photosynthesis: 

DIC ‐> POC‐> DOC 

Mass and isotopic balance can be expressed as: 

[DOC] sur = [DOC]deep + [DOC]xs 
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Depth


DOC Δ14C


Williams and Druffel, 1987; Druffel et al. 1992


DOC Δ14C


Sargasso Sea 

N. Pacific 

The Williams and Druffel model allows us to predict what the Isotopic value of  
surface water should be based on deep water and DIC radiocarbon values. 
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One of the major assump`ons of the  
Williams and Druffel model is that DOC 
Rapidly equilibrates with POC.   If this were true 
Why does DOC accumulate in the upper ocean? 
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Time‐series measurements of [DOC] and DOΔ14C at Sta`on M 

25 m 

85 m 

450 m 

Beaupre and Druffel 2009 
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What drives the changes in [DOC] and DOD14C values  
At Sta`on M? 

Beaupre and Druffel 2009 
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Δ14CZ [DOC]Z = Δ14Cdeep [DOC]deep + Δ14Cxs [DOC]xs 

[DOC] Z = [DOC]deep + [DOC]xs 

Δ14CZ [DOC]Z = Δ14Cdeep [DOC]deep + Δ14Cxs ([DOC]Z ‐ [DOC]deep) 

Δ14CZ =  Δ14Cxs  + (1/ [DOC]Z ) (Δ14Cdeep [DOC]deep ‐   Δ14Cxs [DOC]deep)         

A plot of  Δ14CZ  vs 1/ [DOC]Z will yield an intercept of Δ14Cxs and a slope of  
(Δ14Cdeep [DOC]deep ‐   Δ14Cxs [DOC]deep)  

subsBtuBng for [DOC]xs  

and rearranging 

Mortazani and Chanton (2004) express the conserva`on 
of mass and isotope balance rela`ons to formulate a Keeling plot. 

This solves the issue of the radiocarbon value of DOCxs 
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Can we derive the radiocarbon value of DOC xs independently? 

73±23‰ (’91‐’95) 
105±62‰ (’95/’96) 
135±26‰ (’89) 
162 ±39‰ (‘87) 

Δ14Cxs 

(Mortazani and Chanton, 2004) 
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Is there a transfer of carbon from the surface water into the deep ocean ? 

The Keeling rela`onship only requires a 
conserva`on of mass, but does not s`pulate 
what the isotopic/mass distribu`on of DOC 
is within the old (deep) frac`on of DOC. 
A number of mass/isotope mixes can cons`tute 
the old frac`on of DOC.   
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[DOC]  [DOC] 

Smaller amount of 
very old DOC 

Larger amount of  
younger DOC 
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Summary 

DOC is the largest reservoir of “reac`ve” organic carbon in the ocean, about 680 GT C 
compared to a few GT C of microbial biomass.  About 99% of water column marine  
organic maoer is  nonliving, and about 95‐98% of total organic carbon is in DOC. 

Carbon cycling on land and in the ocean is VERY efficient! 

DOC has high concentra`ons in the eupho`c zone indica`ng input or net produc`on. 

DOC concentra`ons are lower at depth (about half surface water values) and nearly  
constant throughout much of the deep ocean.  High precision measurements 
show a removal of DOC from the deep ocean between the Atlan`c and Pacific (‐30%). 

Radiocarbon values of DOC enriched in surface waters but highly depleted at depth.   
Radiocarbon values in surface water provide an age of 2000 years, and a deep sea  
average residence `me of  5000‐6000 years.  Several ocean mixing cycles!!! 

DOC radiocarbon values have been modeled as a two component system.  The 
Model fits the data well, but includes a number of assump`ons about DOC 
distribu`ons and isotopic values that may be incorrect. 
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Terrestrial Plants 
900 GT C 

Atmospheric CO2 
750 GT C 

Soils 
2000 GT C 

Dissolved Organic 
Carbon   660 GT C 

Particulate Organic 
Carbon 10-20 GT C 

Microbial Biomass 
2 GT C 

Carbonate rocks 60 x 106 GT C 
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River flux 
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What are the sources of DOC ? 



Sources of DOM 

Rivers 
Atmosphere 

Microbial production 
Sediments 

Hydrothermal systems 
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The importance of terrestrial DOC depends on flux and isotopic value 

Stable carbon (13C) isotopes 
suggest a marine source 

δ13C 
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CO2 

O2 

DOCr  DOCsr 

DOCsr 

Produc`on of very reac`ve and reac`ve DOC by 
phytoplankton and bacteria 

Bacterial produc`on is thought to be 
fueled by very reac`ve DOC that has a 
residence `me in seawater of hour to 
days. 
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What is bacterial production? 

gross production = total carbon taken up by bacteria, it is used in the 
synthesis of new biomass, and includes both the new biomass and 

carbon respired during biomass production. 

net production = new bacterial biomass over a set period of time.   
Bacterial production measurements almost always measure net production. 

Gross production = net production + respiration 

Gross production is also referred to as bacterial carbon demand (BCD)  
and is related to net production through the growth efficiency or fractional 

growth yield: 

Gross production = (net production) x (growth yield) 
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 How is bacterial production measured? 

1)  Increase in the number of cells over time 

2)  3H-adenine incorporation (DNA synthesis) 

3)  3H-thymidine incorporation (DNA synthesis) 

4)  3H-leucine incorporation (protein synthesis) 

All methods measure net production only (!!!) and require empirically  
derived conversion factors.  Need bacterial growth 
efficiencies to determine gross production (BCD) 
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Comparison of bacterial and primary production in different ocean basins 

Slide 4.27 



reac`ve DOC 
Δ14C=? 
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Very reac`ve DOC 
Δ14C=DIC 

Carlson and Ducklow, DSR II v 42; 639-656 

0o and 140 oW 

Heterotrophic microbial produc`on ?? 

Reactivity and the cycling of DOC in seawater.  There is probably a continuum of  
Reactive DOC, but conventionally considered to be three fractions depending on 

How fast the DOC cycles- very reactive, reactive, non reactive. 
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Production of DOC by phytoplankton in  
axenic laboratory culture* 

Mague et al. L&O v 25 (1980) Slide 4.29 



Annual cycle of DOC production in the mixed layer at BATS* 

*Bermuda Atlan`c Time Series, a JGOFs LTEM site 
Carlson et al.1994; Nature 
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BATS DOC (µM C) 

Hansell and Carlson   Slide 4.31 



What are the sources of DOC ? 
Release of DOC from marine sediments 

Burdige et al, GCA 1994 & 1999 [DOC] µM Slide 4.32 



What are the sources of DOC ? 

Sediments are a source for DOC- sediment pore-water concentrations 
of C are higher than seawater, and there is a flux out of sediments 

into the water column.  Only a few measurements have been made, and 
 the global flux is estimated to be small, but on the order of what is needed to 

maintain DOC stocks. 

Burdige et al, GCA 1994 & 1999 
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Slide 4.34 
Ditmar and Paeng 2009 

Thermal alteration of organic matter as a source of recalcitrant DOM 



DOM from surface and 900 m 
0       20       40      60      80      100    120 

DOC (µM)  Slide 4.35 

What are the sinks for DOC? 

Photooxidation 
Microbial consumption 

Particle scavenging 



DOC + light                LMW carbonyls (C=O) 

C=O + fluorophore             HPLC 

Not produced in dark controls, but are produced in sterile controls 

Whole SW 

Whole SW 

Filtered SW 

Filtered SW 
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Production of LMW highly oxidized DOC with depth in 
the ocean 

DOC + hv             LMW photo-oxidation products 

Is photochemical degradation the long term sink for recalcitrant DOM  ??? 
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Coupling of photooxida`on and microbial oxida`on of DOM  

Miller and Moran L&O 1997 
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Photooxidation yields a large number 
Of low molecular weight, oxidized 

products that are good substrates for  
Microbial uptake and utilization 



Druffel et al (1998) DSR v 45 p 667‐687 

POΔ14C (o/oo) POC (µg/L 

Removal of old, recalcitrant DOC by particles sinking through the water column 

The depletion of radiocarbon with depth in the water column cannot be explained  
by 14C decay.  The particles sink too fast (< 10 years based on Stokes settling velocity) 

Since the particles are synthesized with a modern 14C value, Druffel concludes 
Old (14C depleted radiocarbon must be added to the particles via adsorption 

Sinking particles “strip” old DOC from the water column and act as a sink for nonreactive DOC 

Station M Station M 
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Summary  

A number of putative sources for DOM have been identified- continental organic 
matter from rivers, dust, and the atmosphere.  Most DOC has an old apparent 

radiocarbon age, and therefore the calculated residence time of DOM is on 
the order of 4000-6000 years and a flux of 0.1-0.15 GT C/year.   

In this context, almost any putative source can supply enough organic matter to support 
the reservoir of DOM.  We need to look at other ways (profiles, composition, isotopes)  

to identify the important sources of DOM. 

Measurements of bacterial carbon demand in the ocean suggest a much higher flux of 
DOM up to 15 GT C/year (100x the radiocarbon flux).   

DOM probably has a range of reactivity and turnover times, but conventionally DOM  
is divided into three categories: nonreactive (large steady state concentration and old 
radiocarbon age), reactive (or semi-reactive) that has a moderately sized inventory  

and modern radiocarbon age, and very reactive DOM that has a very small inventory 
and modern radiocarbon age. 
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Summary (continued)  

Microbial oxidation is the largest sink for DOM, and is tremendously efficient; 
returning 99.9% of (photoautotrophic) microbially produced DOC to CO2. 

Other sinks focus on the removal of nonreactive DOM.  These include photochemical 
oxidation and adsorption onto sinking particles. 
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